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Conscious ,  Subconscious ,  Unconscious : 
A Neodissoclatlo n Perspectiv e 

John F. Kihlstrom 
Universit y o f  Wisconsi n 

What  give s u s th e impressio n tha t  w e ar e 
conscious ? What  kin d o f  evidenc e woul d convinc e 
us tha t  a  machin e suc h a s a  computer ,  o r  a  lowe r 
anima l  suc h a s a  dolphi n o r  a  chimpanzee ,  o r  — 
fo r  tha t  matte r  — anothe r  hvma n being ,  wa s con -
scious ? Cognitiv e scientist s o f  al l  stripes , 
especiall y thos e wh o specializ e i n psychology , 
philosophy ,  an d artificia l  intelligence ,  dis -
agre e violentl y o n th e answers ,  an d eve n o n whe -
the r  thes e ar e sensibl e questions .  Bu t  nobod y 
doubt s tha t  w e humans ,  a t  least ,  posses s conscious -
ness .  Th e fact s tha t  eras e an y doub t  abou t  our -
selve s ar e th e fact s o f  experience .  A s Jame s pu t 
i t  i n th e Principles ,  "th e firs t  fac t  fo r  us , 
then .  .  .i s  tha t  thinkin g o f  som e sor t  goe s on " 
(p .  224) .  Introspectively ,  th e experienc e o f 
consciousnes s seem s t o hav e t o d o wit h tw o things : 
monitorin g ourselve s an d ou r  environment ,  suc h tha t 
certai n perceptua l  event s an d memorie s com e t o b e 
accuratel y represente d i n phenomena l  awareness ;  an d 
controllin g ourselve s an d ou r  environment ,  suc h 
tha t  w e ar e abl e t o voluntaril y  initiat e an d termi -
nat e behaviora l  an d cognitiv e activities . 
Cognitive science has been vexed by the prob-
le m o f  consciousnes s sinc e it s prehistory .  I t  ha s 
had a  checkere d past ,  fo r  example ,  i n psychology : 
almos t  th e whol e o f  th e fiel d fo r  James ,  bu t  a 
virtua l  nonentit y wit h th e onslaugh t  o f  th e 
behavioris t  movement .  Interes t  i n th e topi c 
persiste d i n th e hand s o f  th e psychoanalysts ,  ao l 
was revive d withi n mainstrea m psycholog y wit h th e 
cognitiv e revolutio n an d it s emphasi s o n attentio n 
and th e spa n o f  apprehension .  Neurologist s 
commonly encounte r  disorder s o f  consciousnes s o f 
variou s types ,  an d thos e associate d wit h th e 
"split-brain "  syndrom e hav e recentl y receive d muc h 
notice .  Ethologist s an d behaviora l  biologist s 
hav e considere d whethe r  lowe r  animal s posses s th e 
capacit y fo r  awarenes s an d voluntar y contro l  ove r 
thei r  action s — thoug h thi s concer n withi n 
comparativ e psycholog y ha s bee n supplante d t o som e 
degre e b y a  serie s o f  simila r  question s havin g t o 
do wit h th e capacit y fo r  language .  Paralle l 
concern s hav e sometime s caugh t  th e fanc y o f  thos e 
i n th e artificia l  intelligenc e movement ,  wh o mus t 
dea l  wit h th e questio n o f  whethe r  computer s wil l 
eve r  posses s consciousnes s i n th e sens e o f  aware -
nes s an d voluntar y contro l  ove r  wha t  the y ar e 
doing .  Th e problem s pose d b y th e experienc e o f 
consciousnes s fo r  contemporar y cognitiv e scienc e 
boi l  dow n t o question s lik e these :  What  i s th e 
natur e o f  consciousness ? What  i s i t  goo d for ? 
Are there unconscious mental processes, and if so 
what  ar e the y lik e an d wha t  ar e the y goo d for ? 
Finally ,  wh o cares ? Tha t  is ,  woul d cognitiv e 
scienc e procee d an y differentl y i f  it s  practi -
tioner s di d no t  as k question s lik e these ? Le t  u s 
get  som e perspectiv e o n thes e question s b y turnin g 
t o som e earl y authorities ,  befor e examinin g som e 
more recen t  theoretica l  an d empirica l  developments . 
William James devoted the better part of four 
chapter s o f  th e Principle s t o th e topi c o f 
consciousness .  A t  th e sam e time ,  h e argue d vigo -
rousl y agains t  th e notio n o f  unconsciou s thought , 
althoug h h e di d agre e tha t  ther e wer e brai n pro -
cesse s associate d wit h menta l  activit y o f  whic h 
«e migh t  no t  b e aware .  A s i f  i n warnin g t o Freu d 
and th e othe r  psychoanalyst s wh o wer e t o follow , James asserte d tha t  th e concep t  o f  unconsciou s 

state s o f  min d "i s th e sovereig n mean s o f  believ -
in g wha t  on e like s i n psychology ,  an d o f  turnin g 
what  migh t  becom e a  scienc e int o a  tumbling -
groun d fo r  whimsies "  (p .  163) .  Bu t  th e Freudia n 
psycholog y whic h wa s ye t  t o com e share d th e forc e 
of  James '  critiqu e wit h othe r  trend s i n th e 
psycholog y o f  hi s time ,  suc h a s thos e whic h impli -
cate d unconsciou s inferenc e i n perceptio n an d 
judgment .  T o th e contrary ,  h e argue d tha t  eithe r 
th e allegedl y unconsciou s though t  wa s rapidl y 
forgotten ;  o r  tha t  i t  represente d a  revisio n o f 
an earlie r  (an d conscious )  thought ;  o r  tha t  i t 
was no t  a  though t  a t  all ,  bu t  merel y a n innat e o r 
habittia l  brai n process .  Fo r  James ,  though t  an d 
consciousnes s wer e identical .  I t  wa s a s difficul t 
fo r  hi m t o contemplat e unconsciou s though t  a s i t 
was fo r  Hume t o contemplat e a  roun d squar e cupol a 
on Berkele y College . 
Nevertheless, James did admit that under some 
circumstance s "th e tota l  possibl e consciousnes s ma y 
be spli t  int o part s whic h coexis t  bu t  mutuall y 
ignor e eac h other ,  an d shar e th e object s o f  know -
ledg e betwee n them "  (p .  206) .  Followin g Jane t  an d 
Prince ,  fro m who m h e dre w mos t  o f  hi s examples ,  h e 
referre d t o thi s phenomeno n a s representin g 
"secondary "  consciousness ,  rathe r  tha n 
"unconsciousness. "  I n orde r  t o understan d wha t 
James ha d i n mind ,  i t  i s  necessar y t o conside r  a n 
importan t  bu t  almost-forgotte n schoo l  o f  though t 
withi n psychiatr y an d psycholog y a t  th e tur n o f  th e 
century . 
It is commonly thought that the concept of 
unconsciou s menta l  processe s trace s it s origi n t o 
Freu d an d th e theor y o f  psychoanalysis .  T o th e 
contrary ,  a s Ellenberge r  ha s shown ,  th e ide a ha s 
a lon g histor y befor e Freud .  I n 1775 ,  wit h th e 
appearanc e o f  Mesmer  o n th e Europea n medica l 
scene ,  speculatio n abou t  th e unconsciou s combine d 
wit h rationalized ,  materialisti c  version s o f  primi -
tiv e psychotherapeuti c procedure s t o for m wha t  i s 
known a s th e Firs t  Dynami c Psychiatry ,  whos e leade r 
was th e Frenc h neurologis t  an d psychiatris t  J.-M . 
Charcot .  Thi s psychiatr y wa s concerne d wit h demon -
strabl e "functional "  a s oppose d t o "organic " 
menta l  illnesse s — tha t  is ,  thos e pathologica l 
syndrome s whic h appeare d no t  t o b e associate d wit h 
brai n insult ,  injury ,  o r  disease .  I t  attempte d t o 
accoun t  fo r  a  wid e rang e o f  phenomena ,  includin g 
hysteria ,  fugu e (the n calle d ambulator y automa -
tism) ,  an d multipl e personality ;  th e "magneti c 
diseases "  o f  catalepsy ,  lethargy ,  an d somnambulis m 
(s o name d becaus e o f  thei r  resemblanc e t o certai n 
phenomena o f  anima l  magnetism ,  a  precurso r  o f 
hypnosis) ;  spiritisti c  practice s suc h a s automati c 
writin g an d crystal-gazing ;  hypnosis ;  an d suggesti -
bilit y  I n th e norma l  wakin g state .  Eac h o f  thes e 
phenomena,  th e schoo l  held ,  represente d th e powe r 
of  ideit s t o tur n int o actio n (on e o f  th e meaning s 
of  "dynamic "  i n th e psychologica l  sense) ;  an d eac h 
seemed t o reflec t  a  chang e i n consciousness ,  a s 
though t  an d action s occurre d outsid e phenomena l 
awarenes s an d voluntar y control . 
The First Dynamic Psychiatry, with its empha-
si s o n unconsciou s menta l  content s an d processes , 
invoke d on e o r  anothe r  o f  tw o explici t  model s o f 
th e mind .  Th e poin t  o f  vie w know n a s dipsychis m 
(e.g. ,  Dessoir )  hel d tha t  th e min d consiste d o f  tw o 
layers ,  eac h o f  whic h i n tur n consiste d o f  chain s 1 



of  assoclaclons .  Th e "uppe r  consciousness "  ua s 
activ e I n Ch e norma l  wakin g stace ,  whil e Ch e 
"lowe r  consciousness "  wa s activ e i n suc h phenomen a 
as dreams ,  hysteria ,  an d hypnosis .  Accordin g Co 
Che "closed "  versio n o f  dlpsychlsm ,  th e lowe r 
consciousnes s containe d menta l  content s whic h 
passe d int o i t  throug h th e uppe r  consciousness : 
unattende d stimuli ,  forgotte n memories ,  an d variou s 
daydream s an d fantasies .  Thi s poin t  o f  vie w 
contrast s wit h Ch e les s materialisti c  "open "  ver -
sion .  I n whic h th e lowe r  consciousnes s ua s hel d t o 
be I n direc t  communicatio n wit h othe r  minds . 
Accordin g t o polypsychis m (e.g. ,  Duran d d e Gros) , 
eac h segmen t  o f  Ch e anatom y wa s serve d b y it s ow n 
menta l  structures ,  calle d egos ,  eac h o f  whic h 
was capabl e o f  perception ,  memory ,  an d thought . 
Thes e structures ,  i n turn ,  wer e subjec t  t o th e 
contro l  o f  a  superordlnac e structur e whic h wa s 
identifie d wit h norma l  consciousness .  When th e 
lin k betwee n subordinat e an d superordlnat e ego s 
was broken ,  certai n aspect s o f  cognitio n an d 
actio n wer e carrie d ou t  subconsciously .  Clearly , 
th e concept s o f  dlpsychls m an d polypsychis m ar e a t 
th e roo t  o f  Freud' s firs t  (conscious-preconsclous -
unconscious )  an d secon d (Id-ego-superego )  model s 
of  th e mind . 

The issues confronted by the First Dynamic 
Psychiatr y wer e subsequentl y take n u p b y anothe r 
Frenc h psychiatrist ,  Pierr e Janet .  Followin g th e 
principl e o f  analysis-then-synthesi s familia r  i n 
physiology ,  Jane t  bega n b y considerin g th e ele -
mentar y part s o f  th e menta l  system .  Instea d o f 
followin g th e lea d o f  th e earlie r  facult y psycholo -
gy ,  o r  th e chanlca l  analogie s o f  th e structural -
ists ,  h e argue d tha t  th e elementar y structure s o f 
th e min d wer e psychologica l  automatisms ;  comple x 
acts ,  tune d t o environmenta l  an d persona l  circum -
stances ,  proceede d b y a n Ide a an d accompanie d b y 
an emotion .  Eac h o f  thes e psychologica l  auto -
matisms ,  b y combinin g cognition ,  conation ,  an d 
emotio n wit h action ,  represente d a  rudimentar y 
consciousness .  Accordin g t o Janet ,  al l  o f  thes e 
elementar y automatism s ordinaril y  wer e boun d 
togethe r  int o a  single ,  unite d strea m o f 
consciousness ,  an d operate d i n awarenes s an d unde r 
voluntar y control .  Unde r  certai n circumstances , 
however ,  on e o r  mor e o f  thes e automatism s coul d 
be spli t  of f  — Janet' s ter m wa s disaggregatio n 
— fro m th e rest ,  functionin g eithe r  outsid e 
awareness ,  o r  voluntar y control ,  o r  both . 

This dissociation view of the unconscious, 
as distinc t  fro m th e repressio n vie w elaborate d 
by Freu d an d hi s followers ,  wa s furthe r  develope d 
by th e America n psychologis t  an d psychiatris t 
Morto n Prince .  Prince ,  followin g th e practic e 
of  hi s da y a s exemplifie d b y James '  te n argument s 
agains t  th e existenc e o f  unconsciou s thoughts , 
reserve d th e ter m "unconscious "  fo r  Ch e dorman t 
trace s o f  forgotte n memorie s an d unattende d percep -
tua l  inputs ,  a s wel l  a s th e strictl y neurophyslo -
logica l  processe s associate d wit h menta l  activity . 
Instead ,  h e offere d Ch e cer m coconscloua .  referrin g 
CO menCal  accivit y whic h cake s plac e oucsld e pheno -
menal  awareness .  Princ e preferre d thi s ter m 
becaus e i t  connote d menta l  activit y rathe r  tha n th e 
lac k o f  mencado n (a s i n Ch e ordinary-languag e 
conceptio n o f  unconsciousnes s associate d wit h 
concussio n o r  coma) ;  an d becaus e I t  permitte d th e 
divisio n o f  consciousnes s Int o paralle l  stream s 
wlchou c on e o r  mor e o f  Ches e bein g oucsld e aware -
ness .  Coconsclou s menta l  acclvicie s performe d 
oucsld e awareness ,  togeche r  wit h unconsciou s 
menta l  concent s an d brai n processes ,  forme d Ch e 
subconscious . 
This conceptualization of consciousness was ver y popula r  o n bot h side s o f  th e Atlantic , 

feature d prominentl y I n th e page s o f  th e then-ne w 
Journa l  o f  Abnorma l  an d Socia l  Psycholog y (founde d 
and edite d b y Prince) ,  an d wa s th e chie f  alterna -
tiv e withi n dynami c psychiacr y Co Freudia n psycho -
analysis .  However ,  I C wa s a.  concepcuallzatlo n 
whic h wa s short-lived .  Th e eventua l  dominanc e o f 
psychoanalysi s i n clinica l  psycholog y an d scienti -
fi c  personolog y le d investigator s t o b e intereste d 
I n differen t  syndrome s an d phenomena ,  a  differen t 
model  o f  th e mind ,  an d th e eventua l  replacemen t  o f 
dissociatio n b y repressio n a s th e hypothetica l 
mechanis m fo r  blockin g menta l  content s fro m con -
sciousness .  A t  th e sam e time ,  th e behavlorls t 
revolutio n i n academi c psycholog y remove d 
consciousnes s (no t  t o mentio n th e unconscious ) 
fro m th e vocabular y o f  th e science .  A t  faul t  a s 
wel l  wer e th e dissociatio n theorist s themselves , 
who ofte n mad e extravagan t  claim s fo r  th e centrall -
t y o f  thei r  phenomeno n an d whos e Investigation s 
wer e ofte n methodologicall y flawed .  Th e fina l  blo w 
t o th e concep t  stemme d fro m th e interpretatio n 
tha t  dissociate d stream s o f  consciousness ,  becaus e 
the y wer e Ignoran t  (Janet' s term )  o f  eac h other , 
shoul d no t  Influenc e eac h other .  Numerou s demon -
stration s o f  mutua l  Interferenc e betwee n ostensi -
bl y dissociate d task s showe d th e contrary ,  an d 
referenc e t o dissociatio n graduall y disappeared . 

In part, the Insistence of both early and late 
dissociatio n theorist s o f  non-interferenc e betwee n 
dissociate d menta l  activitie s seem s Co ste m fro m 
a misunderstandin g o f  James '  metapho r  o f  th e strea m 
of  consciousness .  Followin g th e metaphor ,  i t  i s 
sometime s hel d tha t  tw o scream s o f  wacer ,  runnin g 
paralle l  bu t  separate d b y tal l  banks ,  shoul d no t 
affec t  eac h other .  However ,  I f  th e tw o stream s 
originat e fro m th e sam e source ,  eac h wil l  certain -
l y dra w som e o f  th e flo w fro m th e other .  Give n 
a mode l  o f  attentio n suc h a s Kahneman's ,  i n whic h 
a singl e sourc e o f  attentlona l  capacit y may b e 
deploye d i n multipl e directions ,  James '  metapho r 
woul d certainl y lea d on e t o predic t  som e degre e o f 
mutua l  Interferenc e betwee n simultaneous ,  though t 
dissociated ,  tasks .  I n fact ,  th e availabl e evi -
denc e indicate s tha t  simultaneou s task s performe d 
outsid e o f  awarenes s (fo r  example ,  i n hypnosis ) 
do interfer e wit h eac h other ,  wit h th e exten t  o f 
interferenc e a  functio n o f  th e attentlona l  demand s 
of  th e task s i n question .  Wher e th e task s ar e 
easy ,  ther e i s littl e o r  n o Interference ;  wher e on e 
or  bot h ar e difficult .  Interferenc e increase s 
proportionately .  Awarenes s an d contro l  ar e th e 
definin g featur e o f  dissociation ,  whil e noninter -
ferenc e I s a n open ,  empirica l  question . 

Viewed In these terms, a number of phenomena — 
observe d i n th e laboratory ,  th e clinic ,  an d i n th e 
ordinar y cours e o f  everyda y livin g — see m t o 
invit e a  notio n suc h a s dissociation .  Some o f  th e 
observation s ar e dramatic ,  som e mundane ;  th e 
qualit y o f  som e o f  th e researc h i s impeccable ; 
some demonstration s ar e marre d b y poo r  methodolog y 
or  contaminate d b y extraneou s social-psychologica l 
variables .  Some o f  th e result s ar e ope n t o 
alternative  interpretations ,  an d th e possibilit y  o f 
performin g a  definitiv e experimen t  seem s slim . 
Some o f  th e claims ,  i n fact ,  may tur n ou t  o n clos e 
investigatio n t o b e false .  Bu t  no t  al l  o f  the m ar e 
false .  T o den y som e o f  the m i s t o den y th e fact s 
of  ou r  everyda y experience .  I n eac h o f  thes e 
instances ,  som e aspec t  o f  pas t  o r  presen t  experi -
enc e canno t  b e brough t  int o phenomena l  awareness , 
or  voluntar y contro l  ha s bee n los t  ove r  though t  an d 
action . 

Consider, first, the observations of cerebral 
commlsuotom y patient s (an d incac c subjecc s ru n 
unde r  specia l  laboracor y condlclons) ,  whos e rlgh c hand literall y doe s no t  kno w wha t  Ch e lef t  on e i s 



doing :  Her e i s a  divisio n i n consciousnes s associ -
ate d wit h a  litera l  divisio n i n brai n structures . 
Or  conside r  Korsakoff' s  syndrooe ,  whos e dominan t 
featur e i s a n extremel y dens e anterograd e amnesia : 
recen t  experiment s hav e revealed,  somewha t  surpri -
singly,  tha t  thes e patient s ca n acquir e ne w infor -
mation ,  an d tha t  thi s ne w learnin g ca n hav e a n 
impac t  o n subsequen t  cognitio n an d actio n — eve n 
thoug h th e patient s hav e n o recollectio n o f  th e 
learnin g experience ,  an d canno t  voluntaril y 
retriev e th e critica l  memories .  Turnin g fro m 
neurolog y t o psychiatry ,  ther e ar e th e ver y syn -
drome s tha t  caugh t  th e attentio n o f  th e practi -
tioner s o f  th e Firs t  Dynami c Psychiatry :  hysteri -
ca l  anesthesias ,  paralyses ,  an d amnesias ,  i n whic h 
a perso n complain s tha t  h e o r  sh e canno t  remembe r 
certai n event s fro m th e past ,  perceiv e stimul i  i n 
certai n modalities ,  o r  voluntaril y  mov e certai n 
portion s o f  th e bod y — al l  i n th e absenc e o f  an y 
demonstrabl e organi c brai n syndrome ;  fugu e states , 
i n whic h a  perso n lose s hi s o r  he r  identit y a s wel l 
as th e whol e o f  th e autobiographica l  record , 
relocates ,  an d take s u p a  ne w lif e unde r  a  ne w 
name;  an d multipl e personality ,  wher e separat e 
personalities ,  eac h wit h it s ow n identity , 
characteristi c features ,  an d persona l  history ,  see m 
t o inhabi t  th e sam e body ,  separate d b y amnesi c 
barrier s an d alternatin g contro l  ove r  over t  actio n 
and phenomena l  awareness . 
In the laboratory, phenomena phenotypically 
simila r  t o th e symptom s o f  hysteri a — analgesi a 
and othe r  negativ e hallucinations ,  spannin g al l  th e 
perceptua l  modalities ;  paralyses ;  compulsiv e 
automatism s i n th e for m o f  posthypnoti c sugges -
tions ;  an d poschypnod c amnesi a fo r  event s an d 
experience s transpirin g durin g th e stat e — ca n 
be induce d i n norma l  subject s simpl y b y th e hypno -
tist' s  spoke n wor d — provide d tha t  th e subject s 
ar e hypnotizabl e t o begi n with .  Unde r  mor e 
familia r  conditions ,  w e hav e nvmerou s experiment s 
on divide d attentio n i n whic h Informatio n I n th e 
unattende d channe l  Influence s performanc e outsid e 
awareness ;  an d experiment s o n multipl e simultaneou s 
task s i n whic h comple x activities ,  execute d a t  a n 
acceptabl e leve l  o f  performance ,  ar e unrecalle d 
afterwards .  The n ther e ar e al l  th e experiment s o n 
perceptua l  defens e an d sublimina l  perception .  I n 
th e domai n o f  memory ,  ther e ar e o f  cours e th e 
phenomena o f  state-dependen t  retention ,  context -
dependen t  retention ,  an d othe r  manifestation s o f 
th e encodin g specificit y principle .  Ther e ar e als o 
compellin g demonstration s tha t  unremembere d 
experience s ca n influenc e perceptua l  recognition , 
and o f  significan t  saving s i n relearnin g materia l 
whic h appears ,  eve n afte r  sensitiv e testing ,  t o 
hav e bee n completel y forgotten . 
Examples of dissociation can also be found in 
abundanc e outsid e th e clini c an d th e laboratory . 
One suc h experienc e i s familia r  t o al l  o f  us :  th e 
drea m o f  REM sleep ,  i n whic h vivi d image s ar e 
constructe d withou t  ou r  intendin g t o d o so ,  an d 
i n whic h comple x plot s ar e playe d ou t  fiv e o r  mor e 
time s a  nigh t  (o n average) ,  onl y t o b e completel y 
forgotte n i n th e morning .  Similarly ,  ther e i s 
th e pavo r  noctumu s (nigh t  terror )  common i n child -
ren ,  whic h scare s th e daylight s ou t  o f  thei r 
parent s eve n thoug h th e episode s ar e neve r  remem -
bere d b y th e childre n themselves .  Th e sleepwalke r 
carrie s ou t  comple x moto r  activitie s whil e deepl y 
i n NREM sleep ,  an d remember s nothin g o f  i t  i n 
th e morning .  (Sleeptalking ,  b y th e way ,  whic h als o 
occur s i n NREM sleep ,  i s a  doubtfu l  cas e o f  dis -
sociation ,  becaus e th e speec h doe s no t  see m t o b e 
intelligen t  o r  goal-directe d i n mos t  cases. )  ilark -enin g bac k t o th e literatur e o n state-dependen t retention ,  ther e hav e bee n demonstration s tha t some individual s ca n respon d t o hypnotic-lik e sug -

gestion s durin g (REM )  sleep ,  an d continu e respond -
in g o n subsequen t  night s eve n thoug h the y ar e 
amnesi c fo r  thei r  actions ,  an d th e suggestions , 
durin g intervenin g period s o f  wakefulness . 

Given observations such as these, Hilgard has 
recentl y revive d th e concern s o f  th e Firs t  Dynami c 
Psycliiatr y b y proposin g a  "neodissoclation "  theor y 
of  divide d consciousness .  H e begin s wit h th e 
assumptio n tha t  th e cognitiv e apparatu s i s organ -
ize d hierarchically ,  wit h variou s subsystems 
monitorin g an d controllin g though t  an d actio n i n 
variou s domains .  Unde r  ordinar y circumstances , 
eac h subsyste m i s i n communicatio n wit h eac h o f 
th e others ,  an d wit h a  superordlnat e centra l  execu -
tiv e structure .  I t  i s  thi s centra l  executiv e whic h 
i s th e sourc e o f  ou r  subjectiv e feeling s o f 
awarenes s an d intentionallty .  Unde r  certai n 
circumstances ,  Hilgar d holds ,  a  subsyste m (o r 
more tha n one )  ca n los e contac t  wit h th e centra l 
executive .  I n thi s case ,  percepts ,  memories ,  an d 
action s represente d i n on e o f  th e subsystem s fai l 
Co b e represente d i n phenomena l  awareness ;  o r 
perceptua l  exploration ,  memoria l  reconstruction , 
and over t  actio n occu r  outsid e th e contro l  o f  th e 
centra l  executive .  Despit e thi s los s o f  communica -
tio n wit h th e centra l  executive ,  th e dissociate d 
subsystem s can ,  i n principle ,  continu e t o interac t 
wit h eac h other .  Thi s continue d interactio n i s th e 
sourc e o f  th e facilitatio n an d interferenc e effect s 
whic h forme d th e basi s o f  th e empirica l  critiqu e 
of  th e Initia l  version s o f  dissociatio n theory . 

It should be clear that Che subconscious of 
neodissoclatio n theor y i s rathe r  differen t  fro m Ch e 
unconsciou s a s I c i s conceptualize d b y othe r 
school s withi n psychology .  Neodissoclatio n theor y 
differ s fro m psychoanalysis ,  fo r  example ,  becaus e 
th e subconsciou s i s no t  restricte d C o primitiv e 
sexua l  an d aggressiv e Impulses ,  an d thos e memorie s 
and idea s associate d wit h them .  No r  d o subcon -
sciou s menta l  processe s operat e accordin g t o Ch e 
Irrationa l  "primar y process "  principles  associate d 
wit h th e Freudia n unconsciou s (a s oppose d t o th e 
rational ,  "secondar y process "  o f  th e ego) .  Disso -
ciate d percept s an d memorie s ca n b e closel y tie d 
t o objectiv e reality ;  an d dissociate d idea s ca n b e 
rationa l  an d eve n creative .  Equall y Important , 
renderin g somethin g subconsciou s i s no t  necessaril y 
motivate d b y defens e agains t  anxiety ,  a s i s Ch e 
cas e wit h Freudia n repression .  I t  ca n simpl y 
happen ,  a s i n th e cas e o f  hysteria ,  fugue ,  o r  mul -
tipl e personality ;  o r  i t  ca n b e don e fo r  entirel y 
adaptiv e purposes ,  a s i n th e cas e o f  th e subject s 
who voluntaril y  ente r  hypnosi s o r  g o t o a  movi e 
precisel y s o the y wil l  becom e totall y absorbe d i n 
th e actio n o n th e screen ,  forgettin g fo r  awhil e 
thei r  everyda y concern s (an d eve n wh o the y are) . 
The subconscious of neodissoclation theory 
als o differ s i n importan t  way s fro m th e manne r  i n 
whic h unconsciou s menta l  content s an d processe s ar e 
construed ,  a t  leas t  implicitly ,  i n classica l 
theorie s o f  huma n Informatio n processing .  Her e 
fou r  majo r  trend s ca n b e discerned :  a n identifi -
catio n o f  consciousnes s wit h attention ,  short -
ter m memory ,  o r  workin g memor y — i n othe r  words , 
what  w e ar e awar e o f  apprehendin g a t  an y particula r 
moment;  wit h comple x a s oppose d t o simple ,  o r  dif -
ficul t  a s oppose d t o routine ,  information-
processin g procedures ;  wit h th e availabilit y  o f 
linguisti c representation s fo r  idea s an d experi -
ences ;  an d wit h declarative ,  a s oppose d t o procedu -
ral ,  knowledge .  Bu t  th e subconsciou s o f  neodisso -
clatio n theor y i s no t  restricte d t o Ch e procedura l 
knowledg e b y whic h w e detec t  feature s i n perceptua l 
stimuli ,  decod e an d encod e language ,  retriev e memories ,  mak e judgments ,  perfor m routin e moto r tasks ,  an d th e like .  I t  ca n als o involv e comple x 



factua l  knowledge ,  bot h semanti c an d episodi c I n 
nature ,  concernin g th e presenc e o f  certai n stimul i 
or  th e occurrenc e o f  certai n pas t  events .  No r  I s 
I t  restricte d t o th e simple ,  automatic ,  an d rou -
tine :  comple x cognitiv e an d behaviora l  activitie s 
apparentl y ca n b e performe d outsid e awareness . 
Linguisti c content s ca n b e rendere d subconscious , 
and percept s an d memorie s ca n b e subconsciou s eve n 
thoug h th e person' s linguisti c abilitie s remai n 
Intact .  Nor ,  wltiii n th e real m o f  declarativ e know -
ledge ,  i s th e subconsciou s simpl y th e repositor y o f 
unattende d perceptua l  Inputs ,  wea k memor y traces , 
and th e product s o f  early ,  simple ,  an d automati c 
cognitiv e operations . 
Neodlssociatlon theory links a diverse set of 
real-worl d an d laborator y phenomen a unde r  a  unifie d 
descriptiv e rubric ,  an d challenge s cognitiv e 
scienc e t o accoun t  fo r  them .  I t  come s a s n o sur -
pris e tha t  attentio n ca n b e divided ,  thoug h tha t 
fac t  i n Itsel f  pose s problem s fo r  thos e informa -
tion-processin g theorie s whic h ar e predicate d o n 
th e existenc e o f  limited-capacit y channel s o r 
storag e structures .  Bu t  i f  attentio n ca n b e 
divide d wit h on e strea m o f  complex ,  deliberate , 
cognitiv e activit y proceedin g outsid e awareness , 
thi s seem s t o cause  som e problem s fo r  th e wa y w e 
usuall y thin k abou t  things .  Th e empirica l  bas e 
fo r  th e theor y I s sometime s problematic ,  bu t  th e 
phenomena o f  dissociatio n ar e tryin g t o tel l  u s 
somethin g abou t  th e natur e o f  conscious ,  subcon -
scious ,  an d unconscious  menta l  processing .  I f  w e 
do no t  tak e thes e phenomen a seriously ,  an d conside r 
thei r  implication s fo r  ou r  understandin g o f  th e 
cognitiv e system ,  ou r  model s o f  th e min d may b e 
le d seriousl y astray .  Thi s seem s reaso n enoug h t o 
continu e t o pursu e neodlssociatlo n theory ,  an d t o 
incorporat e it s insight s int o large r  theories ,  t o 
produc e a  comprehensiv e vie w o f  th e min d i n orde r 
and disorder . 
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Thi s brie f  not e concern s wha t  type s o f  knuwIcJg c on e 
must  posses s i n orde r  t o b e abl e t o reaso n abou t  event s an d 
actions .  I n particular ,  i n comprehendin g storie s o r  dialogues . 
many inference s ar e m a d e base d o n wha t  event s an d action s 
ar e described .  Thes e rang e from  inference s abou t  th e tempora l 
orderin g o f  event s t o inference s concernin g th e belief s an d 
motivation s o f  th e actors .  Her e I  wil l  concentrat e o n th e 
natur e o f  event s an d action s an d discus s thei r  relatio n t o 
tempora l  reasoning .  Th e reference s belo w provid e mor e detai l 
on al l  thes e issues . 
The formalism for actions and events used in most natural 
languag e understandin g system s i s base d o n cas e grammar . 
Each actio n i s represente d b y a  se t  o f  assertion s abou t  th e 
semanti c role s th e nou n phrase s pla y wit h respec t  t o th e verb . 
Suc h a  formalis m i s a  start ,  bu t  doe s no t  explai n ho w t o 
represen t  wha t  a n actio n actuall y signifies .  I f  on e i s tol d tha t  a 
certai n actio n occurred ,  wha t  ca n on e conclud e abou t  ho w th e 
wori d change d (o r  didn' t  change!) .  O n e possibilit y  fo r  suc h a 
mechanis m i s foun d i n th e wor k o n problem-solvin g system s 
(e.g. .  [Fike s an d Nilsson .  1971]) ,  whic h suggest s on e c o m m o n 
formulatio n o f  action .  A n actio n i s a  functio n from  on e worl d 
stal e t o a  succeedin g worl d stat e an d i s desc'^- d b y a  se t  o f 
prerequisite s an d effects ,  o r  b y decompositio n int o mor e 
primidv e actions .  Whil e thi s mode l  i s extremel y usefu l  fo r 
modelin g physica l  action s b y a  singl e actor ,  i t  doe s no t  cove r  a 
larg e clas s o f  action s describabl e i n English .  Fo r  instance , 
m a ny action s seemingl y describ e non-activit y (e.g. ,  standin g 
still) ,  o r  actin g i n som e non-specifie d manne r  t o preserv e a 
stat e (e.g. ,  preventin g you r  televisio n se t  from  bein g stolen) . 
Difficult problems also arise in this model concerning the 
simultaneou s occurrenc e o f  action s i n domain s wit h mor e tha n 
on e agent .  Fo r  example ,  conside r  a  simpl e block s worl d wit h 
on e bloc k an d tw o robots .  Le t  ther e b e tw o actions ,  P U S H R, 
pus h th e bloc k t o th e right,  an d P U S H U pus h th e bloc k t o 
th e lef t  W e woul d lik e t o defin e th e effec t  o f  thes e action s i n 
term s o f  th e bloc k moving .  Bu t  i f  th e tw o robot s perfor m a 
P U S HL an d P U S H R simultaneously ,  th e bloc k doe s no t 
move.  Yet ,  w e stil l  wan t  t o sa y tha t  eac h robo t  pushe d th e 
block .  I f  w e canno t  expres s simultaneit y o f  actions ,  th e bes t 
we coul d d o t o mode l  thi s situatio n woul d b e l o hav e th e 
bloc k oscillat e a s th e robot s pushe d alternately . 
The approach suggested here does not attempt lo answer 
what  a n even t  o r  actio n actuall y  is .  Whateve r  a n even t  is ,  th e 
onl y wa y w e ca n reaso n abou t  on e i s b y considerin g ho w th e 
worl d change s (o r  remain s constant )  durin g som e U m e inlerva l 
i n whic h th e even t  occurred .  Thu s i t  i s  crucia l  tha t  th e 
tempora l  mode l  i n th e logi c b e genera l  enoug h t o captur e th e 
scop e o f  possibl e events .  Action s ar e the n define d a s a 
subclas s o f  event s tha t  involv e agent s an d ar e describe d i n a 
simila r  manner ,  fh e notion s o f  prerequisite ,  result ,  an d 
method s o f  performin g action s d o no t  pla y a  centra l  rol e i n 
thi s study .  Whil e the y ar e importan t  fo r  reasonin g abou t  ho w 
t o attai n goals ,  the y don' t  pla y a n explici t  rol e i n definin g 
when a n actio n ca n b e sai d t o hav e occurred .  T o mak e thi s 
poin t  clear ,  conside r  th e simpl e actio n o f  turnin g o n a  light . 
There are few physical activities that are a iieccsbaiy part 
of  performin g th e actio n o f  turnin g o n a  light .  Dependin g o n 
th e context ,  vastl y differen t  pattern s o f  beliavio r  ca n b e 
classifie d a s th e sam e action .  1  o r  example ,  turnin g o n a  ligh t 

usuall y involve s flippin g a  ligh t  switch ,  bu t  i n som e 
circumstance s i t  m a y involv e tightenin g th e Ugh i  bul b (i n th e 
basement) ,  o r  hittin g th e wal l  (i n a n ol d house) .  Althoug h w e 
hav e knowledg e abou t  ho w th e actio n ca n b e performed ,  thi s 
doe s no t  defin e wha t  th e actio n is .  Th e ke y definin g 
characteristi c o f  turnin g o n th e ligh t  seem s t o b e tha t  th e agen t 
i s performin g som e activit y whic h wil l  caus e th e light ,  whic h i s 
of f  w h e n th e actio n starts ,  t o becom e o n whe n th e actio n ends . 
T h e importanc e o f  thi s observatio n i s tha t  w e coul d recogniz e 
an observe d patter n o f  activit y a s "turnin g o n th e light "  eve n 
I f  w e ha d neve r  see n o r  though t  abou t  tha t  patter n previously . 
With this model, it is theoretically srniple to describe two 
action s occurrin g simultaneously .  Th e tempora l  condition; )  fo r 
eac h wil l  b e asserte d t o hol d ove r  th e sam e tim e interval .  I t  i s 
the n u p t o th e reasonin g componen t  t o infe r  an y interaction s 
tha t  m a y arise .  Whil e thi s ha s no t  solve d anythin g b y itself ,  a t 
leas t  th e comple x proble m ca n b e expresse d i n th e tempora l 
logic ,  an d reasonin g technique s ca n the n b e investigated . 
With respect to modeling time, I want to make Just two 
basi c claims .  T h e first  i s  tha t  representation s base d o n 
assignin g date s fo r  eac h tim e ar e unworkable .  Th e secon d i s 
tha t  th e underlyin g logi c o f  tim e shoul d b e base d o n th e 
notio n o f  tim e interval s rathe r  tha n tim e points . 

There are many difficulties that arise in systems based ou 
dat e lines .  I n suc h a n approach ,  eac h tim e i s represente d b y a 
valu e (e.g. ,  a  number )  an d relationship s betwee n time s ca n b e 
compute d b y s o m e operatio n o n th e value s (e.g. ,  numeri c 
ordering) .  O n e proble m i s tha t  date s ar e no t  ofte n supplied . 
M u ch tempora l  informatio n i n Englis h i s supplie d onl y o n a 
relativ e basi s (e.g. ,  E  occune d befor e E ) ,  bot h b y th e explici t 
mentio n o f  suc h relationship s an d b y tense .  Fo r  example ,  i n 
th e sentenc e 

"We found the letter while John was away," 

the temporal connective "while" indicates that the time of the 
find  even t  occuae d durin g th e tim e tha t  Joh n wa s away ,  an d 
th e pas t  tens e indicate s tha t  bot h event s occurre d i n th e pas t 
(i.e. ,  befor e now) . 

The other major difficulty with date-based systems is that 
ther e ca n b e considerabl e uncertaint y i n ou r  tempora l 
knowledge .  Fo r  instance ,  w e migh t  kno w tha t  eithe r  even t  E 
occurre d befor e even t  E \  o r  vic e versa .  Hu t  i n an y case ,  th e 
.time s o f  E  an d E "  di d no t  overlap .  O n e ca n onl y captur e suc h 
informatio n wit h a  partia l  orderin g relationship :  n o date s ca n 
be assigne d tha t  captur e thes e constraints .  Thi s i s no t  t o sa y 
tha t  datin g i s no t  a  usefu l  techniqu e whe n i t  i s  possible ,  i t  jus t 
canno t  b e th e foundatio n o f  th e representation . 
Turning lo the time interval/lime point conirovciby, wc 
ca n easil y observ e tha t  bot h appea r  t o b e referre d l o i n 
English .  Thus ,  w e ca n say , 

"We found the letter at 12 o'clock." 
" W e foun d th e lette r  yesterday. " 

The most straightforward approach to dealing wiih time ilica 
seems l o b e t o introduc e point s i n lim e an d the n defin e 
interval s fro m thos e point s (e.g. ,  [McDermott ,  1981 ;  Bruce . 
1972]) .  1  d o no t  us e thi s schem e fo r  tw o reasons .  Th e firs t  i s 



tha t  suc h a  representatio n i s to o unifor m an d doe s no t 
facilitat e structunn g knowledg e i n a  wa y convenien t  fo r 
typica l  tempora l  reasonin g tasks .  Th e secon d i s tha t  i t 
encourage s on e t o thin k o f  tim e a s bein g isomorphi c t o th e 
rea l  line ,  whic h i s a  seriou s mistake . 

The central issue concerning the first point is the 
importanc e o f  th e durin g relatio n fo r  reasoning .  A  majo r  par i 
o f  ou r  tempora l  knowledg e appear s t o b e o f  th e for m 

"event £• occurred during event L." 

Our knowledge of the during relation allows u highly 
structure d representatio n o f  time .  I n pariiciilar .  a  c o m m o n 
way o f  inferrin g tha t  som e conditio n P  hold s durin g a n 
interva l  T  i s t o sho w tha t  P  hold s i n a n interva l  tha t  contain s 
T.  Fo r  instance ,  I  migh t  kno w tha t  m y offic e i s locke d toda y 
becaus e i t  ha s bee n locke d al l  week . 

Furthermore, such a during hierarchy allows reaboniiig 
processe s t o b e locaUze d s o tha t  irrelevan t  fact s ar e neve r 
considered .  Fo r  instance ,  i f  on e i s concerne d wit h wha t  i s tru e 
"today, "  on e nee d conside r  onl y thos e interval s tha t  ar e durin g 
"today. "  o r  abov e "today "  I n th e durin g hierarchy .  I f  a  fac t  i s 
indexe d b y a n interva l  wholl y containe d b y a n interva l 
representin g "yesiterday, "  the n i t  canno t  affec t  wha i  i s  tru e 
now. 
On the second issue, some annoying characteristics arise 
fro m allowin g zer o widt h o f  tim e points .  Fo r  instance ,  tw o 
interval s tha t  mee t  mus t  eithe r  hav e a  poin t  i n c o m m o n o r 
hav e a  poin t  betwee n them .  Thu s t o describ e a n even t 
consistin g o f  a  ligh t  bein g transforme d & o m bein g of T t o bein g 
on ,  eithe r  th e interva l  wher e i t  i s  of f  meet s th e interva l  wher e 
i t  i s  on ,  an d thu s ther e i s a  poin t  wher e th e ligh t  i s  bot h o n 
an d o S ,  o r  th e interva l  wher e i t  i s  of f  i s  strictl y befor e th e 
interva l  wher e i t  i s  on ,  an d thu s ther e i s a  poin t  betwee n th e 
tw o interval s wher e th e ligh t  i s  neithe r  o n o r  off .  Thi s ca n b e 
avoide d b y a  technica l  tric k suc h a s ueatin g al l  interval s a s 
ope n o n thei r  beginnin g an d close d o n thei r  end .  bu t  suc h 
trick s simpl y emphasiz e th e unnaturalnes s o f  th e approach .  I n 
an interval-base d system ,  suc h issue s nee d no t  arise :  tw o 
interval s m a y mee t  withou t  havin g an y poin t  i n common . 

Given this interval-based representation of lime, what is 
th e equivalen t  o f  tim e points ? Fo r  instance ,  w e otle n tal k o f 
th e beginnin g o r  endin g time s o f  events .  ITier e i s n o reaso n t o 
assume ,  however ,  tha t  th e beginnin g an d endin g tune s ar e 
instanuneou s points .  O n e migh t  sugges t  tha t  ther e i s a 
m i n i m u m siz e e  o f  intervals ,  suc h tha t  a U interval s o f  siz e les s 
tha n o r  equa l  t o e  ar e considere d t o b e points ,  lli e 
consequenc e o f  thi s woul d b e tha t  tw o suc h poin t  interval s 
coul d the n onl y b e relate d b y th e relation s <  an d = .  Thi s 
approac h i s usefu l  bu t  onl y i f  ther e i s no t  on e fixe d valu e fo r 
e.  fo r  th e siz e a t  whic h a n interva l  i s  considere d t o b e a  poin t 
depend s o n th e reasonin g tas k bein g done .  Fo r  instance ,  th e 
smalles t  tim e interval s w e car e abou t  i n everyda y lif e ar e 
probabl y o f  th e orde r  o f  seconds ,  a s physicist s o r  compute r 
scienusts ,  w e m a y conside r  time s o n th e orde r  o f  nanoseconds . 
Thu s th e interva l  siz e tha t  w e wan t  t o conside r  a i  point s varie s 
dependin g o n th e tas k a s wel l  a s th e proximit y t o th e curren t 
time . 
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I N T R O D U C T I ON 

Our  long-rang e goa l  i s  t o develo p a  mode l  o f  ho w a  peno n 

acquire s a n understandin g o f  mechanisn c device s suc h a s physica l 

machines ,  electroni c an d hydrauli c devices ,  o r  reactore .  W e la y ou t  a 

framewor k fo r  invesQgatin g th e structur e o f  wha t  w e cal l  mechanisii c 

menta l  models :  people' s menta l  model s o f  physica l  devices .  Doin g s o 

involve s developin g a  precis e notio n o f  a  qualitativ e simulation .  Th e 

concep t  o f  qualitativ e simulatio n derive s fro m th e c o m m o n inuitio n 

of  "picturin g i n one' s mmd' s eye ,  ho w th e machin e operates. " 

Althoug h on e woul d intuitivel y expec t  qualitativ e simulanon s t o 

be simple r  tha n quantitativ e simulation s o f  a  give n device ,  the y tur n 

out  t o b e equall y complex ,  bu t  i n a  differen t  way .  Thes e complexitie s 

arise ,  i n part ,  frxn n th e fac t  tha t  device s ma y appea r  nondeterministi c 

an d undeiconstraine d whe n th e quantitie s an d force s involve d i n thei r 

malceu p ar e viewe d solel y fro m a  qualitativ e perspective .  Therefore ,  i f 

th e qualitativ e simulaao n o f  th e devic e i s t o behav e detenninistically . 

additiona l  knowledg e an d reasonin g mus t  b e use d t o disambiguat e 

thes e "apparent "  ambiguities . 

I t  i s  surprisingl y difficul t  t o constru a menta l  model s o f  a  devic e 

tha t  ar e capabl e o f  predictin g th e consequence s o f  event s no t  con -

sidere d durin g th e creatio n o f  th e model .  Thus ,  th e proces s fo r  con -

structin g a  goo d menta l  mode l  involve s a  differen t  k m d o f  problem -

solvin g tha n th e proces s fo r  "running "  th e resultan t  menta l  mode l 

a distinctio n tha t  w e find  cruda l  fo r  understandin g h o w peopl e us e 

menta l  models .  I n &ct .  simpl y clarifyin g th e difference s betwee n th e 

wor k involve d i n constructin g a  qualitativ e simulatio n — a  proces s w e 

cal l  envisionin g — an d th e wor k involve d i n simulatin g th e resul t  o f 

thi s constructio n — a  proces s w e cal l  runnin g — Qi m ou t  t o hav e bot h 

theoretica l  an d practica l  ramifications. 

QUALITATIVE SIMULATIONS 

A Basis for Mechanistic Mental Models 

Comple x devices ,  suc h a s machines ,  ar e buil t  fro m combination s 

of  simple r  device s (components) .  Le t  u s assum e w e kno w th e behavior s 

of  th e components ,  a s wel l  a s th e wa y i n whic h the y ar e connecte d 

( o for m th e composit e device .  Th e behavior s o f  th e component s ar e 

describe d qualitadvely .  suc h a s "goin g up "  o r  "goin g down. "  "high " 

or  "low. "  Th e qualitativ e simulatio n alway s present s th e event s i n th t 

functionin g o f  th e machin e i n thei r  causa l  order .  Figur e I  illustrate s 

a conventiona l  door-buzze r  (fo r  th e moment  ignorin g th e butto n tha t 

activate s ih e buzzer) .  Th e buzze r  i s a  simpl e device ,  bu t  comple x 

enoug h t o us e fo r  illustratin g idea s o f  qualiiauv c sunulatioi L 

'Th o pape r  i s o n abndge d ui d revised  versio n o f  d c KIce r  &  Braw n (82) . 
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Figur e 1  :  Buzze r 

The buzzer's qualitative simuladon might be described as: The clapper-

switc h o f  th e buzze r  closes ,  whic h cause s th e coi l  t o conduc t  a  current , 

thereb y generatin g a n electromagneti c field  whic h i n tur n pull s th e 

clappe r  ar m awa y fro m th e switc h contact ,  openin g th e switch ,  shuttin g 

of f  th e magneti c field,  allowin g th e clappe r  ar m t o retur n t o it s close d 

position ,  an d thereb y star t  th e whol e proces s oye r  ag/aii i 

Th e simplicit y o f  th e qualitativ e simulatio n a s expresse d i n th e 

precedin g exampl e i s deceptive .  Qualitativ e simulado n encompasse s 

a variet y o f  idea s whic h nee d t o b e carefull y differentiated .  Fo r 

example ,  w e mus t  distinguis h simulatio n a s a  proces s fro m th e result s 

of  tha t  process .  A  simulaao n proces s operate s o n a  representatio n 

describin g th e device ,  producin g anothe r  reprcsentabo n tha t  describe s 

ho w th e devic e functions .  O n e sourc e o f  confusio n i s tha t  thi s 

latte r  representauo n ca n likewis e b e "interpreted "  o r  simulated ,  bu t 

doin g s o wil l  produc e ver y littl e mor e tha n wha t  i s alread y explicitl y 
represente d i n th e functiona l  representauo n produce d b y th e first  kin d 

of  simulatioa ' 

We nee d t o distinguis h fou r  relate d notion s whic h foi m di e basi c 

distinction s fo r  a  theor y o f  qualitativ e reasomng .  Th e mos t  basic , 

devic e topology ,  i s  a  representatio n o f  th e structur e o f  th e devic e (Le. , 

of  it s  physica l  organization) .  Fo r  example ,  th e stea m plant' s structur e 

consist s o f  a  stea m generator ,  turbine ,  condenser ,  thei r  connectin g 

pipes ,  etc .  Th e second ,  envisioning ,  i s a n inferenc e proces s which . 

give n th e device' s structure ,  determine s it s function .  Th e third ,  causa l 

•model ,  describe s th e functiomn g o f  th e devic e (i.e. ,  a  descriptio n o f 

ho w th e device' s behavio r  result s fro m it s consntuen t  component s 

whic h i s state d i n term s o f  ho w th e component s causall y  interact) . 

Th e las t  i s  th e runnin g o f  th e causa l  mode l  t o produc e a  specifi c 

behavio r  fo r  th e device ,  b y givin g a  chai n o f  event s eac h causall y 

relate d t o th e previou s one .  Thus ,  bot h th e structur e an d functionin g 

of  a  devic e ar c represente d b y som e knowledge-representado n schem e 

^ e repcuuv e openin g an d dosin g o f  th e switc h (i.e. ,  i( s vibrauon )  produce s a n audibl e 
sound . 
^Vof £ tha t  thi s litte r  kin d o f  simulnoo n i s jus t  on e o f  th e kind s o f  inferenc e nicchanism s 
Lhat  ca n us e o r  inicrprci "  th e funciiona l  representauon.  Other s ca n inspec t  i t  i n orde r 
10 answe r  suc h ciuĉtion s a s Coul d i  caus e y  t o happen? " 



(devic e topolog y an d causa l  m o d e l  respectively) ,  wit h Ch e forme r  bein g 

th e inpu t  t o (h e envisionin g proces s an d th e laae r  bein g it s output ; 

thi s outpu t  causa l  mode l  is .  i n cum .  the n use d i n ch e running .  T h e 

exampl e o f  qualitativ e simulatio n presente d earlie r  i s  ambiguou s a s t o 

whethe r  i t  refc n t o ch e envisioning ,  ch e causa l  model ,  o r  ch e ninning . 

Envisioning ,  Le « determinin g ch e functionin g o f  a  devic e solel y 

fro m it s stnictur e ofte n require s som e ver y subtl e reasoning .  T h e 

cask ,  i n essence ,  i s c o figur e ou t  ho w ch e devic e work s give n onl y 

ic s stnKtur e an d ch e knowledg e o f  som e basi c principles .  Stnictur e 

descnbe s (h e physica l  organizatio n o f  (h e device ,  namel y ch e constituen t 

component s an d h o w the y ar c connected ,  bu t  i t  doe s no t  describ e h o w 

th e componenc s functio n i n ch e particula r  device .  Th e "behaviors"  o f 

eac h componen t  ar e describe d assumu g nothin g abou t  th e particula r 

contex t  i n whic h th e componen t  i s embedde d (i. c th e descriptio n i s 

context-free) .  Thes e betuvior s for m a  compoaen t  mode l  (o r  schema ) 

whic h characterize s al l  (h e potentia l  behavior s o f  th e component ;  th e 

envisionin g proces s instantiate s a  specifi c  behavio r  fo r  eac h componen t 

fro m thes e models .  Thes e componen c model s ar e ch e basi c principle s 

whic h ch e envisionin g proces s draw s upo n t o deriv e th e functionin g 

fro m ch e suucture . 

T o determin e ch e functionin g o f  (h e overal l  devic e eac h com * 

poncnt' s mode l  mus t  b e examine d an d a n individua l  specifi c  behavio r 
instantiate d fo r  i L Thus ,  th e functionin g o f  th e entir e devic e i s dete r 

mined ,  i n par t  b y "glmn g together "  th e specifi c  behavior s o f  al l  o f 

it s  components .  Th e proble m fo r  envisionin g i s detenninin g fo r  eac h 

componen t  whic h behavior ,  give n a U ch e possibl e behavioi s it s mode l 

characterizes ,  i s  actuall y bein g manifested . 

W h at  make s ch e problem-solvin g effor t  involve d i n th e scructure -

co-fimctio n inferenc e proces s difficul t  i s  tha t  th e behavio r  o f  th e overal l 

devic e i s constrained ,  no t  onl y b y loca l  interactioo s o f  it s  componen t 

behaviors ,  bu t  als o b y globa l  interactions .  Therefore ,  i n principle ,  th e 

behavio r  model s o f  ch e component s whic h ar e specifie d qualitativel y 

m ay no t  provid e enoug h informatio n c o identif y th e correc t  fiinctioning 

of  th e device .  Fo r  example ,  i f  value s ar e describe d qualitatively ,  ofte n 

fine-grained  distinction s canno t  b e m a d e betwee n then L Thus ,  i n Ch e 

cas e o f  ch e buzzer ,  th e envisionin g m a y no t  b e abl e c o determin e wliic h 

i s greater ,  ch e forc e o f  ch e magneti c field  o r  ch e restorin g forc e o f  ch e 

spring .  Knowin g whic h i s greate r  may ,  i n faa ,  b e crucia l  c o deducin g 

che correc t  functionin g o f  ch e device . 

I n orde r  t o describ e b o w th e resultan t  behavio r  derive s fro m 

che behavior s o f  ch e constituents ,  first ,  eac h importan t  even t  i n Ch e 

overal l  behavio r  mus t  b e causall y relate d t o precedin g events .  Then . 

eac h c îsa l  relauonshi p mus t  b e explaine d b y som e fragmen t  o f  th e 

componen t  mode l  o f  on e o f  it s  components .  T h e exampl e describin g 

Figur e U  is .  a t  best ,  a n abridge d descriptio n o f  th e buzzer' s function . 

I t  causall y relate s eac h even t  c o ch e precedin g one .  bu t  fail s  c o stat e 

any rational e fo r  thes e causa l  coimecnons .  Becaus e i t  i s  impossibl e t o 

tell ,  a  priori ,  whethe r  th e componen t  model s lea d t o uniqu e behavior . 

(h e problem-solve r  mus t  entertai n (h e possibilit y  (ha t  (h e structura l 

evidenc e i s undeiconstraimng .  Therefor e th e envisionin g mus t  (ak e 

int o accoun t  (h e possibilit y  tha t  on e structur e ma y hav e multipl e 

possibl e fiinctionmg s amon g whic h th e envisionin g cannot ,  i n principle . 

distinguish . 

8 

"Running "  th e resultin g causa l  mode l  i s closes t  c o ch e origina l 

psychologica l  innjicio n o f  "picturing ,  i n one' s mind' s eye ,  h o w ch e 

machin e operates. "  B y runnin g ch e model ,  one ,  i n essence ,  doe s a 

straightforwar d simulauo n o f  th e machine ;  Ch e runnin g itsel f  doe s 

not  hav e c o determin e o r  "prove "  ch e causa l  o r  tempora l  orderin g o f 

events ,  a s th e envisionin g proces s alread y ha s don e so ,  an d encode d 

(h e informatio n i n (h e causa l  mode l  whic h serve s a s (h e inpu t  dat a fo r 

che runnin g process . 

T h e simplicit y an d eleganc e o f  ch e runnin g proces s i s (h e resul t 
of  ch e comple x problem-solvm g (Le. ,  envisioning )  cha t  constructe d 

i L Tha t  ou r  intuitio n tha t  'picturing ,  i n one' s mind' s eye .  h o w ch e 

machin e operates "  i s simple ,  i s  manifeste d b y thi s runnin g process . 

However ,  cha t  sens e o f  simplicit y i s deceptive ,  fo r  th e tunnin g i s no t 

possibl e withou t  th e mor e comple x problem-solvin g whic h precede d 

It .  removin g al l  th e ambiguitie s abou t  h o w ch e machin e migh t  b e 

fimctioning . 

Understandably ,  th e problem s tha t  aris e i n constructin g causa l 

model s an d th e mechanism s tha t  sufiic e i n solvin g thes e problem s 

ar e importan t  fo r  cognitiv e psycholog y an d artificia l  intelligence .  Fo r 

psychology ,  the y ar e importan t  becaus e the y provid e a  framewor k 

fo r  analyzin g th e "competency "  involve d i n determinin g h o w a  nove l 

machin e functions .  Inasmuc h a s envisionin g i s restricte d ( o bein g 

base d solel y o n structura l  evidence ,  i t  become s a n interestin g inferenc e 

strateg y i n it s o w n right  fo r  artificia l  intelligenc e applications ,  especiall y 

give n th e desir e fo r  artificia l  inceUigenc e system s t o b « robust ,  an d t o 

be capabl e t o dea l  wit h nove l  sioiations .  T h e resultin g model s ar e mor e 

likel y t o b e voi d o f  an y implici t  assumption s o r  built-i n presupposition s 

base d o n ho w th e devic e wa s intende d t o behave , 

AMBIGUITIES ASD ASSUMPTIONS 

Origiii of AmbiguitiM 

I n general ,  ambiguitie s originat e fro m th e fac t  tha t  ch e informatio n 

availabl e t o th e qualitativ e analysi s underdetertnine s o r  onl y partiall y 

characterize s th e actua l  behavio r  o f  ch e overal l  device .  Ther e ar e chie e 

reason s fo r  Chi s underdetermination .  Th e first  an d mos t  obviou s i s 

tha t  th e quantitie s reference d b y th e componen t  model s ar e qualita -

tiv e an d thu s fine-graine d distinction s canno t  b e m a d e betwee n th e 

attribut e value s o r  componen t  sutes .  Second ,  becaus e th e implici t 

tim e progressio n i n th e simulatio n i s qualitative ,  i t  i s  no t  alway s pos -

sibl e t o determin e ch e actua l  orderin g o f  events .  A n d ch e chir d reason . 

not  directl y relate d c o ch e qualicativ e nanir e o f  th e models ,  come s fro m 

che limitation s o n ch e kind s o f  informatio n capwre d b y th e models . 

Becaus e envisionin g trie s c o identif y a  globa l  flo w o f  acno n b y piecin g 

togethe r  loca l  cause-effec t  rule s o f  th e componen t  m o d e K a  componen t 

model  encode s onl y thos e aspect s o f  th e component' s behavio r  tha t 

ca n b e use d i n suc h a  fashion .  However ,  ou r  understandin g o f  a  give n 

componen t  ofte n involve s mor e knowledg e tha n i s (or .  perhaps ,  coul d 

be )  encode d i n suc h mechanisti c rules .  Fo r  example ,  i n modelin g 

th e interna l  operado n o f  a  p u m p w e kno w fro m th e law s o f  physic s 

tha t  Sui d i s conserve d i n passin g throug h th e pump .  But ,  becaus e 

thi s piec e o f  knowledg e i s a  constraint ,  i t  canno t  b e represente d b y 



any cause-effe a rule :  th e inabilit y  t o encod e i t  ca n lea d t o a  give n 

componen t  mode l  bein g underdetermined . 

Origi n o f  Assumption s 

I n th e buzze r  example ,  becaus e o f  tb e qualitativ e nanir e o f  th e 

attribut e values ,  th e envisionin g proces s canno t  determin e whethe r  th e 

sprin g i s stronge r  tha n th e magneti c field.  I n thi s "impasse, "  i t  i s 

force d t o conside r  tw o hypothetica l  situations :  on e i n whic h i t  assume s 

th e sprin g i s stronge r  tha n th e magneti c field  an d on e i n whic h i t 

assumes th e sprin g i s weake r  tha n th e field. 

Impasse s occu r  whe n envisiomn g canno t  evaluat e a  transitio n 

conditio n (e.g. ,  th e conditio n o f  th e switc h bein g open )  o r  invok e a n 

attribut e equatio n (e.g. .  tha t  o f  field  strengt h bem g proportiona l  t o coi l 

current )  t o deiermm e th e valu e o f  a n unknow n attribute .  I n orde r  t o 

procee d aroun d unpasses ,  th e envisionin g mus t  introduc e assumption s 

abou t  th e trut h o r  falsit y o f  condition s o r  abou t  tb e value s o f  unknow n 

attributes . 

Th e buzze r  exampl e ca n b e use d t o illustrat e a n impass e whic h 

arise s fro m th e envisionin g bein g unabl e t o determin e whethe r  a 

transitio n conditio n holds .  I n thi s impasse ,  th e envisione r  introduce s 

an assumptio n tha t  th e conditio n "forc e fro m th e coi l  >  restoring  forc e 

of  th e spring "  i s  true ,  an d the n proceed s t o analyz e th e ne w resultin g 

state .  O f  course ,  th e resultin g causa l  mode l  wi n the n contai n tw o 

account s o f  th e device' s functioning :  on e i n whic h th e clappe r  rise s 

an d on e i n whic h i t  doe s no L Additiona l  knowledg e an d reasonin g 

strategic s mus t  the n b e use d t o verif y o r  rejea  th e variou s assumption s 

tha t  wer e create d t o enabl e di e envisione r  t o procee d aroun d suc h 

impasses .  Thes e strategie s combine d wit h a  m u c h mor e extensiv e 

analysi s o f  th e kind s o f  assumption s neede d i n orde r  t o construc t  a 

causa l  mode l  hav e bee n detaile d i n th e expande d versio n o f  thi s paper . 
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I .  Iiitroductlo o 
M a ny kind s o f  change s occu r  i n physica l  situations .  Hiing s 

move,  collide ,  tlow .  bend ,  hea t  up .  cixi l  down ,  stretch ,  break ,  ;in d boil . 
Hics c an d th e oihe r  thing s tha t  happe n t o caus e change s i n object s ove r 
lim e .ir e intuitivel y characterize d a s processes .  M u c h o f  forma l  physic s 
consist s o f  charucterizaiiun s o f  processe s b y dilTcrcntia l  equation s 
whic h describ e ho w th e piiramctcr s o f  object s chang e ove r  time .  Ru t 
tli e notio n o f  proces s i s richer  an d mor e structure d tlin n this .  W e ofte n 
reac h conclusion s abou t  physica l  proccss.' s base d o n ver y littl e 
infomiauon .  Fo r  example ,  w c kno w dia t  i f  w e hea t  wate r  i n a  scale d 
containe r  th e wate r  ca n eventuall y  boil ,  an d i f  w c continu e t o d o s o th e 
containe r  ca n explode .  T o undcrsun d c o m m o n sens e physica l 
rcasonm g w e mus t  undcistan d h o w t o reaso n qualitativel y abou t 
priK-csscs .  thei r  effects ,  an d thei r  limits .  I  hav e bee n developin g a 
theory ,  calle d Ou.ilit.iiiv e Proccx s ihet̂ rv .  to r  thi s purposcfKorbus ,  1981 , 
1982] .  I  expec t  thi s dicory ,  whe n ftilly  developed ,  t o provid e a 
reprcscnt.niiona l  Iramcwor k fo r  understandin g h u m a n c o m m o n sens e 
physica l  reasoning .  I t  shoul d als o b e usefti l  fo r  constructin g compute r 
program s tha t  reaso n abou t  comple x physica l  system s a s wel l  a s 
c o m m on sens e reasoning .  Program s tlia t  explain ,  repai r  an d operat e 
comple x sŷ iciii N bucl i  a s nuclea r  powe r  plant s an d stcai n machiner y 
wil l  nee d t o dra w th e kind s o f  conclusion s thi s theor y sanctions . 

QualilatiN C rc.nsonin g abou t  quantitie s i s a  proble m tha t  ha s 
!oi! g plague d Art̂ 'icia l  Intelligenc e an d Cognitiv e Science .  M.in y 
scheme s liav c bee n tned .  includin g simpl e symboli c vocabularie s 
( T A I L V K R Y T A L L etc.) ,  real  numbers ,  intervals ,  fuzz y logi c an d s o 
fonh .  N o n e ar c ver y satisfying .  Ph c reaso n i s tha t  non e o f  Ui e abov e 
scheme s make s distinction s tha t  ar c relevan t  t o physica l  reasoning . 
Reasonin g abou t  processe s provide s a  stron g constrain t  o n th e choic e o f 
rcprescnudo n fo r  quantities .  Processe s usuall y star t  an d sto p whe n 
ordcr:ng s betwee n quantitie s change .  Fo r  example ,  whe n tw o object s 
wit h unequa l  temperature s ar e brough t  int o contac t  ther e wil l  b e a  hea t 
flo w fro m on e t o th e othe r  uhic h wil l  sto p whe n th e temperature s ar e 
cqua L I n Qualitativ e Proces s theor y th e valu e o f  quantitie s ar e 
represente d b y a  partia l  orderin g o f  othe r  quanutie s detcnnine d b y th e 
domai n physics .  Th e representation  appear s bot h usefu l  an d natura L 

OP theor y i s mainl y concerne d wit h di e for m o f  physica l 
theorie s an d onl y indirectl y abou t  Uici r  specifi c  conten t  Fo r  example , 
hea t  flo w processe s whic h don' t  conserv e energ y an d transfe r  "calori c 
fluid "  ca n b e wnttc n a s wel l  a s th e classica l  physica l  dcscriptioi L 
Newtonian .  Aristotelian ,  an d Impetu s theorie s o f  motio n ca n al l  b e 
encoded .  Thu s Q P theor y provide s a  languag e fo r  writin g physica l 
theories .  I n panicular .  th e primiuvc s ar e simpl e processe s (suc h a s 
flows ,  stat e changes ,  an d mr.-ion) ,  di e mean s o f  combinatio n ar e 
scquentialit y  an d share d parameters ,  an d di e mean s o f  abstractio n ar e 
namin g thes e combinations ,  includin g encapsulatin g a  piec e o f  th e 
proces s histor y l a k m d o f  beha\iora l  description ,  se e (Hayes .  19791 )  fo r 
th e situatio n a s a  ne w process . 

T h e basi c Qualitativ e Proces s dieor y i s no t  intende d t o captur e 
di e fiil l  rang e o f  qualitauv e reasonin g abou t  th e physica l  world .  Instea d 
i t  i s  concerne d wit h describin g di e weakes t  kin d o f  informatio n dia t  stil l 
allow s usclii l  conclusion s t o b e dniwn .  llier e ar e tw o reason s wh y dii s 
weak leve l  o f  descriptio n i s interesting .  First ,  conclusion s fro m wea k 
informatio n ar c ofte n require d t o driv e di e searc h fo r  conclusion s fro m 
mor e deuiilc d informatio n (a n il'iustratio n i s (dcKlecr .  197S)) .  M o r e 
importantly .  I  believ e dia l  di e ba:.i c dieor y ca n b e use d t o writ e wha t 
correspond s t o people' s c o m m o n sens e physica l  knowledge .  T o captur e 
mor e sophisticate d kind s o f  phy s ca l  reasonin g (fo r  example ,  h o w a n 
enginee r  make s estimate s o f  circu. t  parameter s o r  stresse s o n a  bridge ) 
extensio n theorie s containin g mor e dcuile d reprcsentiition s o f  quantity , 
functions ,  an d processe s wil l  b< ;  needed .  Kxainplc s o f  extensio n 
dieorie s coul d includ e orde r  o f  i n igiiitud e estimate s an d numbers .  B y 
providin g a  share d b;isi c theory ,  futur e studie s o f  mor e sophisticate d 
domain s m.n y yiel d a  wa y t o classif y kind s o f  physica l  reasonin g 
accordin g t o di e extensio n dieori o Uie y require . 

1 A n Exampl e 
Ilicr e ar c severa l  kind s o f  reasonin g Uia t  ca n b e performe d 

usin g Qualitativ e Proces s dieory ,  includin g reasoning  abou t  di e limit s o f 
processe s ("Wha t  migh t  happe n i f  dii s  valv e i s lef l  open?" )  an d 
consequence s o f  alternat e siluation s ("Ho w woul d di e turnin g u p di e 
stov e affec t  di e heaun g o f  di e ketde?" )  a s wel l  a s explainin g som e 
problem s involve d i n causa l  reasoning .  Severa l  example s o f  c o m m o n 
sens e phenomen a hav e bee n examine d i n Uii s context ,  includin g 
modellin g a  boiler ,  motion ,  material s (sayin g dia t  yo u ca n pus h wit h a 
strin g bu t  no t  pul l  wit h it) ,  an d a n oscillator .  A n informa l  exampl e wil l 
illusu-at e it s flavor.  Her e i s a  simpl e proble m involvin g physica l  system s 
dia t  w e solv e easily : 
Imagin e lookin g a l  a  larg e lank ,  partiall y  fille d wit h water ,  io u ca n se e 
iw o pipe s leadin g int o it .  an d yo u not e tha t  th e leve l  i n th e lan k i t 
dropping .  You r  goa l  i s  l o figur e ou t  wh y thi s i s happening . 

I n Q P theor y terms ,  wh y dii s  i s happening "  mean s findin g a 
set  o f  processe s whic h ar e causin g di e change s i n di e situation .  (I n th e 
complicate d physica l  system s whic h compris e m u c h o f  ou r  technology , 
dii s  i s  m u c h harde r  dia n di e simpl e exampl e depicte d here ,  becaus e di e 
reladonship  betwee n wha t  w e ca n observ e (throug h instruments )  an d 
di e processe s whic h serv e a s a n explanatio n i s m u c h les s direct) .  ITi e 
reasonin g goe s a s follows : 
PI No process affects level directly, but level is qualitatively 
proportiona l  l o Amount-o f  fluid . 
[2] The only processes which affect Amount-of a contained fluid are 
boiling ,  evaporation ,  an d fluid  flow . 
[3] No heat source is visible, so boiling can be luied ouL 

[4] The time scale is sbon. so evaporation can be ruled out 

[5] By exclusion, fluid flow must be die source of die influence. 

[6] Fluid flow requires a fluid padL 

[7] Only two pipes are visible, so assume diose are die only fluid 
connection s t o di e tank . 

[8] Only two fluid flows arc possible, one dirough each pipe. Fluid flow 
ca n b e measured :  i n dii s cas e bot h flows  ar e int o di e tank . 

[9| Therefore die influence of die fluid flows is posiuve. 

[in] Tlicreforc die level of die tank should be increasing, not 
dixrcasing . 

[11] liiiher (1) Other processes affecting amount-of exist 
(2 )  F.vaporatio n o r  lloilin g ar e occurin g 
(3 )  Measurement s ar c wron g 
(4 )  Odic r  fluid  padi s exis t 

\\2]  Pragmatically, (4) is die most likely - e,g., a large leak in die tank. 

Knowing what can be measured .nnd die pragmatic 
informatio n use d i n rulin g ou t  cvaporado n an d i n occcpun g th e lea k a s 
di e bes t  prospec t  ar c no t  par t  o f  Q P dieory ,  bu t  instea d illustrat e di e 
interactio n o f  di e dieor y wit h othe r  kind s o f  worl d knowledge .  Not e 
tha t  di e ke y t o di e dcducuo n i s di e assumptio n o f  a  finit e vocabular y o f 
processe s liia t  coul d caus e th e observe d change .  Haye s (Hayes .  Liquids ) 
suggest s rcTSonin g b y eliminatio n i s a  powerfu l  techniqu e i n c o m m o n 
sens e reasoning ;  organizin g physica l  knowledg e aroun d a  v(x:abular y o f 
priKcssc s provide s funhc r  oppununit y t o d o so . 
3. Current State of the llicory 

Th e curren t  stat e o f  di e dieor y i s describe d i n [Forbus .  1982J . 
Furdic r  dieoretica l  development s ar e bein g carrie d ou t  i n di e contex t  o f 
reasonin g abou t  simpl e fluid  an d mechanica l  systems .  A n 
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implcmcntauo n i s underway . 
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The Preconceptua l  Basi s o f  Experlencia l  Metapho r 

Mark Johnson 
Departmen t  o f  Philosoph y 
Souther n Illinoi s Universit y a t  Carbondal e 

Standar d nodel s o f  metaphori c comprehensio n shar e 
at  leas t  th e follouin g se t  o f  basi c assumptions :  (1 ) 
Meanin g i s conceptua l  structure .  (2 )  Comprehendin g a 
metapho r  o f  th e for m " A i s B "  require s a  gras p o f  th e 
appropriat e conceptua l  structur e fo r  th e "A "  an d "B " 
(topic-vehicle )  components ,  an d i t  als o require s th e 
abilit y  t o map th e B^  domai n ont o th e A  domai n i n a 
contextuall y appropriat e fashion .  (3 )  Th e mappin g o r 
projectio n procedur e depend s principall y o n underly -
in g similaritie s betwee n th e tw o domains .  Version s 
of  thi s positio n diffe r  a s t o th e natur e o f  th e map -
pin g mechanism .  Some trea t  th e metaphori c projectio n 
as a  simpl e transfe r  o f  discret e propertie s o r  rela -
tion s fro m th e B^  domai n ove r  t o th e A  domain ,  wit h 
appropriat e change s bein g mad e t o appl y th e transfer -
re d predicate s t o th e ne w domain .  Other s argu e tha t 
a mor e comple x mode l  i s needed ,  on e i n whic h th e en -
tir e syste m o f  predicate s fo r  th e B  domain ,  wit h al l 
of  it s  comple x interna l  relations ,  mus t  someho w b e 
projecte d a s a  whol e i n suc h a  wa y a s t o restructur e 
Che conceptua l  syste m fo r  th e A  domain. 

I t  i s  commonl y believe d b y thos e wh o operat e wit h 
some versio n o f  thi s standar d mode l  tha t  th e chie f 
proble m pose d b y netapho r  fo r  artificia l  intelligenc e 
i s t o discove r  th e wa y i n whic h contextua l  clue s de -
termin e th e precis e natur e o f  th e projectiv e proces s 
of  metaphori c understanding .  Whil e I  agre e tha t  thi s 
i s th e mai n difficulty ,  I  wan t  t o sugges t  tha t  i t  i s 
les s amenabl e t o solutio n tha n moa t  cognitiv e scien -
tist s believe .  Th e reaso n fo r  my pessimis m i s that , 
contrar y t o th e accepte d view ,  understandin g a  meta -
phor  i s no t  Jus t  a  proces s o f  graspin g certai n con -
ceptua l  structurings .  I n th e metaphor s o f  ordinar y 
and technica l  discours e alike ,  ther e I s als o a  pre -
conceptua l  basi s i n experienc e tha t  give s th e meta -
phor  th e meanin g i t  ha s an d tha t  canno t  b e reduce d 
t o concept s o r  conceptua l  structur e (a s menta l  repre -
sentations) . 

My argumen t  i s base d upo n a n analysi s o f  som e o f 
th e preconceptua l  factor s involve d i n th e comprehen -
sio n o f  wha t  I  cal l  "experiential "  metaphors .  A n 
experientia l  metapho r  i s a  process  o f  experiencing , 
conceptualizing ,  an d calkin g abou t  on e domai n o f  ex -
perienc e a s i t  i s  structure d i n term s o f  anothe r  do -
mai n o f  a  differen t  kind .  Suc h metaphor s ar e basi c 
processe s o f  everyda y experience ,  an d the y ar e no t 
mere linguisti c ornament s o r  rhetorica l  mode s o f  ex -
pression .  Th e experientia l  metapho r  MARRIAGE I S A 
BUSINESS PARTNERSHIP,  fo r  example ,  i s  on e o f  severa l 
metaphor s i n America n cultur e tha t  structure s th e wa y 
some peopl e understand ,  ac t  out ,  an d reaso n abou t 
thei r  marriages .  I t  i s  no t  a  matte r  o f  mer e word s 
tha t  u e us e t o cal k abou t  marriage ;  rather ,  i t  i s  on e 
possibl e structurin g o f  marita l  relation s tha t  pro -
vide s coherence ,  order ,  an d significanc e i n th e live s 
of  chos e wh o liv e b y ch e metaphor . 

But  ch e MARRIAGE I S A  BUSINESS PARTNERSHIP meta -
phor  i s mor e tha n a  conceptua l  structurin g o f  som e 
aspect s o f  one' s marriage .  I t  involve s non-struc -
tural ,  preconceptua l  element s withou t  whic h th e meta -
phor  woul d hav e n o significanc e fo r  us .  Thes e pre -
conceptua l  element s i n experienc e consis t  o f  various 
capacities ,  skills ,  values ,  an d purpose s i n whic h th e 
conceptua l  structure s ar e roote d an d fro m whic h the y 
tak e chei r  nourishment .  Wit h referenc e t o th e BUSI -
NESS PARTNERSHIP metapho r  I  Identif y fou r  suc h ele -
ments :  (1 )  Genera l  huma n purposes ,  (2 )  Cultura l 
institution s an d practices ,  (3 )  Theoretica l  paradigms , (4 )  Individua l  characteristic s an d pattern s (includ -in g (1 )  individua l  purposes ,  (11 )  Individua l  caste s 

and values ,  an d (ill )  personalit y  traits) . 
I  a m claimin g tha t  understandin g a  metapho r  in -

volve s mor e tha n graspin g conceptua l  structure—i t 
als o involve s preconceptua l  element s tha t  ar e neithe r 
discret e predicate s no r  structure d relations .  Suc h 
element s ar e a  basi c par t  o f  ou r  ordinar y experienc e 
withou t  whic h n o metapho r  coul d hav e th e powe r  i t 
does t o shap e ou r  understanding ,  action ,  an d language . 
I f  thi s analysi s i s correct ,  i t  call s fo r  a  rethink -
in g o f  certai n fundamenta l  assumption s guidin g wor k 
on metapho r  i n cognitiv e science . 

12 



T o w a r d s a  Comoutatlona l  Mode l 

of  kietapho r 

i n C o m m on Sens e Reasonin g 

Ja im e G .  Carbonel l 
Carnegle-Metlo n Universit y 

Pittsburgh ,  P A 1521 3 

1 .  I n t r o d u c t i o n 
The theor y tha t  metapho r  dominate s larg e aspect s o f  huma n 

thinking ,  a s  wel l  playin g a  significan t  rol e i n linguisti c 
communication ,  ha s bee n argue d wit h considerabl e forc e 
[10 ,  8 .  3 .  1| .  However ,  th e validit y o f  suc h a  theor y i s a  matte r  o f 

continuin g debat e tha t  appear s neithe r  t o dissuad e it s proponent s 
nor  convinc e it s detractors .  Bein g amon g th e proponents ,  I 
propos e t o develo p a  computationall y effective ,  c o m m o n sens e 
reasonin g syste m base d o n underlyin g metaphors .  I  clai m tha t  i f 
suc h a  syste m exhibit s cognitivel y plausibl e c o m m o n sens e 
reasonin g capabilities ,  i t  wil l  demonstrat e th e utilit y o f 
metaphonca l  reasoning .  Moreover ,  i f  th e mode l  ca n accoun t  fo r 
observe d instance s o f  naiv e huma n reasonin g t>ette r  tha n existin g 
inferenc e systems ,  i t  wil l  provid e convincin g evidenc e m favo r  o f 
th e metaphorica l  reasonin g theory .  Thi s brie f  pape r  investigate s 
aspect s o f  th e metaphonca l  rezisonin g phenomeno n an d 
describe s th e initia l  step s toward s developin g a  computationa f 
model . 

tha t  suc h reasonin g i s seldo m necessar y an d whe n applie d 
require s a  mor e concerte d cognitiv e effor t  tha n mundan e 
metaphorica l  inference . 

3.  Toward s Metaphorica l  Reasoning :  Th e 
Balanc e ly/ietapho r 

Conside r  a  prevalen t  metapho r  reasonin g abou t  imponderabl e 
or  abstrac t  entitie s a s thoug h the y wer e obiect s wit h a  measurabl e 
weight .  O n e o f  severa l  reasonin g pattern s base d o n thi s simpl e 
metapho r  i s th e balanc e principle .  Th e physica l  analo g o f  thi s 
reasonin g patter n i s a  prototypica l  scal e wit h tw o balance d plates . 
Larg e number s o f  metaphor s appea l  t o thi s simpl e devic e couple d 
wit h th e processe s o f  bringin g th e syste m int o (an d ou t  of ) 
equilibrium .  First ,  conside r  som e example s o f  th e basi c metaphor , 
i n whic h ih e relevan t  aspec t  o f  a n abstrac t  concep t  m a p s ont o th e 
weight '  0 /  a n unspecilie d physica l  object . 

Arms contro l  i s  a  weight y i i 

2.  Experientia l  Reasonin g v s Forma l 
System s 

H u m a ns lear n fro m experienc e t o a  degre e ttia t  n o fonna f 
system .  A l  model ,  o r  philosophica l  theor y ca n match .  Th e 
statemen t  tha t  th e huma n min d i s (o r  contains )  th e su m tota l  o f  it s 
experience s i s i n itsel f  rathe r  vacuous .  A  mor e precis e formulatio n 
of  expenence-base d reasonin g ma y b e structure d i n term s o f 
coordinate d answer s t o th e followin g questions :  H o w ar e 
experience s brough t  t o tiea r  i n understandin g ne w situations ? 
H ow i s lon g ter m memor y modifie d an d indexed ? H o w ar e 
inferenc e pattern s acquire d i n a  particula r  domai n an d adapte d t o 
appl y i n nove l  situations ? H o w doe s a  perso n "se e th e light "  wtie n 
a previousl y incomprehensibl e proble m i s viewe d fro m a  ne w 
perspecove ? H o w ar e th e vas t  maiont y o f  irrelevan t  o r 
inappropriat e experience s an d inferenc e pattern s filtere d ou t  i n 
th e understandin g process ? Answerin g al l  thes e "how "  question s 
require s a  proces s m o d e l  capabl e o f  orqanizin g larg e amoun t  o f 
knowledg e an d mappin g relevan t  aspect s o f  pas t  experienc e t o 
ne w situations .  S o m e meaningfu l  start s hav e bee n mad e toward s 
large-scal e eoisodicbase d memor y organizatio n [14.15,12 ,  9 J 
and toward s episodi c base d analogica l  reasonin g [5,4,2] , 
Bearin g thes e question s i n mind .  I  tur n toward s th e issu e o f 
c o m m on sens e reasonin g I n knowledge-nc h mundan e domains . 
Mv central claim is that reasoning in mundane, recurrent 
:..̂ „tion ;  o  t̂jilili.,...-;; ^  diiieren t  irc m rt„:,onin g i n mor e abstrac t 
and exponentiall y  uniqu e situation s (suc h a s som e mathematica l 
or  puzzle-solvin g domains) .  Th e forme r  consist s o f  recallin g 
cippropriai e pas t  experience s an d inferenc e patterns ,  wherea s th e 
latte r  require s knowledge-poo r  searc n processe s mor e typica l  o f 
pas t  an d presen t  A l  proble m solvin g systems .  Sinc e compute r 
program s perfor m muc h tiefte r  i n simple ,  elegant ,  abstrac t 
domain s m a n m "scruffy "  exoenence-nc h huma n domains ,  i t  i s 
eviden t  tha t  a  fundamenta l  reasonin g mechanis m i s lackin g fro m 
th e A l  repenoir e Th e issu e i s no t  merel y tna t  A l  system s lac k 
experienc e i n mundan e huma n scenario s -  the y woul d b e unabl e 
t o benefi t  fro m suc h experienc e i f  i t  wer e encode d i n thei r 
knowledg e base .  I  postulat e tha t  th e missin g reasonin g metho d i s 
on e o f  metaphor-base d transfe r  o f  prove n inferenc e pattern s an d 
experientia l  knowledg e acros s domains .  Thi s i s no t  t o sa y tha t 
humans ar e largel y incapabl e o f  mor e forma l  reasoning ,  bu t  rathe r 
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The worrie s o f  a  natio n weig h heavil y upo n hi s shoulders . 

The Argentirte air force launched a mmssiv* attacK on ttie 
Britis h fleet .  O n e frigat e wa s heavil y damaged ,  bu t  onl y 
ligh t  casualtie s wer e suffere d b y  Britis h sailors .  Th e 
Argentine s paye d a  /leavjrtol l  i n downe d aircraf t 

IMot tieing in the mood for heavy drama, John went to a 
ligh t  comedy ,  whic h turne d ou t  t o b e a  piec e o f 
meaningles s fluff . 

Pendergast was a real /ieairyMre>g/i( in the 1920s Saint 
Loui s politica l  scene . 

The crime weighed heavily upon his conscience. 

The weight of the evidence was overwhelming. 

Weight clearly represents different things in the various 
metaphors :  th e sevent y o f  a  nation' s problems ,  th e numbe r  o f 
attackin g aircraft ,  th e exten t  o f  physica l  damage ,  th e emotiona l 
affec t  o n auaience s o f  theatrica l  productions ,  th e amoun t  o f 
politica l  muscl e (t o us e anothe r  metaphor) ,  th e reactio n t o violate d 
mora l  principles ,  an d th e degre e t o whic h evidenc e i s foun d t o b e 
convincing .  I n general ,  mor e i s heavier :  les s i s lighter .  O n e ma y 
argu e tha t  sinc e languag e I s heavil y endowe d wit h word s tha t 
describ e v/eight .  mas s an d othe r  physica l  attnbute s (suc h a s high t 
and onentation[10)) ,  on e borrow s suc h word s whe n discussin g 
mor e abstrac t  entitie s [13 ]  • -  to r  lac k o f  alternat e vocabulary . 
Wherea s thi s argumen t  i s widel y accepted ,  i t  fall s  fa r  shor t  o f  th e 
conjectur e I  wis h t o make . 

Conjecture :  Physica l  metaphor s directl y mirro r  th e 
unaeriyin g inferenc e processes .  Pattern s o t  inferenc e vali d 
lo r  physica l  attribute s ar e mappe d invarian t  an d 
reinstantiate d i n th e targe t  domai n o f  th e metaphor . 

In order to illustrate the validity of this coniecture consider a 
c o m m on inferenc e patter n base d o n th e weigh t  o f  physica l 

Mass I S virluall y synonymou s witt i  weigti t  i n naiv e reasoning . 



objects :  Th e inferenc e patter n i s th e balanc e principl e mentione d 
earlie r  a s applie d t o a  scal e wit h tw o plates .  Th e scal e ca n b e i n 
balanc e o r  tippe d toward s eithe r  side ,  a s a  functio n o > th e relativ e 
weight s o f  object s place d m th e respectiv e plates .  Inferenc e 
consist s o f  placin g obiect s m tti e scal e an d predictin g th o 
resultan t  situatio n - -  n o clai m i s mad e a s t o whethe r  thi s proces s 
occur s i n a  propositiona l  framewor k o r  a s visua l  imagery ,  althoug h 
I  favo r  th e former .  H o w coul d suc h a  simpl e inferenc e patter n b e 
useful ? H o w coul d i t  appf y t o complex ,  non-physica l  domains ? 
Conside r  th e followin g example s o f  metaphonca l  communicatio n 
base d o n thi s inferenc e pattern : 

The jur y foun d th e uretgh t  o f  th e evidenc e favorin g th e 
defendant .  Hi s impeccabl e recor d weighe d heavil y i n hi s 
favor ,  wherea s th e prosecutio n witness ,  bein g a  confesse d 
con-man ,  carrie d littl e weigh t  wit h th e jury .  O n balanc e 
th e stat e faile d t o a m a s s sufficien t  evidenc e fo r  a  soli d 
case . 

The SS-20 missile tips the balance of power in favor of the 
Soviets . 

Both conservative and liberal arguments appeared to carry 
equa l  weigh t  wit h th e president ,  an d hi s decisio n hun g o n 
th e balance .  However ,  hi s long-standin g oppositio n t o 
abortio n tippe d th e scal e I n favo r  o f  th e conservatives . 

The Steeters were the heavy pre-game favorites, but the 
Brown s starte d pilin g u p point s an d accumulate d a 
massiv e half-tim e lead .  I n spit e o f  a  lat e ralty ,  th e steeler s 
di d no t  scor e heavil y enoug h t o pul l  th e gam e o«i t 

The job applicant's shyness weighed against her, tjut her 
excellen t  recommendation s lippe d th e scale s i n he r  favor . 

I n eac h exampl e abov e th e sam e basi c underlyin g inferenc e 
patter n recurs ,  whethe r  representin g the .  outcom e o f  a  trial , 
statement s o f  relativ e militar y power ,  decision-makin g processes . 
or  th e outcom e o f  a  sportin g event .  Th e inferenc e patter n itsel f  i s 
quit e simple :  i t  take s a s  inpu t  signe d quantitie s -  whos e 
magnitude s ar e analogou s t o thei r  state d "weight "  an d whos e 
sign s depen d o n whic h sid e o f  a  binar y issu e thos e weight s 
correspon d - -  an d select s th e sid e wit h th e maxima i  weight , 
computin g som e qualitativ e estimat e o f  ho w fo r  ou t  o f  balanc e th e 
syste m is .  Moreover ,  th e inferenc e patter n als o serve s t o infe r  th e 
roug h weigh t  o f  on e sid e i f  th e weigh t  o f  th e othe r  sid e an d th e 
resultan t  balanc e stat e ar e known .  (E.g. ,  I f  Georgi a wo n th e 
footbal l  gam e scorin g onl y 1 7 points ,  Alabama' s scorin g mus t 
hav e bee n reall y light ) 
The central issue in my discussion is that this very simple 
inferenc e patter n base d o n a  physica l  metapho r  account s fo r  ver y 
larg e number s o f  inference s i n mundan e huma n situations .  Give n 
th e existenc e o f  suc h a  simpl e an d widel y applicabl e pattern ,  wh y 
shoul d on e suppos e tha t  mor e complicate d inferenc e method s 
explai n huma n reasonin g mor e accurately ? I t  i s  m y belie f  tha t 
ther e exis t  a  moderat e numbe r  o f  genera l  inferenc e pattern s suc h 
as th e presen t  one .  whic h togethe r  spa n mos t  mundan e huma n 
situations ,  fy/loreover .  th e te w othe r  pattern s I  hav e foun d thu s fa r 
ar e als o roote d o n simpl e physica l  principle s o r  othe r  directl y 
experience d phenomena .  However ,  sinc e th e curren t  stud y i s 
onl y i n it s initia l  stages ,  th e hypothesi s tha t  metaphorica l  inferenc e 
predominate s huma n cognitio n retain s th e statu s o f  a  conjecture , 
pendin g additiona l  investigation .  I  wouk j  sa y tha t  th e weigh t  o f  th e 
evidenc e i s a s ye t  insufficien t  t o ti p th e academi c scales . 
4.  Requirement s o n a  computationa l 

model 
Metaphorically-base d genera l  pattern s o f  inferenc e d o no t 

appea r  confine d t o naiv e reasonin g i n mundan e situations . 
Gentne r  (7 )  an d Johnso n (8 )  hav e argue d th e significan t  rol e tha t 
metapho r  play s i n formulatin g scientifi c  theories .  I n ou r 
preliminar y investigations .  Larki n an d I  [11 ]  hav e isolate d genera l 

inferenc e pattern s i n scientifi c  reasonin g tha t  transcen d th e 
traditiona l  boundarie s o f  a  science .  Fo r  instance ,  th e notio n o f 
equilibriu m (o f  force s o n a  ngk l  obiect ,  o r  o f  io n transfe r  i n 
aqueou s solutions ,  etc. )  is ,  i n essence ,  a  mor e precis e an d 
genera l  formulatio n o f  th e balanc e metaphor .  Reasonin g base d o n 
recumn g genera l  inferenc e pattern s seem s t o pervad e ever y 
aspec t  o f  huma n cognition .  Thes e pattern s encapsulat e set s o f 
rule s t o b e use d i n unison ,  an d thereb y bypas s th e combinatoria l 
problem s i n traditiona l  rule-base d deductiv e inference .  Th e 
inferenc e pattern s ar e froze n fro m experienc e an d generalize d t o 
appl y i n man y relevan t  domains . 

I have started working on a computational model that acquires 
and generalize s recurrin g inferenc e pattern s fro m prio r 
experienc e [G] ,  bu l  le t  u s focu s o n th e equail y basi c issu e o f  ho w 
suc h pattern s ma y b e use d i n th e reasonin g process . 
Conceptually ,  th e proces s ma y b e divide d int o thre e stages : 

1. Index the relevant inference patterns appropriate to the 
situatio n a t  hand .  Th e establishmen t  o f  th e appropriat e 
metapho r  i s th e reall y difficul t  part .  Thi s i s wh y i t  i s  muc h 
easie r  t o understan d someone' s descnptio n o f  observe d o r 
expenence d event s (th e metapho r  i s explicitl y  reference d b y 
th e choic e o f  words) ,  tha n t o generat e appropriat e actio n 
"  th e typica l  distinctio n betwee n plannin g an d pla n 
comprehension . 

2. Instantiate the inference patterns in the specific situation. 
Computationally ,  th e proces s o f  instantiatio n an d th e 
proces s o f  searchin g fo r  appropnat e inferenc e pattern s ar e 
tw o aspect s o f  th e sam e mechanism . 

3. Carry out the inferences stipulated In the retrieved patterns, 
and chec k whethe r  additiona l  inferenc e pattern s ar e 
invoke d a s a  resul t  o f  th e expande d knowledg e state . 

At the present stage in the investigation. I am searching for 
genera l  inferenc e pattern s an d th e metaphor s tha t  giv e rise  t o 
them ,  bot h i n mundan e an d i n scientifi c  scenarios .  A s thes e 
pattern s ar e discovered ,  the y ar e cataloge d accordin g t o th e 
situationa l  feature s tha t  indicat e thei r  presence .  Th e basi c 
metapho r  underlyin g eac h inferenc e patter n i s recorde d alon g 
wit h exemplar y linguisti c manifestations .  Th e intemei l  structur e o f 
th e inferenc e pattern s themselve s ar e simpl e t o encod e i n a n A l 
system .  Th e difficult y arise s i n connectin g the m t o th e externa l 
wori d (i.e. ,  establishin g appropnat e mappings )  an d i n determinin g 
th e condition s o f  applicabilit y  fo r  eac h inferenc e patter n (whic h 
ar e mor e accuratel y represente d b y continuou s function s tha n 
simpl e binar y tests) .  Fo r  instance ,  i t  i s  difficul t  t o formulat e a 
genera l  proces s capabl e o f  drawin g th e mappin g betwee n th e 
"weight "  o f  a  hypothetica l  objec t  an d th e correspondin g aspec t  o f 

th e non-physica l  entit y unde r  consideration ,  s o tha t  th e balanc e 
inferenc e patter n m y apply .  I t  i s  equall y difficul t  t o determin e th e 
degre e t o whic h thi s o r  an y othe r  inferenc e patter n ca n mak e a 
usefu l  contributio n t o nove l  situation s tha t  bea r  sufficien t  similarit y 
t o pas t  experienc e [4] , 
5 .  F u t u r e D i r e c t i o n s 

if  on e lend s credenc e t o th e metaphorica l  reasonin g 
hypothesis ,  severa l  avenue s o f  continue d researc h sugges t 
themselves . 

• Continue the development of a computational model to test 
th e theor y o f  metaphorica l  inferenc e an d thereb y forc e a 
finer-grai n analysi s o f  th e phenomenon . 

• Examine the extent to which linguistic metaphors reflect 
underiyin g inferenc e patterns .  Th e existenc e o f  a  numbe r 
generall y usefu l  inferenc e pattern s base d o n underiyin g 
metaphor s i s no t  incompatibl e wit h th e possibilit y  tha t  th e 
vas i  maiorit y o f  meljpho.- s i=rnai n niiir e linguisti c devices , 
as previousl y thought .  I n essence ,  th e existenc e o f  a 
phenomeno n doe s no t  necessaril y  impl y it s  universa l 
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presence .  Thi s i s a  matte r  i d b e resolve d b y mor e 
comprehensiv e futur e investigation . 

• Investigate the close connection bet\A/een models of 
expenentla l  learnin g an d metaphorica l  inference .  I n fact ,  m y 
earlie r  investigatio n o f  pattern s o f  analogica l  reasonin g i n 
learnin g proble m solvin g strategie s firs t  suggeste d tha t  th e 
inferenc e pattern s tha t  coul d b e acquire d fro m experienc e 
coincid e wit h thos e underlyin g man y c o m m o n metaphor s 
[4.3) . 

• Exploit the human ability for experientiallybaaed 
metaphorica l  reasonin g i n orde r  t o enhanc e th e educationa l 
process .  I n fact .  Sleema n an d other s hav e independentl y 
use d th e balanc e metapho r  t o hel p teac h algebr a t o youn g 
or  learnin g disable d children .  Briefly ,  a  scal e i s viewe d a s a n 
equation ,  wher e th e quantitie s o n th e ngh t  an d lef t  han d 
side s mus t  balance .  Algebrai c manipulation s correspon d t o 
addin g o r  deletin g equa l  amount s o f  weigh t  froi n bot h side s 
of  th e scale ,  henc e preservin g balance .  First ,  th e chil d i s 
taugh t  t o us e th e scal e wit h color-code d boxe s o r  differen t 
(integral )  weights .  Then ,  th e transfe r  t o number s i n simpl e 
algebrai c equation s I s performed .  Preliminar y result s 
indicat e tha t  childre n lear n faste r  an d bette r  whe n the y ar e 
abl e t o us e explicitl y  thi s genera l  inferenc e pattern .  I  forese e 
othe r  application s o t  thi s an d othe r  metaphorica l  inferenc e 
pattern s i n facilitatin g instructio n o f  mor e abstrac t  concepts . 
Th e teache r  mus t  mak e th e mappin g explici t  t o th e studen t 
i n domain s alie n t o hi s o r  he r  pas t  experience .  A s discusse d 
earlier ,  establishin g an d Instantiatin g th e appropriat s 
mappin g i s als o th e mos t  problematica l  phas e fro m a 
computationa l  standpoin t  an d therefor e shoul d correspon d 
t o th e mos t  difficul t  ste p i n th e learnin g process . 
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METAPHORS FOR MARRUGE I N OUR CULTURE 

Naomi Qulnn 

Duka University 

Lakof f  an d Johnson ,  I n Mecaphor s We Liv e B y 
(1980) ,  frequentl y allud e t o metaphor s "i n ou r 
culture."  Thi s pape r  explore s th e wa y i n whic h 
cultur e ca n b e sai d t o constrai n metaphorica l 
thinkin g i n on e domain ,  tha t  o f  America n marriage . 
I t  undertake s systemati c analysi s o f  a .  sampl e o f 
metaphor s use d b y 2 2 America n interviewees ,  spouse s 
i n 1 1 marriages ,  ove r  a n averag e o f  15-1 6 hour-lon g 
Interview s pe r  individual .  Superficially ,  th e 
particula r  metaphorica l  expression s use d b y a  give n 
individua l  woul d see m t o var y widely .  Bu t  thes e 
expression s ca n b e show n t o cluste r  aroun d on e o r 
anothe r  o f  a  smal l  numbe r  o f  underlyin g metaphori -
ca l  model s t o whic h tha t  Individua l  consistentl y 
returns .  Thu s a  husban d wh o conceptualize s hi s 
marriag e a s BUILDIN G A  DURABLE PRODUCT i s abl e t o 
expres s thi s underlyin g metaphorica l  mode l  i n term s 
of  a  numbe r  o f  differen t  concret e product s o r 
genera l  type s o f  products ,  sometime s switchin g fro m 
produc t  t o produc t  i n a  singl e utterance :  a  meta l 
i n "w e forge d a  lifetim e proposition, "  a n 
unspecifie d constructio n o f  th e sor t  on e migh t 
buil d i n one' s hom e worksho p i n "marriag e i s a  do -
it-yoursel f  project, "  somethin g capabl e o f 
structura l  improvemen t  i n "ou r  marriag e wa s 
strengthened, "  a n edific e i n "w e mad e tha t  th e 
cornerstone, "  onc e agai n a n edific e an d the n some -
thin g mad e ou t  o f  a  malleabl e material ,  perhap s 
clay .  I n "the y ha d a  basi c soli d foundatio n i n 
thei r  marriage s tha t  coul d b e shape d int o somethin g 
good, "  an d somethin g lik e a  ca r  buil t  ou t  o f 
cannibalize d parts ,  whic h the n take s o n th e 
propertie s o f  a .  chemica l  suc h a s epox y glu e i n "w e 
hav e bot h looke d int o th e othe r  perso n an d foun d 
thei r  bes t  part s an d use d thes e part s t o mak e th e 
relationshi p gel. "  Anothe r  husban d wh o conceptu -
alize s marriag e a s TRAVEL sometime s speak s o f  th e 
marriag e a s a  trai n o r  trolle y capabl e o f  "gettin g 
of f  th e track, "  othe r  time s a s foo t  trave l  i n "he' s 
runnin g th e sam e pat h I  wa s befor e I  go t  married. " 
and "I f  I  weren' t  marrie d I' d b e runnin g dow n th e 
san e line, "  an d stil l  elsewher e a s som e kin d o f 
maneuverabl e vehicl e i n " I  Jus t  observ e others ' 
marriage s an d tr y t o ru n min e dow n th e middle. " 
Moreover, analysis reveals that the vast 
majorit y o f  thes e stabl e metaphorica l  model s them -
selve s fal l  int o tw o broa d classes :  metaphor s o f 
marriag e a s som e kin d o f  effortfu l  activity—e.g. , 
WORK,  BUILDIN G A  DURABLE PRODUCT,  A  QUEST,  A H 
INVESTMENT,  GROWTH,  A  STRUGGLE,  A  JOURNEY,  TRAVEL 
— or  marriag e a s som e kin d o f  dua l  relationship — 
e.g. ,  A  PARTNERSHIP,  TWO PATHS CROSSING,  MUTUAL PAR-
ENTING,  BEIN G A  UNITE D FRONT,  BEIN G A  PAIR ,  BEIN G 
ONE PERSON,  BEIN G A  COUPLE,  A  SPATIA L RELATIONSHIP . 
Thus th e superficiall y  variabl e metaphor s whic h 
Interviewee s emplo y ca n b e see n t o b e highl y con -
strained .  What  constrain s the m i s apparentl y som e 
kin d o f  (stil l  deeper )  underlyin g fol k theor y abou t 
th e natur e o f  th e marita l  relationship ,  whic h say s 
tha t  suc h a n endurin g attachmen t  betwee n tw o peopl e 
take s effor t  t o achiev e o r  insure . 
Individuals are free to conceptualize their 
marriage s i n term s o f  an y kin d o f  experienc e draw n 
fro m eithe r  o r  bot h o f  th e tw o classes ,  dua l  rela -
tionshi p an d effortfu l  activity .  The y may als o 
choos e t o foregroun d metapho r  fro m on e o f  thes e 
t o th e neglec t  o f  th e other—understandin g thei r marriag e primaril y o r  entirel y i n term s o f  th e 

natur e o f  th e relationshi p the y have ,  o r  alterna -
tively ,  i n term s o f  th e effor t  involve d i n 
sustainin g tha t  relationship .  However ,  give n 
individual s ar e ver y likel y t o emplo y metaphorica l 
model s o f  bot h classes .  When thi s i s done ,  th e 
metaphorica l  mode l  selecte d fro m th e clas s o f 
effortfu l  activitie s matche s a n entailmen t  o f  th e 
metaphorica l  mode l  whic h characterize s th e natur e 
of  th e relationship .  Th e mappin g I s on e o f  goa l 
implementation :  tha t  is ,  give n som e entailmen t  o f 
th e relationshi p conveye d i n on e metaphorica l  model , 
how ca n suc h a n entailmen t  plausibl y b e implemented ? 
Thus ,  fo r  example ,  th e husban d wit h th e mode l  o f 
marriag e a s BUILDIN G A  DURABLE PRODUCT (a n effortfu l 
activity )  i s  implementing ,  i n thi s enterprise ,  th e 
goa l  o f  makin g a  permanen t  marriage .  Permanenc e i s 
entaile d b y BEIN G A  COUPLE ( a dua l  relationship) , 
a metaphorica l  mode l  centra l  i n hi s thinkin g abou t 
th e natur e o f  hi s marriag e an d other s h e know s 
(Quln n 1981) .  Fo r  thi s husband ,  bein g a  coupl e 
entail s bein g permanentl y couple d together ,  henc e 
"durabl y built. " 

The husband who regards marriage as TRAVEL (an 
effortfu l  activity )  means ,  b y keepin g hi s marriag e 
on th e trac k an d runnin g i t  dow n th e middle ,  tha t 
he regulate s th e proportio n o f  tim e h e an d hi s wif e 
spen d togethe r  an d apart ,  o r  a s h e put s it ,  th e 
proportio n o f  tim e thei r  "path s ru n together "  an d 
"ru n apart. "  Hl a metaphorica l  mode l  fo r  thei r 
marita l  relationshi p i s on e o f  TWO PATHS CROSSING 
( a dua l  relationship) .  Achievin g a  balanc e betwee n 
"crossed "  tim e an d separat e time ,  whic h h e view s a s 
th e centra l  entailmen t  o f  marriag e a s TWO PATHS 
CROSSING,  h e the n conceptualize s i n term s o f  th e 
necessit y t o sta y o n th e path ,  kee p o n th e track , 
and stee r  a  correc t  course . 

Still another husband views his marriage as a 
SPATIAL RELATIONSHI P ( a dua l  relationship )  i n whic h 
spouse s mus t  b e "prett y clea r  wher e eac h o f  u s are " 
i n som e kin d o f  uncharte d territory ,  an d "tr y t o 
get  a  goo d sens e o f  wher e w e are "  o r  els e "w e migh t 
satellit e fa r  enoug h awa y s o we'r e no t  sur e what' s 
i n betwee n us "  i n wha t  appear s t o b e oute r  space . 
I f  tw o peopl e ar e constantl y shiftin g positio n 
vis-a-vi s on e another ,  a s i n thi s SPATIA L RELATION-
SHIP mode l  o f  marriage ,  th e overridin g concer n i s 
t o kee p i n contact .  Thi s i s met ,  b y thi s husband , 
wit h a n INQUIR Y mode l  (effortfu l  activity) ,  whic h 
involve s "spac e t o kin d o f  wor k ou t  wher e eac h o f 
us were, "  " a lo t  o f  searching, "  "mile s o f  talking, " 

-an d "communicating. "  Thes e husband s al l  see m t o 
agre e tha t  marriag e require s som e effortfu l  activity . 
The particula r  effor t  require d depend s upo n a  prio r 
conceptualizatio n o f  th e nati-r e o f  th e relationshi p 
itself .  I n eac h case ,  th e metaphorica l  mode l  o f  th e 
relationahi p i s problemati c i n som e entailment ,  th e 
proble m solutio n become s a  goa l  o f  th e marriage ,  an d 
a solutio n fo r  thi s marita l  goa l  i s  couche d i n a 
furthe r  metaphorica l  model .  Whethe r  thi s vie w o f 
marriag e a a proble m an d solutio n i s universa l  cross -
culturally ,  o r  whethe r  i t  i s  a  distinctivel y Ameri -
can wa y o f  viewin g marriage ,  perhap s certai n othe r 
relationships ,  an d eve n othe r  aspect s o f  life ,  I 
ca n onl y speculate . 

What do these observations suggest for a theory 
of  metaphorica l  understanding ? First ,  ongoin g 
metaphorica l  understanding s ar e relativel y stabl e 16 



and ches e stabl e uaderscanding s ar e baae d i n under -
lyin g metaphorica l  models .  Metaphorica l  expression s 
whic h instantiat e a  give n mode l  ca n b e varie d a t 
wil l  t o tak e advantag e o f  differen t  propertie s o f 
concret e object s o r  events .  Thu s MARRIAGE I S 
BUILDIN G A  DURABLE PRODUCT allow s it s use r  t o 
understan d hi s marita l  axperienc e i n term s o f 
conemstones ,  reassemble d parts ,  an d th e gellin g 
proces s wit h equa l  facility . 
Second, these underlying metaphorical models 
themselve s canno t  b e anythin g a t  all .  The y ar e 
constraine d t o member s o f  thos e classe s whic h ar e 
culturall y appropriat e sourc e domain s fo r  th e targe t 
experienc e (t o us e Carbonell' s  [1981 ]  terms) . 
Members o f  a  cultur e shar e knowledg e o f  thes e 
appropriat e sourc e domains .  A  considerabl e 
economy o f  learnin g an d memor y i s achieve d i n thi s 
organizatio n o f  cultura l  knowledg e b y metaphorica l 
clas s tha t  woul d b e los t  i f  targe t  experience s wer e 
assigne d directl y t o culturall y permissibl e 
metaphor s o r  metaphorica l  models .  Withi n classes , 
an Individua l  ha s latitud e i n selectin g whateve r 
metaphorica l  mode l  doe s th e bes t  Jo b o f  character -
izing ,  fo r  tha t  person ,  th e targe t  experience . 

Third, underlying metaphorical models cannot 
be studie d i n isolatio n fro m on e another .  I n ongoin g 
understanding ,  the y frequentl y bea r  relationship s t o 
one another .  Her e I  hav e give n a n exampl e o f 
metaphorica l  model s whic h ar e mappe d ont o entail -
ment s o f  othe r  metaphorica l  model s b y wa y o f  goa l 
implementation .  Elsewhere ,  Johnso n (1982 )  ha s 
provide d a  hypothetica l  exampl e o f  a  differen t  kin d 
of  mapping ,  whic h w e migh t  distinguis h a s substitu -
tion .  Whil e metaphorica l  models ,  a s I  hav e claime d 
here ,  ar e relativel y stabl e understanding s o f 
experience ,  i t  ofte n happen s tha t  on e suc h moda l 
cease s t o adequatel y captur e experienc e fo r  it s 
user .  Anothe r  mode l  whic h share s multipl e entail -
ment s wit h th e earlie r  on e ma y the n b e substitute d 
fo r  it ;  th e share d entailment s serv e a s bridges . 
I f  tim e allowed ,  I  woul d giv e additiona l  example s 
of  suc h substitutio n fro a my material .  Fo r 
instance ,  th e husban d wh o conceptualize d marriag e 
as BEIN G A  COOPLE fel t  tha t  h e an d bi s wif e wer e 
growin g close r  ove r  time ,  an d spok e o f  hi s mor e 
recen t  marita l  experienc e a s BEIN G ONE PERSON. 
Give n goa l  impleaentatlon ,  substitution ,  an d othe r 
possibl e relationship s betwee n metaphorica l  models , 
i t  become s critica l  t o stud y th e vinderstandin g 
proces s i n th e contex t  o f  lif e stor y discourse . 
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Metaphori c Gesture s 
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An analysi s o f  th e interna l  structur e 
of  saying ,  fo r  example ,  "that' s ok "  a s 
base d o n pointin g an d sayin g "ok, "  suggest s 
a for m i n whic h thi s (virtual )  actio n coul d 
be expressed—namely ,  a s a  pointin g 
gesture .  Suc h a  gestur e woul d b e regarde d 
as a  secon d manifestatio n o f  th e interna l 
actio n structure—th e utteranc e o f  "that' s 
ok"  bein g th e firs t  (firs t  i n communicativ e 
importance) .  Th e sam e ca n b e sai d o f  othe r 
utterances .  Th e externalizatio n o f  actio n 
structure s i n gesture s offer s a  wa y o f 
studyin g th e interna l  organizatio n o f 
languag e action s tha t  i s  separat e fro m 
speech .  Th e gestur e an d th e speec h ca n b e 
compare d i n a  relationshi p tha t  i s 
comparabl e i n it s  abilit y t o brin g ou t 
detail s t o triangulation . 

Internal thoughts of actions— 
manipulation s an d movement s o f  object s i n 
th e world—see m t o pla y a  metaphori c rol e 
i n languag e actions .  I n producin g speec h a 
concep t  o r  meanin g i s  show n throug h a 
(virtual )  action—thi s imaginar y 
manipulatio n o r  movement  o f  objects .  I n 
th e followin g exampl e th e concept s o f 
pursui t  an d inaccessibilit y ar e presente d 
i n a  comple x gestura l  imag e o f  movin g bu t 
non-closin g objects .  Thi s imag e 
immediatel y present s a  globa l  an d undivide d 
pictur e o f  th e conceptua l  content ,  whil e 
concurrentl y th e conten t  i s  segmente d int o 
word s an d arrange d acros s tim e i n th e 
speec h channe l  (th e fac t  tha t  th e gestur e 
imag e arise s firs t  show s tha t  i t  i s  no t  a 
respons e t o th e words) . 

(1) Speech: they urn wanted to get 
wher e Anans i  wa s 

Gesture: both hands held apart 
i n th e air ,  righ t  han d 
flutter s bac k an d fort h 
(wher e th e underlinin g 
shows th e tempora l 
exten t  o f  th e gesture) . 

The synthesis of thoughts on which 
thi s languag e actio n wa s base d (a s reveale d 
i n th e gesture )  wa s a  (virtual )  placemen t 
of  tw o objects ,  on e i n motion ,  bu t  withou t 
closure .  Thi s imag e show s directl y th e 
concept s o f  pursui t  an d inaccessibility . 
The utteranc e o f  "th e wante d t o ge t  wher e 
Anansi  was "  i s a n expressio n o f  th e sam e 
interna l  structure ,  a s numerou s detaile d 
parallel s o f  for m betwee n th e speec h an d 
gestur e channel s show .  Fo r  example ,  th e 
participant s (referre d t o b y th e pronou n 
and prope r  name )  correspon d t o th e tw o 
hands (tha t  is ,  th e gestur e wa s tw o hande d 
rathe r  tha n on e handed) .  Th e tw o hand s 
were hel d apar t  a t  spatia l  extremes ,  an d i n 
th e sentenc e appea r  a t  tempora l  extreme s 
(rathe r  tha n togethe r  a s woul d hav e bee n 
possibl e i n a  fram e suc h a s "th e son s 
[coreferen t  o f  "they" ]  an d Anans i  couldn' t 
get  together") ;  on e participan t  i s  no t  i n 
motion ,  an d i n th e sentenc e i s  referre d t o 
i n a  stativ e locativ e constructio n ("wher e 
Anansi  was") ;  th e othe r  participant s ar e i n 

motion ,  an d i n th e sentenc e ar e referre d t o 
by th e subjec t  o f  a  ver b o f  motio n ("the y 
wante d t o get") ;  an d th e motio n o f  thes e 
participant s i n th e gestur e wa s o f  smal l 
exten t  an d ineffectual ,  an d i n th e sentenc e 
ar e referre d t o b y th e subjec t  o f  th e ver b 
"want. "  Al l  o f  thes e parallel s ar e 
explicabl e i f  th e gestur e an d utteranc e 
wer e join t  manifestation s o f  th e sam e 
interna l  structure— a synthesi s base d o n 
th e ide a o f  placemen t  an d movement  o f 
objects .  Thi s ide a i s a  metapho r  fo r 
pursui t  an d inaccessibility .  (I t  i s  wel l 
t o remin d ourselve s tha t  th e relationshi p 
betwee n th e structur e o f  languag e action s 
and tha t  o f  languag e objects—thes e bein g 
tw o completel y differen t  perspectives—i s 
anythin g bu t  clear ;  therefor e i t  i s  no t 
particularl y interestin g t o as k ho w 
"thought s base d o n action s suc h a s placemen t 
of  object s translat e int o dee p structure s 
or  othe r  linguisti c objec t  configurations. ) 
Gesture evidence reveals a very 
widesprea d us e o f  metaphori c thinkin g i n 
performin g languag e action s i n whic h 
thought s relate d t o action s ar e use d t o 
show meaning s o f  a  non-actio n kind . 
Mathematics discussions are 
accompanie d b y a  flo w o f  gestur e whic h sho w 
mathematica l  idea s i n th e for m o f  actions . 
The mathematica l  meanin g o f  a  dua l  i s  tha t 
each concep t  i s  replace d b y it s  converse ; 
fo r  example ,  th e dua l  o f  upwar d i s 
downward .  Th e followin g example s (2-4) , 
take n fro m non-consecutiv e place s i n a 
technica l  mathematic s discussion ,  eac h 
contai n a  gestur e i n whic h a  han d rotate s 
throug h th e ai r  fro m on e orientatio n t o th e 
opposit e orientation ;  th e gesture s 
therefor e sho w th e concep t  o f  a  dua l  i n th e 
actio n realm . 
(2) Speech: this gives complete 

dualit y 
Gesture: right hand palm rotates 

upwar d 
(3) Speech: when you dualize 
Gesture: right hand palm rotates 

downwar d 
(4) Speech: the powers of x kind of 

giv e a  dua l 
Gesture: right hand palm rotates 

fron t  t o bac k 
Another mathematical concept is that 
of  a  limit ,  an d i n th e followin g example s 
th e hand s mov e towar d som e boundar y marke d 
by th e othe r  han d o r  a  sudde n stop ;  thu s 
thes e gesture s als o ar e image s o f  a 
mathematica l  concep t  i n th e actio n realm . 
(5) Speech: it's an inverse limit 

Gesture : righ t  han d flattens ; 
lef t  han d move s u o t o 
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righ t  han d 

(6) Speech: the inverse limit 
oTT..(trail s  off ) 

Gesture: right hand goes down, 
the n u p a s t o a 
boundar y 

(7) Speech: which is a limit, a 
directTimi t 

Gesture: right hand moves down, 
the n u p a s t o a 
boundar y 

Example (5) also included a second 
gestur e tha t  showe d th e concep t  o f  a n 
inverse : 

(5') Speech: it's an inverse limit 

Gesture: right hand moves in a 
tigh t  loo p 

The concept of finiteness is shown by 
enclosin g o r  pinchin g dow n o n a  spac e b y 
curlin g th e finger s an d hands ;  thu s her e 
to o i s a  mathematica l  concep t  i n th e 
actio n realm . 

(8) Speech: through the finite 
piece s 

Gesture: fingers curl inward 

(9) Speech: to get the finite group 
scheme 

Gesture: fingers curl inward 

(10) Speech: some finite group 
functo r 

Gesture: forms a two handed 
bounde d shap e wit h 
palm s facin g an d 
finger s curle d 

A rule of gesture production is that 
new movement s indicat e change s o f  meaning ; 
and s o a  gestur e ca n indicat e th e emergenc e 
i n discours e o f  a  ne w elemen t  o f  meanin g 
("informatio n focus") .  Thu s i n (2) ,  fo r 
example ,  th e ne w elemen t  wa s th e concep t  o f 
duality ,  an d th e othe r  example s ca n b e 
interprete d i n a  paralle l  way . 

Utterances are structured to make 
salien t  th e sam e element s o f  meaning .  Thi s 
i s anothe r  paralle l  tha t  suggest s a  common 
sourc e fo r  gestur e an d speech .  I n (2) , 
"tha t  give s complet e duality "  wa s 
structure d an d pronounce d t o achiev e th e 
same effec t  a s th e gesture :  referenc e t o 
th e concep t  o f  dualit y wa s hel d of f  unti l 
th e fina l  sentenc e positio n (th e positio n 
of  th e rheme )  wher e i t  wa s give n mai n 
stress ,  an d wa s introduce d i n ful l  lexica l 
form .  On th e othe r  hand ,  th e sentenc e 
topi c wa s announce d firs t  wit h a  pronoun , 
and wa s weakl y stressed .  Th e transitiv e 
sentenc e for m als o enhance d th e informatio n 
focu s o f  duality .  Internall y th e mode l  fo r 
(2 )  seem s t o hav e bee n tha t  somethin g (th e 
sentenc e topic )  wa s pushin g forwar d th e 
exampl e th e gestur e demonstrate d o f  dualit y 
(henc e th e us e o f  "gives") . 
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METAPHOR AND TH E CONSTRUCTION O P REALIT Y 

by George Lakoff 

Ualvarslcy of California ac Berkeley 

Johnso n an d I  (1980 )  hav e argue d tha t  meta -
phor s ar e essentiall y  conceptua l  I n nature ,  rathe r 
tha n linguistic ,  an d tha t  a  metapho r  provide s a 
way o f  understandin g on e kin d o f  thin g I n tern s o f 
another .  Sinc e w e bas e ou r  action s i n ou r  under -
standing ,  an d sinc e action s ar e real ,  i t  follow s 
tha t  reality ,  especiall y o n th e social ,  interper -
sonal ,  an d emotiona l  domains ,  i s  structure d accord -
in g t o ou r  metaphors .  Thoug h I  thin k thi s i s a n 
essentiall y  correc t  view ,  i t  i s  certainl y over -
simplifie d an d i n nee d o f  mor e detaile d study . 
Here are some of the questions that I think 
need t o b e answered : 
-  Whic h conceptua l  metaphor s d o w e liv e by ,  an d 
whic h d o w e us e "merely "  fo r  th e sak e o f  under -

standing ? 
-  What  doe s i t  mea n t o liv e b y a  metaphor ? 
-  Whic h metaphor s d o w e believe ,  an d whic h don' t 
we believe ? 
-  Ar e som e metaphor s mor e essential  tha n other s 
i n definin g a  concept ? 
And finally : 
-  T o wha t  exten t  doe s a  give n metapho r  "create " 
th e structur e o f  a  concep t  i t  defines ,  an d t o wha t 
exten t  doe s i t  merel y "decorate "  a n alread y give n 
structure ? 
In addition, I will review very briefly some 
result s o n image-base d metaphorica l  concepts . 
Thes e result s sugges t  t o me tha t  eve n spatia l 
understandin g may no t  b e universal . 
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UHY I S I T EASY T O CONTROL YOUR ARHS7 
Pete r  H .  Green * 

Conputt r  Scienc e Oipartnen t 
Illinoi s Inititut *  o f  Tochnoloj y 

Chicigo ,  Illinoi s iOi\ i 

Hon ca n ou r  nervou s systen s contro l  al l  th e vari -
able s neede d t o 9uid *  ou r  arns T Ho w ca n u e represen t 
th e abstrac t  patter n o f  a n actio n suc h a s handwritin ; 
50 tha t  i t  na y b e realize d i n an y o f  a n infinit y o f 
variants—lar^e ,  SHall ,  horizontal ,  vertical ,  vit h th e 
hand weighted ,  o r  eve n b y holdin g th e penci l  station -
ar y an d novin g th e paper ? (los t  researcher s wh o tr y t o 
represen t  novenent s o f  artificia l  arn s b y nean s o f 
conpute r  pro^ran s hav e chosen ,  i n th e interes t  o f  sup -
pose d conputationa l  sinplicity ,  t o us e th e smalles t 
nunbe r  o f  "degree s o f  freedon* ,  o r  independen t  join t 
novetient s tha t  wil l  allo w desire d han d novenents .  I 
wil l  discus s th e opposit e idea :  nanely ,  th e ide a tha t 
a larg e nunbe r  o f  "redundant "  degree s o f  freedon ,  whe n 
use d i n th e styl e tha t  I  wil l  discuss ,  ca n sinplif y 
th e contro l  task ,  i n that ,  i f  ther e ar e enoug h way s o f 
noving ,  a  recip e involvin g jus t  a  fe w o f  the n ca n usu -
all y b e foun d tha t  wil l  approxinat e an y desire d nove -
nent .  I n particular ,  th e presenc e o f  "redundant "  de -
gree s o f  freedo n allow s u s t o rel y nor e o n ballisti c 
(free-swinging )  novenent s tha n i s generall y don e i n 
researc h o n artificia l  arns ,  s o tha t  physics ,  rathe r 
tha n coflputation ,  account s fo r  nuc h o f  th e trajectory . 
Conputation s ar e require d t o se t  u p th e constraint s 
definin g an d initializin g a  low-degree-of-freedo n 

'virtua l  a m *  i n suc h a  wa y tha t  a  satisfactor y bal -
listi c novenen t  exists .  Thus ,  a  conplicate d physica l 
ar n behave s lik e a  fanil y o f  easil y controlle d virtua l 
arns . 

Anong the points to be discussed: Using nonentun 
save s energy ,  an d i t  sinplifie s control .  Novefient s 
nay b e controlle d b y sendin g ne w paraneter s t o systen s 
tha t  contro l  th e nusdes ,  rathe r  tha n b y controllin g 
th e Nuscle s directly .  Th e principa l  tas k i n trackin g 
a novin g object ,  rathe r  tha n bein g t o mniniz e instan -
taneou s errors ,  na y b e t o synchroniz e a n interna l  pat -
ter n generato r  t o th e noveitent .  Th e presen t  styl e o f 
contro l  identifie s sinila r  novenent s a s cousins ,  rath -
er  tha n regardin g the n a s unrelate d canputations .  Th e 
san e over t  nuscl e noveoen t  ca n b e nor e o r  les s diffi -
cult ,  dependin g upo n th e highe r  u p pattern s i n thi s 
hierarch y fro n whic h i t  i s  derived . 
(See Greene, P.H. (1»72), Problens of organization 
of  Noto r  systeHS ,  i n Rosen ,  R .  an d Snell ,  F.H. ,  eds. , 
ErS3rSSi.iS.IbjarSii£3l-_lioioay^__Vaii_2 ,  Ne w York : 
Acadeni c Pres s an d Green e (1782) ,  Uh y i s i t  eas y t o 
contro l  you r  arns ? j8SI£Sal_a£.!!aiaE_£a]»iEai f  t o »P -
pear. ) 
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Interna l  Directiona l  Referenc e Frame s fo r 
Moto r  Coordinatio n 

C.C.  Boyll s 

Rehabilitative Engineering 
Researc h an d Developmen t  Cente r 

Palo Alto Veterans Administration Medical Center 
Pal o Alto ,  Californi a 9430 4 

Severa l  decade s ago ,  Graha m Brow n (11 )  foun d tha t  the 
spontaneou s walkin g o f  a  high-decerebrate  ca t  ca n b e 
continuousl y transforme d fro m rectilinea r  locomotio n 
int o eithe r  circlin g o r  uphill/downhil l  progressio n b y 
appropriat e change s o f  hea d position .  Th e cat' s 
performanc e thu s carrie s wit h i t  a n attribut e o f 
"spatia l  directionality "  whic h ca n b e independentl y 
regulate d b y the  CNS;  an d th e metho d o f  regulatio n 
relies .  I n thi s instance ,  upo n postura l  biase s create d 
by toni c nec k an d labyrinthin e reflexes . 
Recently, experiments using decerebrate cats similar 
t o Graha m Brown' s hav e indicate d tha t  activit y withi n 
the  olivocerebella r  syste m o f  th e brainste m I s 
associate d wit h postura l  alteration s resemblin g thos e 
elicite d fro m nec k an d labyrinth s (4,5) .  These ,  too , 
bia s th e locomoto r  musculatur e s o a s t o influenc e the 
overal l  directionalit y o f  walkin g i n a  wid e variet y o f 
ways .  However ,  ther e i s on e are a i n whic h the 
directiona l  contro l  exerte d b y th e olivocerebella r 
syste m differ s considerabl y fro m tha t  see n b y Graha m 
Brown :  I t  ha s "mefflory" ,  i n tha t  a  postur e adopte d b y 
an anima l  a s a  functio n o f  olivocerebella r  activit y i s 
retaine d fo r  man y ten s o f  second s afte r  tha t  activit y 
ceases .  B y contrast ,  the  posture s o f  Graha m Brown' s 
animal s reflec t  onl y th e curren t  positio n o f  th e head , 
withou t  an y apparen t  recollectio n o f  previou s 
positions .  Th e directiona l  skew s associate d wit h hea d 
movement  ca n thu s b e change d i n "rea l  time "  fro m ste p 
t o step ,  whil e olivocerebella r  skew s establis h a n 
endurin g postura l  contex t  withi n whic h man y step s (o r 
othe r  activities )  may occur .  I t  thu s i s temptin g t o 
hypothesiz e tha t  the  olivocerebella r  syste m exist s i n 
the  CNS t o regulate ,  vi a postura l  mechanisms ,  a n 
interna l  directiona l  referenc e fram e withi n whic h 
moto r  action s ar e elaborate d and ,  perhaps ,  evaluated . 
But  then ,  wh y shoul d suc h a  facult y exist ? 
The idea of an internal directional reference for 
movement  wa s firs t  derive d theoreticall y fro m 
consideratio n o f  CNS mechanism s t o simplif y th e 
controllabl e degree s o f  freedo m i n th e skeletomoto r 
syste m (2,8 ;  P.H .  Greene ,  thi s volume) .  Th e techniqu e 
fo r  doin g thi s i s t o creat e functiona l  dependencie s 
(e.g. ,  fixe d ratios )  amongs t  movemen t  parameter s 
affectin g differen t  joints ,  a s i s frequentl y 
encountere d experimentall y  (10,9) .  One  particula r 
for m o f  functiona l  dependenc e employ s so-calle d 
"muscl e linkages "  (3 )  o f  synergist s a t  differen t 
joints ,  th e activitie s o f  whic h covar y i n som e 
prescribe d manne r  (cf. ,  ref .  1 2 fo r  experimenta l 
examples) .  Action s carrie d ou t  wit h suc h a  linkag e 
ar e characterize d b y a  distinc t  directiona l  ske w tha t 
becomes quit e apparen t  a s th e covaryin g parameter s o f 
th e linkag e ar e altered .  Graphi c illustration s o f 
suc h a  proces s may b e see n In ,  fo r  instance ,  Graha m 
Brown-lik e change s i n th e coactivatio n o f  huma n le g 
musculatur e (elicite d wit h galvani c labyrinthin e 
stimulation )  a s a  continuou s functio n o f  nec k positio n 
(13) .  Consequently ,  on e migh t  wel l  se e olivocerebella r 
directiona l  biasin g a s jus t  anothe r  wa y t o 
parameteriz e muscl e linkage s an d simplif y th e moto r 
contro l  process .  Bu t  thi s woul d provid e n o facil e 
explanatio n fo r  th e extende d time-cours e o f  suc h 22 

biasing ,  no r  woul d i t  defin e th e condition s tha t 
presumabl y spu r  th e olivocerebella r  syste m int o 
establishin g a  particula r  directiona l  referenc e frame . 

A speculative approach to the last question is 
suggeste d b y neurophysiologica l  studie s o f  th e 
olivocerebella r  syste m an d it s rol e i n regulatin g ey e 
movement  (ref .  1  fo r  review) .  I n brief ,  activatio n o f 
th e appropriat e (anatomically )  par t  o f  th e syste m 
Institute s a  seconds-lon g nystagmu s o f  th e eye s 
seemingl y equivalen t  t o th e olivocerebella r  postura l 
biasin g o f  th e skeleta l  muscle s describe d above .  Thi s 
nystagmu s als o resemble s th e phenomeno n o f  optokineti c 
after-nystagmu s (OKAN )  tha t  occur s i n human s an d 
animal s followin g exposur e t o whole-fiel d motio n o f 
the  visua l  world .  I t  may com e a s n o surprise , 
therefore ,  tha t  th e olivocerebella r  syste m ha s prove d 
t o receiv e retina l  image-motio n cue s whic h are  nearl y 
optima l  fo r  optokineti c ey e movements .  What  I s mor e 
interestin g i s that ,  i n stationar y huma n subjects ,  th e 
developmen t  o f  OKAN i s associate d wit h illusor y 
sensation s o f  self-motio n o r  "vection" ,  which ,  i n 
darknes s followin g exposur e t o th e movin g visua l 
stimulus ,  persis t  fo r  prolonge d period s o f  tim e (7) . 
The rational e fo r  thi s persistence ,  o r  "memory" ,  woul d 
appea r  t o involv e a n appreciatio n fo r  momentum:  Th e 
subjec t  feel s accelerate d t o som e velocit y b y th e 
movin g visua l  world ,  an d ha s n o reaso n t o fee l 
decelerate d whe n tha t  worl d i s n o longe r  visible . 
Whil e appropriat e studie s see m no t  t o hav e bee n done , 
i t  seem s reasonabl e t o suppos e tha t  human s an d animal s 
experiencin g vectio n wil l  alte r  thei r  moto r  behavio r 
as a  functio n o f  thi s sensation .  Jus t  a s the y woul d 
wer e the y experiencin g actua l  self-motion .  Becaus e o f 
th e lon g time-cours e associate d wit h vection ,  suc h 
moto r  adjustment s wil l  likel y tak e th e for m o f 
"static "  postura l  biasin g alterin g th e directionalit y 
of  movement .  Migh t  thi s b e th e sor t  o f  directiona l 
skewin g produce d b y th e olivocerebella r  system ? Migh t 
the  perceptio n o f  self-motio n alon g particula r 
trajectorie s b e associate d wit h th e creatio n o f 
olivocerebella r  directiona l  referenc e frame s fo r 
movement? 

The arguments above have been helped somewhat by the 
demonstratio n tha t  vectio n sensation s (an d 
accompanyin g "OKAN" )  ca n b e release d b y proprioceptiv e 
cue s fro m th e limb s ( 6 ) — which ,  beside s providin g a 
rol e fo r  th e massiv e somatosensor y inpu t  t o th e 
olivocerebella r  apparatus .  Indicate s tha t  self-motio n 
cue s deriv e fro m multisensor y processing .  Thos e cue s 
probabl y als o ow e themselve s t o knowledg e o f  efferen t 
command signals ,  sinc e th e qualit y o f  self-motio n 
illusion s depen d upo n a  subject' s assumption s abou t 
movement  h e o r  sh e i s producin g voluntarily . 
Fortunately ,  i t  appear s possibl e t o g o bac k t o Graha m 
Brown' s ca t  an d it s olivocerebella r  syste m t o se e 
whethe r  th e directiona l  skewin g i t  participate s i n ca n 
be triggere d b y thos e condition s leadin g t o vectio n i n 
humans.  Wor1 (  i s no w underwa y towar d tha t  end . 
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Consciou a an d unconsciou s coi.ponent s 
of  intentiona l  control . 

Bernard J. Baars and Diane N. Kraff.er 
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How i s intentiona l  actio n controlled ? Othe r 
paper s i n thi s sw.posiur. s provid e evidenc e fo r 
a styl e o f  moto r  contro l  i n whic h executive s 
issu e ver y genera l  cotrjr.ands ,  whic h ar e interpre -
te d "distributively "  b y intelligen t  specialize d 
sub-systems ,  whic h ar e sensitiv e t o loca l  context . 
LiKewise ,  ther e ar e classica l  suggestion s tha t 
consciou s con-.por.ent s o f  intentiona l  contro l  serv e 
an executiv e function ,  bu t  withou t  controllin g 
moto r  systeir s i n grea t  detail :  instead ,  th e sub -
systeir. s controllin g action s interpre t  ver y siir-pl e 
consciou s content s intelligently ,  wit h a  vie w t o 
loca l  contex t  (Jatr.es ,  1890) .  We sugges t  tha t  ther e 
i s muc h t o b e sai d fo r  Jair.es '  vie w o f  intentiona l 
control ;  ^Jrther ,  hi s vie w fit s a  conceptio n o f 
consciou s processe s advance d b y Baar s (i n press) , 
suggestin g tha t  consciou s representation s ar e 

globa l  ,  coheren t  ,  an d informativ e i n a 
r.ervou s syste m consistin g o f  distribute d special -
ist s whic h contro l  al l  informatio n processin g 
detail s (Fig-jr e 1 ) . 

Figur e 1 

Globall y Distribute )  I n for m i t  Ion ; 

CONSCIOUS 

Spaclal l  im d Syttam * 

(UacanMlai M ) 

Tabl e 1 :  Capabilit y 
Dn a  theor y o f 

Conscious Processes 

1. Computationally 
Lne f  fi e lent . 

2. Great range, A 
relationa l  capacity . 

3. Apparent inity, 
seriality ,  4  limite d 
capacity . 

Constraint s 
consciou s contents . 

Unconseious processors 

Highly efficient in 
specialize d tasks . 

Limited domains & 
relativ e autonomy . 

Very diverse, parallel, 
and togethe r  hav e 
grea t  capacity . 

Tabl e 1  show s a  se t  o f  widely-accepte d fact s 
abou t  consciou s vs .  unconseiou s processe s whic h 
fi t  thi s fieneral  view .  Lik e consciou s processes , 
entirel y globa l  processe s ar e !ear.putationall y 
inefficien t  becaus e the y requir e th e cooperatio n 
or  taci t  ccnsen t  o f  mai y othe r  processe s t o remai n 
î lcbal .  TVie y hav e grea t  range '  o f  possibl e conten t 
siro e an y specialist ,  o r  se t  o f  specialist s ha s 
potentia l  acces s t o th e globa l  dat a base ,  an d 
grea t  relationa l  capacity ,  fo r  th e san-. e reason . 
Globa l  representations ,  lik e consciou s contents , 
hav e apparen t  jr.ity '  becaus e interna l  contradic -
tion s woul a ur.pl y cotr.petitio n betwee n differen t 
prccesscrs ,  whic h '.jcul c destabiliz e th e globa l 
representation ;  !-.enc e an y oom.petin g representation s 
rr.us t  ̂  displaye d seriall y  ,  an d th e globa l 
componen t  woul d see m t o hav e limite d capacity. . 
Siff-.ilarly ,  th e unconsciou s processor s o f  Tabl e 1 
resembl e th e specialize d processor s o f  Figur e 1 . 
Thoug h thi s i s onl y a  first-approxinatio n m.ode l  o f 
consciou s v3_ .  unconsciou s activity ,  i t  wil l  serv e 
as a  basi s fo r  approachin g consciou s vs .  unconsciou s 
component s o f  intentiona l  activity . 

Not e tha t  consciou s content s ar e globall y 
available ,  bu t  mos t  detaile d informatio n process -
in g i s performe d locall y b y a  larg e se t  o f 
specialized ,  distribute d processors .  Ih e special -
ize d processor s maintai n th e processin g initiative . 

Now conside r  th e fact s show n i n Tabl e 2  abou t 
contrast s betwee n consciou s an d unconsciou s aspect s 
o f  intentiona l  activities . 

Tabl e 2 

;  Consciou s eonsponent s 

Probleir. assignment 
Proble m solutio n (.ihal ) 

Goal representation 
Goal  feedbac k 

Biofeedbac k signa l 

Serialit y  o f  non -
automati c tasKS . 

Stimulu s fo r  reflexe s 
and externally-drive n 
automati c tasks . 

Intentional modulation 
o f  reflexe s an d autom.a -
ti c tasks . 

Unconsciou s component s (» ) 

Problem incubation 

Goal  executio n 
Open-loo p adjustmen t 
o f  futur e actions . 

System, controlling 
biofeedbacK . 

Parallelisr .  o f  automati c 
tasks . 

Detaile d contro l  c f 
reflexe s an d automati c 
tasks . 
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(• )  Some o f  thes e ma y b e mor.entaril y  conscious , 
but  to o briefl y t o b e retrievabl e subsequently . 

Note first that in classical problem-solving 
tasKS ,  th e stag e o f  .  problem.-assignr.en t  — th e 
accur.ulatio n o f  constraint s o n a  possibl e solutio n 
— i s conscious ;  however ,  al l  th e detaile d pro -

http://Jair.es'


cesse s workin g towar d a  solutio n operat e urcon -
sciouslv ,  whil e t̂ e solutio n itsel f  becott.e s con -
sciou s unexpectealy ,  a s ar .  "nha! "  experience .  I n 
intentiona l  proble m solving ,  th e ver y fac t 
tha t  a  goa l  i s  trad e consciou s sen/e s t o trigge r 
'jnccnsciou s systeir. s abl e t o contribut e t o thi s goal . 
Thi s fit s  th e roug h T.ode l  o f  Figur e 1 ,  sinc e distri -
bute d specialist s ca n b e triggere d h y a  globa l 
displa y o f  a  goal .  Thes e specialist s the n wor k 
locall y o n a  solution ,  an d ca n retur n a  solutio n 
t o th e globa l  displa y whe n the y reac h it .  I n th e 
ciassioaj .  prcblea.-solvin g case ,  th e difference s 
betwee n consciou s an d unconsciou s part s ar e quit e 
obvious ;  however ,  xuc h th e sarr. e corr.ponent s 
T.g y als o operat e i n othe r  case s o f  intentiona l 
control ,  wher e the y ir.a y occu r  muc h mor e quickl y jin i 
les s discretely . 
For example in biofeedback training, a conscious 
feedbac k signa l  i s  triggere d b y a n otherwis e uncon -
sciou s neura l  process .  I n itself ,  thi s i s sufficien t 
fo r  intentiona l  contro l  o f  th e unconsciou s proces s 
t o develop .  Th e mode l  suggest s tha t  th e feedbac K i s 
"broadcast "  globally ,  throughou t  th e nervou s system , 
so tha t  on e subsyste m ou t  o f  mai y million s tha t  ca n 
contro l  th e feedbac k ca n "decide "  t o ac t  wheneve r 
th e feedbac k occurs .  I n thi s fashion ,  sensor y feed -
bac k ca n com e t o contro l  otherwis e totall y unrela -
te d neura l  processes :  thus ,  a  feedbac k clic k ca n 
cocr. e t o contro l  a  .singl e TOto r  uni t  (Basmajian , 
iQ'̂ j) ,  an d th e tas t  o f  sacchari n ca n com e t o elici t 
suppressio n o f  ircir.-jn e functio n twde r  \  Cohen ,  1982) . 

The "executive ignorance" of conscious pro-
cesse s i s no t  llir.ite d t o ne w o r  exoti c intentiona l 
contro l  tasks .  Willia a Jame s (1890) ,  amon g others , 
has pointe d ou t  tha t  "we "  d o ne t  kno w i n an y detai l 
how w e d o anythin g .  On e ca n accoun t  fo r  thi s 
ignoranc e b y assurin g tha t  w e d o no t  nee d t o kno w 
anything :  w e ca n jus t  kno w th e goa l  consciously , 
and :jnccnsciou s hu t  ver y intelligen t  specialist s 
wil l  tak e car e o f  executio n o f  th e goal . 

flote also in Table 2 that feedback from an 
intentiona l  actio n i s ecnscious ,  a  fac t  tha t  pre -
sur.abl y permit s 'jnconsciou s Ijr.proven-.ent s i n plannin g 
and executio n t o tak e place ,  i n preparatio n fo r  th e 
nex t  tur. e tha t  th e actio n wil l  b e performed .  Ihi s 
i s especiall v tru e i f  ther e i s a  mismatc h betwee n 
th e intende d actio n an d it s performance . 

But the case has so far been over simplified. 
I n fact ,  w e canno t  thin k o f  a n actio n a s bein g 
controlle d b y a  singl e goal .  Baar s 4  Mattso n (1981 ) 
maintai n tha t  a n intentio n i s indee d a  multi -
levele d gca l  structure'̂ ,  o f  v*-.ic h onl y a  fe w goal s 
ten d t o b e conscious .  Th e multi-levele d intentio n 
can b e separate d int o presupposition s o f  th e 
consciou s goal ,  an d subordinat e system s involve d 
i n executin g th e consciou s goal . 

Further ,  practicall y al l  intentiona l  action s 
consis t  o f  a  continuou s mixtur e o f  consciou s an d 
unconsciou s components .  Generall y speaking ,  mos t 
routin e component s ten d t o b e largel y unconscious , 
whil e thes e component s tha t  ar e ne w o r  involv e som. e 
choice-poin t  ma y b e conscious .  Thus ,  i n skille d 
typing ,  w e ma y b e consciou s o f  non-routin e startin g 
point s o f  action ,  o f  inpu t  an d output ,  an d o f 
attempt s t o override ,  modulate ,  o r  interrup t  th e 
typin g task .  Generall y w e seem ,  t o b e unconsciou s 
of  th e mappin g betwee n letter s an d finger-strokes , 
of  th e detail s o f  moto r  control ,  an d o f  highl y 
repetitiv e inpu t  o r  output . 
nS we acquire proficiency in a task, it tends 
t o becom. e les s an d les s consciou s — i n term s o f 
th e m.odel ,  i t  tend s t o b e consigne d t o specialized , 

autonomou s systeir. s wit h fewe r  globa l  messages . 
Schneide r  (1980 )  ha s foun d tha t  tasK S whic h ar e 
initiall y  slow ,  seria l  an d capacity-lljr.ite d becom e 
increasingl y fast ,  paralle l  an d unlî .ite d a s the y 
becoff. e autom.ati c wit h practice .  Thi s i s alm.os t  a  perfe c 
characterizatio n o f  th e differenc e betwee n globa l  an d 
loca l  processe s i n th e curren t  model . 
Coff.petitlon: 

One o f  th e mos t  importan t  propertie s o f  th e mode l 
i s tha t  i t  permit s competition ;  ther e i s m.uc h reaso n 
t o thin k tha t  corr.petitio n play s a  centra l  rol e i n th e 
contro l  o f  intentiona l  activit y (Norma n 4  Shallice , 
1980) .  On e ca n in-.agin e a  nur.be r  o f  differen t  kind s o f 
coff.petitio n i n thi s model : 
1. Conflicting intentions: intentions may be incompa-
tible .  L n this ,  ofte n th e mismatchin g component s 
seem,  t o becom e conscious . 
2. Conflict between superordinate and subordinate compo-
nent s o f  a  singl e intention .  Thi s i s typicall y th e 
cas e wit h psychopathologic s (se e Tabl e 5 ) . 

5. Conflict between an intention and its execution. 
Slip s ca n b e define d a s action s tha t  violat e th e 
actor' s ow n expectation s (Baar s 4  Mattson ,  1981) . 
Slip s ofte n becom e conscious ,  perhap s becaus e 
globa l  broadcastin g help s t o reeoupl e a  previousl y 
deeov^sle d goa l  cor.ponent ,  whos e absenc e penritte d 
th e sli p t o occur . 
U. Conflict between intentions and external reality. 
And o f  course ,  som.etime s th e m.ean s neede d t o carr y 
out  a n intentio n ar e unexpectedl y unavailable . 

Table 5 

Perceived intentional vs. unintentional activities. 

Intentional : 
Sense o f  som e 

consciou s contro l 

Most  ordinar y actions , 
thoughts ,  iirages ,  an d 

feelings . 

Effec t  o f  "paradoxica l 
intention "  o n unin -
tentiona l  activitie s 

Success in well-known 
task s 

Skeletal 
m.uscl e contro l 

Internall y motivate d 
actions . 

Activitie s whos e pac e 
i s unforced . 

Unintentional : 
Sense o f  n o 

consciou s contro l  (» ) 

Actions :  compulsions , 
undesire d habits ,  slips , 
ties ,  speec h defects , 
and addictions . 
Thoughts and images: 
phobic ,  obsessive , 
hallucinatory ,  anxiety -
provoking ,  depressive . 
Feelings: anxious, 
depressive ,  etc . 

Resisted unintentional 
activities . 

Failur e i n well-know n 
task s (TO T phenomenon ) 

Reflexes, autonomic func-
tions ,  an d automati c pro -
cesse s cue d externally . 

Externally coerced actions. 
Action s triggere d b y direc t 
brai n stiir.ulatio n (Penfiel d 4 
Roberts) .  Slip s induce d 
experim.e n tally . 
Activities that are forced 
at  a  pac e faste r  tha n normal . 

(• )  Some processe s whic h d o no t  yiel d a  sens e o f 
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consciou s contro l  ma y i n fac t  b e triggere d b y 
brie f  consciou s content s tha t  canno t  b e retrieved . 

We suggest the following general conclusions, 
base d o n th e materia l  presente d i n Tabl e 3 : 

Intentional activities appear to be triggered 
by consciou s contents .  Intention s ar e violate d no t 
onl y whe n th e actio n i s jnexpeeted ,  bu t  als o whe n 
th e subordinat e systei r  appear s t o resis t  contro l 
— e.g .  whe n i t  take s longe r  t o fin d a  certai n 
wor d tha n on e expects .  Thi s suggest s tha t  inten -
tion s carr y infonr.atio n abou t  th e typica l  duratio n 
and difficult y o f  a  know n task .  Further ,  i t  als o 
suggest s tha t  "rr.enta l  effort "  occur s no t  a s a 
functio n o f  th e coir.plexit y o f  a  task ,  bu t  rather , 
as a  functio n o f  th. e deRre e o f  perceive d resis -
tanc e t o th e intention ,  car.pare d t o th e expecte d 
d'jratio n an d difficult y o f  th e tasK .  Thi s vie w 
tr.a y also  hel p explai n th e relate d cas e o f 

perceive d coercio n ( a cas e o f  unintentional -
r.es s whic h i s r.o t  jus t  a  politica l  fact ,  bu t 
als o occur s ver y ofte n i n ou r  educationa l  system) . 
Such perceive d coercio n ft-an:  a n outsid e 
sourc e tr.a y brin g abou t  a  grea t  dea l  o f  interna l 
cctr.petitior .  betwee n system s attemptin g t o exert 
executiv e contro l  i n a  wa y tha t  i s insensitiv e 
t c th e den'.and s o f  th e subordinat e system .  Gn e 
implicatio n i s tha t  intentions ,  too ,  hav e thei r 
own "ecology" :  a  successfu l  intentio n mus t  fi t 
int o th e syste m a s a  whole ,  o r  competitio n wil l 
occu r  whic h wil l  increas e th e perceive d effor t 
i n carryin g ou t  th e intention . 
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How d o Childre n Lear n t o Judg e Gramnatlcality ? 
A Psychologicall y Plausibl e Compute r  Mode l 
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1. 0 Introductio n 

If a young child is asked whether the sentence 
"bal l  me th e throw "  sound s "silly "  o r  "ok" ,  chance s 
ar e th e chil d wil l  respon d "silly. "  Encourage d t o 
"fi x  i t  up, "  th e chil d may wel l  generat e "thro w me 
th e ball. "  Suc h behavio r  wa s reporte d b y Gleitma n 
et  al .  [7 ]  fo r  childre n o f  two-and-a-hal f  an d fiv e 
years .  I t  implie s tha t  b y thes e age s childre n hav e 
acquire d a t  leas t  som e abilit y  t o Judg e a 
sentence' s grammaticality .  Further ,  Gleitma n e t 
al .  repor t  tha t  b y ag e five ,  children' s judgement s 
increas e i n sophistication .  Thu s children' s abili -
t y t o judg e granmaticalit y apparentl y Increase s 
as the y lear n language . 
Unfortunately, little is known about the 
mechanism s responsibl e fo r  th e developmen t  o f  suc h 
abilities .  Pinke r  [lO] ,  reviewin g languag e acqui -
sitio n models ,  report s n o wor k i n thi s direction . 
Anderson' s [l ]  mode l  o f  languag e learnin g doe s 
not  addres s learnin g t o mak e granmaticalit y judge -
ments .  Recen t  researc h (e.g .  [2,3,8] )  o n syntac -
ti c recognitio n an d learnin g ha s no t  bee n integra -
te d int o a  mode l  o f  chil d learning .  Th e questio n 
ranains :  "ho w d o childre n lea m t o mak e gramnati -
callt y Judgements? " 
This paper addresses this question by proposing 
a thre e stag e model ,  implemente d an d teste d i n th e 
CHILD progra m [12,13,14,15] .  Durin g stag e on e 
CHILD know s wor d meaning s bu t  no t  syntax ,  an d ca n 
understan d sentences ,  bu t  canno t  tel l  tha t  wor d 
orde r  i s incorrect .  Durin g th e secon d stage ,  CHIL D 
has learne d activ e syntax ,  an d notice s incorrec t 
wor d orde r  fo r  activ e sentences .  Durin g th e thir d 
stage ,  CHIL D learn s passiv e syntax ,  an d notice s 
incorrec t  wor d orde r  fo r  bot h activ e an d passiv e 
sentences ,  thi s progressio n correspond s generall y 
t o Gleitma n e t  al.' s  findin g tha t  a s childre n 
lear n mor e languag e thei r  abilit y  t o mak e grammati -
calit y judgement s increases . 
child's mechanisms may provide part of the 
answer  t o th e proble m o f  ho w childre n lear n t o mak e 
grammatical!t y judgement s o f  sentence s wit h incor -
rec t  wor d order .  Thes e mechanism s hav e bee n 
develope d t o accoun t  fo r  a  numbe r  o f  differen t  dat a 
abou t  chil d languag e learnin g [l4] ,  an d thei r  ex -
tensio n t o th e proble m o f  granmaticalit y judge -
ment s ha s bee n straightforward .  Th e CHIL D mode l 
suggest s tha t  childre n lear n t o mak e suc h Judge -
ment s almos t  entirel y a s a  side-effec t  o f  mechan -
ism s whos e primar y functio n i s directe d elsewhere . 
Thi s pape r  describe s th e CHIL D program ,  an d pre -
sent s sampl e output .  Th e questio n o f  learnin g 
t o mak e grammatlcalit y Judgement s i s considered , 
and severa l  prediction s ar e describe d whic h may 
confir m o r  den y thi s account . 

2. 0 Th e CHIL D Progra m 

CHILD is a computer model of the development of 
languag e comprehensio n an d generatio n abilitie s 
writte n i n Fran z LIS P an d currentl y runnin g o n a 
DEC VA X 11/780 .  I t  begin s wit h worl d knowledg e an d 
languag e experience s simila r  t o thos e receive d b y 

children ,  an d learn s a  subse t  o f  th e wor d meanin g 
and synta x whic h childre n leam .  Afte r  learning , 
CHILD ca n correctl y understan d utterance s whic h i t 
previousl y misunderstood,  an d ca n generat e Englis h 
describin g event s i t  "observes. " 
child's language comprehension process is a 
versio n o f  th e C A progra m [4 ]  whic h incorporate s 
mechanism s derive d fro m Wilks '  [I6 ]  preferenc e 
parsing .  CHILD' S analysi s proces s combine s Con -
ceptua l  Dependenc y (CD )  [ U ]  wor d meaning s t o for m 
a C D representin g th e meanin g o f  th e entir e 
utterance .  Understandin g begin s whe n th e meaning s 
of  inpu t  word s ar e place d i n a  shor t  ter m memory . 
CHILD the n retrieve s semanti c requirement s associ -
ate d wit h thos e slot s bu t  specifi c  t o tha t  parti -
cula r  word .  I t  searche s th e shor t  ter m memor y fo r 
a wor d meanin g whic h bes t  satisfie s thos e features , 
and fill s  th e empt y slo t  wit h tha t  meaning .  Th e 
syntacti c feature s ar e forme d fro m th e positiona l 
predicate s PRECEDES an d FOLLOWS.  Thes e relat e 
th e positio n o f  a  candidat e slo t  fille r  t o eithe r 
th e wor d the y wer e store d under ,  a  fille r  o f 
anothe r  slo t  i n tha t  word' s meaning ,  o r  a  lexica l 
functio n word .  Eac h slo t  i n th e meanin g o f  a 
wor d ha s a  collectio n o f  feature s describin g wher e 
i n th e inpu t  a  fille r  i s  expecte d t o be .  I n orde r 
t o understan d differen t  voices ,  thes e feature s 
ar e organize d int o disjunctiv e "featur e sets. " 
Each se t  characterize s on e orde r  i n whic h slo t 
filler s appear .  Durin g understanding ,  featur e se t 
selectio n I s performe d b y considerin g whic h se t 
most  successfull y characterize s th e input . 
CHILD learns syntax by acquiring syntactic 
feature s an d buil d dlsiunctlv e featur e sets .  Afte r 
havin g understoo d a n utterance ,  CHIL D examine s a 
recor d o f  th e input ,  an d examine s th e meanin g o f 
ever y inpu t  word .  I t  the n examine s ever y empt y 
slo t  i n eac h suc h meaning .  I t  accesse s th e recor d 
of  th e inpu t  t o fin d wher e i n th e inpu t  th e fille r 
fo r  tha t  slo t  occurred .  I t  create s a  descriptio n 
of  thi s positio n usin g PRECEDES an d FOLLOWS.  CHIL D 
must  the n decid e whethe r  thi s descriptio n consti -
tute s a  ne w featur e se t  o r  shoul d b e merge d wit h 
an existin g featur e set .  CHILD' S strateg y i s base d 
on a  suggestio n b y Ib a [8] .  CHIL D compare s th e 
feature s extracte d fro m th e curren t  inpu t  wit h an y 
existin g featur e sets :  th e positio n descriptio n 
i s merge d wit h a  previou s se t  onl y i f  on e i s a  sub -
se t  o f  th e other .  Otherwise ,  th e descriptio n I s 
learne d a s a  ne w featur e set . 

CHILD notices that a sentence is ungrammatical 
i f  an y syntacti c feature s withi n th e selecte d 
featur e se t  characterizin g th e positio n o f  a  slo t 
fille r  ar e no t  tru e o f  th e positio n o f  tha t  filler . 
CHILD use s thes e feature s t o generat e a n explana -
tio n o f  wh y th e sentenc e wa s ungrammatical ,  an d 
use s it s languag e generatio n abilitie s [6 ]  t o 
generat e a  correc t  versio n base d o n th e sentence' s 
understoo d meanin g accordin g Co whateve r  wor d mean -
in g an d synta x i t  know s abou t  a t  tha t  stag e o f 
learning . 

3. 0 Learnin g t o Mak e Grammatlcalit y Judgement s 

The following example is edited from a complete 
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ru n o f  th e progra m durin g whic h i t  learn s meanin g 
and synta x fo r  al l  th e word s i t  knows .  Th e exam -
pl e begin s afte r  CHIL D ha s learne d meaning s fo r 
"throw" ,  "me" .  "Child, "  "Mom, "  "on. "  "table, "  an d 
"ball. "  Fo r  thi s example ,  th e meanin g o f  "throw " 
has bee n simplifie d fro m a  comple x C D int o $THROW 
and processin g o f  "the "  ha s bee n ignored .  A s 
shown below .  CHIL D i s initiall y  give n a n ordinar y 
sentenc e whic h i t  understand s correctly .  Th e 
secon d sentenc e ha s incorrec t  wor d order .  CHIL D 
understand s thi s sentenc e correctly ,  bu t  fall s  t o 
notic e th e incorrec t  order . 
:HIL D hear s "thro w me th e ball " 
CHILD understand s 
(STHROW ACTOR (CHILD )  OBJECT (BALL! )  T O (PARENTl) ) 

:HILD hears "ball me the throw" 
pHIL D understand s 
KSTHROW ACTOR (CHILD )  OBJECT (BALLl )  T O (PARENT!) ) 

Transitio n t o th e secon d stag e occur s whe n 
CHILD learn s activ e synta x fo r  "throw. "  Thi s 
occur s whe n i t  hear s a n exampl e sentenc e whos e 
interpretatio n i s unambiguous ,  an d ha s hear d th e 
wor d a  numbe r  o f  time s withou t  modifyin g it s mean -
ing .  Give n thi s sentence ,  CHIL D note s th e posi -
tion s o f  th e filler s (summarize d i n linea r  orde r 
here) ,  an d store s the m i n a  featur e se t  unde r  th e 
wor d "throw. " 
CHILD hears: "throw me the ball" 

CHILD' S understandin g is : 
($THROW ACTOR (CHILD )  OBJECT (BALLl )  T O (PARENT!) ) 

CHILD learns syntax of "throw" 
orde r  is :  STHROW T O OBJECT 

ATTQIPTING MERGE OF NEW FEATURES WITH EXISTING SET 
NO EXISTIN G FEATURES SET S 
CREATING NEW FEATURE SE T 

Havin g learne d activ e synta x fo r  "throw, "  CHIL D 
use s thi s knowledg e durin g stag e 2  understanding . 
I t  notice s whe n th e wor d orde r  o f  a  sentenc e i s 
Incorrect ,  a s th e firs t  sentenc e belo w shows . 
CHILD print s ou t  th e reason s i t  though t  th e sen -
tenc e wa s incorrect ,  an d generate s a  correc t 
versio n fro m th e understoo d meanin g o f  th e sen -
tence .  However ,  CHIL D als o decide s tha t  a  pas -
siv e sentenc e wit h correc t  orde r  i s incorrect ,  a s 
th e secon d sentenc e belo w demonstrates . 

CHILD hear s "bal l  me th e throw " 
CHILD understand s 
(STHROW ACTOR (CHILD )  OBJECT (BALL! )  T O (PARENT!) ) 

INCORRECT SENTENCE NOTICED: 
"throw "  shoul d preced e "ball " 
"throw "  shoul d preced e "me " 
CORRECTION:  "thro w me th e ball " 

CHILD hears 
;  "th e bal l  wa s thro w n  o n th e tabl e b y Child " 
CHILD understand s 
(STHROW ACTOR (CHILD )  OBJECT (BALLl ) 

TO (TO P VA L (TABLED) ) 
INCORRECT SENTENCE NOTICED: 
"Chil d shoul d preced e "throw " 
"throw "  shoul d preced e "ball " 
CORRECTION:  "Chil d thro w bal l  o n table " 

The transitio n t o th e thir d stag e occur s whe n CHIL D 
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learn s passiv e synta x fo r  "throw, "  an d create s a 
secon d featur e se t  fo r  th e ne w syntacti c features . 

CHILD hears: "the ball was throw n to Mom by 
Child " 

child' s understandin g is : 
(STHROW ACTOR (CHILD )  OBJECT (BALL! )  T O (PARENT!) ) 

CHILD learns syntax of "throw" 
orde r  is :  OBJECT "was "  STHROW "to "  T O "by "  ACTOR 

ATTEMPTING MERGE OF NEW FEATURES WITH EXISTING SET 
MERGE FAIL S 
CREATING NEW FEATURE SE T 

Once CHILD has learned passive syntax (reported 
i n mor e detai l  i n [l5]) .  I t  ca n the n Judg e passiv e 
sentences .  I t  correctl y Judge s th e passiv e 
sentenc e whic h i t  previousl y Judge d Incorrect .  Th e 
secon d sentenc e belo w i s a n incorrec t  passive ,  an d 
CHILD correctl y understand s it ,  print s ou t  th e 
reason s I t  wa s Judge d incorrect ,  an d generate s it s 
correcte d version . 

CHILD hear s 
"th e bjl l  wa s thro w n  o n th e tabl e b y Child " 
CHILD understand s 
(STHROW ACTOR (CHILD )  OBJECT (BALL! ) 

TO (TO P VA L (TABLE!)) ) 
CHILD hears: "the ball to Mom throw n by Child" 
child' s understandin g is : 
(STHROW ACTOR (CHILD )  OBJECT (BALL! )  T O (PARENT!) ) 

INCORRECT SENTENCE NOTICED: 
"th e ball "  shoul d preced e "was " 
"thrown "  shoul d preced e "t o Mom" 
CORRECTION:  "th e bal l  wa s throw n t o Mom b y Child " 

As show n above ,  CHIL D doe s progres s throug h a 
serie s o f  stage s whic h generall y correspon d t o dat a 
reporte d b y Gleltma n e t  al. ,  durin g whic h i t  learn s 
t o mak e increasingl y accurat e an d comple x graamad -
callt y Judgements .  Initiall y  knowin g n o syntax , 
al l  sentence s ar e Judge d correct .  Afte r  learnin g 
activ e syntax ,  i t  successfull y Judge s activ e 
sentences ,  bu t  Judge s passiv e sentence s a s i f  the y 
shoul d hav e bee n active .  Upo n learnin g passiv e 
syntax ,  CHIL D Judge s bot h activ e an d passiv e 
sentence s correctly .  I n th e complet e run ,  CHIL D 
als o learn s t o understan d nou n phrases ,  preposi -
tiona l  phrases ,  an d adverbia l  phrases ,  an d learn s 
t o mak e Judgement s abou t  sentence s containin g 
thes e constructions . 4. 0 Ho w D o Childre n Lear n t o Mak e Gr < 

Judgements ? 
ticalit y 

child' s answe r  t o thi s questio n depend s upo n a 
number  o f  factors :  a )  th e representatio n o f 
languag e synta x a s a  se t  o f  independen t  feature s 
characterizin g th e positio n i n th e inpu t  wher e a 
slo t  fille r  may occur ;  b )  learnin g o f  syntacti c 
feature s whil e learnin g t o understand ;  c )  th e 
evaluatio n o f  syntacti c feature s an d semanti c 
preference s a s a  necessar y par t  o f  understanding . 
Give n thes e mechanisms ,  childre n mak e grammati -
calit y Judgement s b y analyzin g syntacti c viola -
tion s occurrin g durin g understanding .  The y 
generat e correc t  version s o f  incorrec t  sentence s 
by applyin g thei r  languag e generatio n abilit y  t o 
th e understoo d meanin g o f  tha t  sentence .  Thu s 
childre n acquir e th e abilit y  t o mak e grammatl -
calit y Judgement s a s a  sid e effec t  o f  acquirin g 
syntacti c feature s neede d fo r  understanding . 



Thi s accoun t  o f  learnin g t o mak e grammatlcallt y 
judgement s make s severa l  predictions .  First ,  thi s 
model  predict s tha t  people' s judgement s o f  incor -
rec t  sentence s wil l  no t  merel y b e "grammatical "  o r 
"no t  grammatical, "  bu t  rathe r  judgement s a s t o th e 
relativ e gransatlcalnes s o f  a  sentence .  Thi s 
predictio n follow s fro m CHILD' S generatio n o f  a 
number  o f  differen t  reason s fo r  a  sentence' s 
Incorrectness .  Second ,  thi s mode l  predict s tha t  a s 
a chil d learn s Increasin g amount s o f  synta x h e 
wil l  fin d certai n sentence s Increasingl y ungram -
matical .  Thi s i s becaus e newl y learne d synta x 
becomes availabl e t o Judg e graimatlcality ,  an d 
thu s th e numbe r  o f  violate d syntacti c feature s 
Increases .  Third ,  thi s mode l  predict s tha t  befor e 
learnin g passiv e synta x childre n wil l  judg e non -
reversibl e passiv e sentence s t o b e ungrammatlcal . 
Thi s i s becaus e a t  thi s stag e the y are  usin g activ e 
synta x t o understan d passiv e sentences .  Later , 
when the y hav e learne d passiv e syntax ,  the y wil l 
no longe r  judg e non-reversibl e passiv e sentence s 
ungrammadcal . 
Clearly, this work, has not completely solved 
th e proble m o f  ho w childre n lear n t o mak e gram -
matlcallt y judgements ,  sinc e ther e are  certainl y 
a larg e numbe r  o f  comple x syntacti c construction s 
whic h CHIL D canno t  handle .  I n addition ,  i t  I s  no t 
eve n clea r  wha t  exactl y constitute s suc h Judge -
ments ,  sinc e Gleltma n e t  al .  repor t  tha t  childre n 
thin k sentence s ar e "silly "  fo r  a  numbe r  o f  reason s 
not  discusse d here .  I t  i s  hoped ,  however ,  tha t 
thi s approac h wil l  prov e a  promisin g directio n fo r 
furthe r  research ,  sinc e i t  I s  grounde d i n mecha -
nism s whic h manifes t  an d explai n a  numbe r  o f  othe r 
psychologica l  data . 
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ABSTRACT 

PATHFINDER is a system that solves coordination 
problem s tha t  requir e acquisitio n o f  a  conventio n 
governin g th e intende d meanin g o f  a  symbol .  LEADER 
blaze s a  trai l  throug h a  maz e b y leavin g symbol s i n 
th e variou s paths ,  an d FOLLOWER mus t  fin d LEADER b y 
discoverin g th e Intende d meaning s o f  thes e blazes . 
PATHFINDER i s th e firs t  ste p I n a  projec t  t o desig n 
a syste m tha t  ca n solv e a  variet y o f  coordinatio n 
problem s o f  th e sor t  implicate d i n languag e 
acquisition .  Solvin g certai n coordinatio n problem s 
i s conmun i  eating .  Sinc e coordinatio n proble m 
solutio n ca n becom e conventiona l  (a s Davi d Lewi s ha s 
shown) ,  communicatio n ca n becom e conventional ,  an d 
tha t  i s languag e i n it s mos t  genera l  form .  A s 
convention s ar e acquired ,  mor e sophisitcate d 
coordinatio n problem s ca n b e solved ,  an d mor e 
sophisticate d convention s ca n b e acquired . 
Eventually ,  i t  shoul d b e possibl e t o acquir e 
convention s governin g identifier s an d genera l  terms , 
and thi s wil l  enabl e us e o f  a  firs t  orde r  languag e 
vi a a  recursiv e procedur e adapte d fro m Tarsk i  b y 
Cummins. 

PATHFINDER:  INVESTIGATIN G TH E 
ACQUISITIO N OF COMMUNICATIVE CONVENTIONS 

The PATHFINDER projec t  i s  a  stud y o f  th e 
acquisitio n o f  th e capacit y t o communicat e b y mean s 
of  convention-governe d symbols ,  an d o f  th e knowledg e 
structure s require d fo r  suc h conwun i  cation .  Th e 
projec t  revolve s aroun d a  serie s o f  PATHFINDER 
programs ,  eac h o f  whic h contain s tw o 
programs—LEADER an d FOLLOWER—which togethe r  solv e 
coordinatio n problem s i n a  wa y tha t  require s 
acquisitio n o f  convention s governin g th e meanin g o f 
a symbol .  We begi n b y sketchin g th e theoretica l 
background ,  the n tur n t o PATHFINDER itself . 
In 1973, Jonathan Bennett (Bennett, 1973, 1976) 
outline d a  tw o phas e accoun t  o f  languag e acquisitio n 
base d o n th e pioneerin g wor k o f  Gric e o n meanin g 
(1957 ,  1969 )  an d Lewi s o n convention s (1969) .  I n 
phas e one ,  h e explain s alon g Gricia n line s wha t  w e 
shal l  cal l  pre-conventiona l  communication :  case s i n 
whic h a  speake r  S  perform s som e actio n an d thereb y 
communicate s wit h a n audienc e A  i n a  wa y tha t 
doesn' t  depen d o n th e prio r  existenc e o f  an y share d 
rule s o r  conventions .  I n phas e two ,  h e import s 
Lewis '  accoun t  o f  convention s t o sho w ho w 
pre-conventiona l  case s coul d lea d t o th e 
establishmen t  o f  a  conventio n betwee n S  an d A  wit h 
th e resul t  tha t  S' s act-typ e come s t o hav e a 
conventiona l  meaning .  Sinc e Bennett' s  wor k i n thi s 
are a ha s no t  receive d th e attentio n i t  deserve s 
outsid e o f  philosophy ,  (especiall y i n A I  an d 
cognitiv e psychology )  w e begi n wit h a  brie f  revie w 
of  hi s two-phas e account . 
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Phase One :  Pre-conventiona l  Communication . 
Bennet t  takesTro m Gric e th e r o I  lowin g conditional . 

(G O I f  S  utter s E ,  intendin g thereb y t o 
get  A  t o believ e tha t  p ,  an d relie s fo r 
th e achievemen t  o f  thi s upo n th e Gricia n 
Mechanis m (GM) ,  the n S  mean s b y E  tha t  p . 

Her e i s wha t  w e shal l  understan d b y th e Gricia n 
Mechanism . 

(GM)  A  recognize s S' s intentio n t o ge t  A 
t o believ e tha t  p ,  an d i s le d b y tha t 
recognition ,  throug h trus t  i n S ,  t o 
believ e tha t  p . 

Thi s i s a  simplifie d versio n o f  Grice s mor e recen t 
accounts ,  bu t  w e requir e onl y a  rathe r  crud e 
sufficien t  conditio n a t  thi s stag e o f  th e account . 
Bennet t  claim s tha t  (G O coul d b e satisfie d b y 
pre-linguisti c S  an d A ,  i.e. ,  b y S  an d A  wh o shar e 
no conventiona l  mean s o f  conmunication .  We agre e 
wit h thi s assessmen t  fo r  reason s tha t  wil l  emerg e 
later .  Fo r  no w w e shal l  simpl y assum e tha t 
pre-linguisti c S  an d A  coul d satisf y (GO—thoug h 
perhap s onl y rarel y an d i n rathe r  specia l 
circumstances—an d tha t  (G O doe s I n fac t  formulat e 
a sufficien t  conditio n fo r  coranunicatio n betwee n S 
and A . 
Phase Two: Conventional 1zation. The second 
phas e oT~Bennett' s  accoun t  import s Lewis '  treatmen t 
of  convention s t o sho w ho w a  conventio n coul d emerg e 
betwee n S  an d A  governin g S' s communicativ e actions . 
For  presen t  purposes ,  th e crucia l  featur e o f  Lewis' s 
theor y i s  this . 

(L )  When a  grou p achieve s coordinatio n I n 
a certai n situatio n b y actin g i n a  certai n 
way,  an d the y ac t  tha t  wa y becaus e (1 ) 
the y wis h t o achiev e coordination ,  an d 
(ii )  eac h acto r  knows ,  an d know s th e 
other s know ,  tha t  tha t  i s  ho w coordinatio n 
has bee n achieve d i n th e past ,  the n th e 
grou p ha s a  conventio n governin g tha t 
situation . 

(L) applies to cases Involving coordination of 
action ,  wherea s ou r  proble m involve s coordinatio n 
betwee n S' s actio n an d A' s beliefs .  Bu t  (L )  i s 
easil y extende d t o accomodat e thi s fac t  becaus e th e 
sort s o f  reason s A  ca n hav e fo r  adoptin g £  belie f  s o 
as t o coordinat e wit h S  ar e Hi e sam e sort s o f 
reason s A  wil l  typicall y hav e fo r  actin g s o a s t o 
coordinat e wit h S .  I n particular ,  A  ca n hav e a s a 
reaso n fo r  adoptin g th e belie f  tha t  S  intend s A  t o 
believ e tha t  p  i n utterin g E  th e fac t  tha t  A  knows , 
and know s tha t  S  knows ,  tha t  i n th e pas t  S' s 
intentio n i n utterin g E  ha s bee n t o ge t  S  t o believ e 
tha t  p .  I f  A  i s the n led ,  throug h trus t  i n S ,  t o 
believ e tha t  p ,  w e hav e a  cas e tha t  satisfie s (G O 
becaus e S' s utteranc e o f  E  i s governe d b y a 
conventio n existin g betwee n S  an d A .  Thi s yield s 
th e followin g accoun t  o f  conventiona l  meaning . 

(CM)  Utterance-typ e E  conventionall y mean s 
tha t  p  whe n uttere d b y S  t o audienc e A  i f 
(a )  i n th e past ,  S  ha s uttere d token s o f  E 
t o A  onl y whe n S  mean t  tha t  p ,  an d (b ) 
thi s fac t  i s  mutuall y know n t o S  an d A , 
and (c )  becaus e o f  thi s mutua l  knowledg e 
i t  continue s t o b e th e cas e tha t  whe n S 
utter s token s o f  E ,  S  means ,  an d i s understoo d b y A  t o mean ,  tha t  p . 



We ca n pu t  th e pre-conventiona l  cas e an d th e 
conventiona l  cas e togethe r  i n a n obviou s way . 
Suppos e S  intend s t o ge t  A  t o believ e tha t  a  coconu t 
i s abou t  t o fal l  o n A ,  an d S  goe s throug h a  certai n 
performanc e tha t  result s i n A  recognizin g S' s 
intentio n and.vi a trus t  i n S ,  adoptin g th e belie f 
tha t  A  i s aboutT o b e hi t  b y a  coconut .  Her e w e 
hav e a  pre-conventiona l  cas e i n whic h connunicatio n 
occur s onl y becaus e condition s ar e especiall y 
propitious ,  an d becaus e S' s performanc e ha s a 
certai n natura l  suggestiveness .  Nex t  time ,  however , 
th e mechanis m o f  conventio n wil l  se t  in ,  and ,  a s 
repetition s occur ,  th e specia l  condition s favorin g 
th e origina l  succes s wil l  n o longe r  b e necessary . 
S' s performanc e ca n b e streamline d b y a  proces s aki n 
t o stimulu s substitutio n t o th e poin t  wher e i t  nee d 
hav e n o specia l  feature s beyon d th e fac t  tha t  A  an d 
S perceiv e i t  t o b e o f  th e sam e typ e a s it s 
predecessors .  Thus ,  th e accoun t  allow s fo r  th e fac t 
tha t  a  sig n may ,  s o fa r  a s it s physica l 
characteristic s go ,  hav e an y meanin g whatever . 
Extending the Account. As it stands, the 
accoun t  just  sketche d Fiasn' t  a  chanc e o f  bein g a 
full-scal e theor y o f  comnunicativ e conventions ,  fo r 
i t  begin s an d end s wit h sentenc e meanings—meaning s 
hav e th e for m "tha t  p "  wher e p  i s a  proposition . 
Sinc e ther e canno t  b e infinitel y man y meanin g 
conventions ,  i t  follow s that  th e accoun t  just 
rehearse d run s afou l  o f  th e fac t  tha t  a  natura l 
languag e contain s infinitel y man y non-compoun d 
sentence s havin g distinc t  meanings . 
This defect has been repaired in Cummins 
(1978) ,  b y Introducin g Gri d a n meaning s fo r 
identifier s an d genera l  terms .  Her e ar e th e 
relevan t  conditions . 

(ST )  Ther e i s a  conventio n whereb y N 
refer s t o x  i n S' s languag e i f  (a )  i n th e 
pas t  S  ha s uttere d N  onl y whe n intendin g 
t o identif y x ,  an d (b )  thi s fac t  i s 
mutuall y know n b y S  an d S' s audience ,  an d 
(c) ,  becaus e o f  thi s mutua l  knowledg e i t 
continue s t o happe n tha t  whe n S  utter s N  S 
identifie s x . 

(P) There is a convention whereby G means 
yello w i n S' s languag e i f  (a )  i n th e pas t 
S ha s uttere d 6  onl y whe n he/she/i t  mean t 
yellow ,  an d (b )  thi s fac t  i s  mutuall y 
known t o S  an d S' s audience ,  an d (c) , 
becaus e o f  thi s mutua l  knowledg e i t 
continue s t o happe n tha t  whe n S  utter s G , 
S means ,  an d i s understoo d t o mean , 
yellow . 

We ca n no w stat e a  relatio n betwee n thes e meaning s 
and satisfactio n conditions ,  an d impor t  th e standar d 
recursio n o n th e latter ,  t o generat e conventiona l 
meaning s (thoug h no t  meanin g conventions )  fo r  a n 
infinit y o f  non-compoun d sentences . 

(S )  'Th e i-t h member  o f  th e sequenc e f  i s 
red '  give s th e satisfactio n conditio n fo r 
a toke n consistin g o f  th e genera l  ter m G 
applie d t o th e i-t h variabl e if f  th e (o r 
a)  conventiona l  manin g o f  G  i s 'red' . 

(S )  allow s u s t o g o bac k an d fort h betwee n 
satisfactio n condition s an d conventiona l  meanings . 
I f  w e star t  wit h case s fo r  whic h convention s exis t 
fo r  th e primitiv e genera l  terms ,  w e ge t  satisfactio n 
condition s fo r  thos e term s b y movin g fro m th e 
meanin g t o th e satisfactio n part .  We ca n the n us e 
th e standar d recursio n t o ge t  a  satisfactio n 
conditio n fo r  an y firs t  orde r  combinatio n o f  th e 
primitiv e genera l  terms .  Then ,  movin g fro m th e 
satisfactio n par t  o f  (S )  t o th e meanin g part ,  w e ge t 
conventiona l  meanings ,  thoug h no t  meanin g 
conventions ,  fo r  comple x genera l  terms .  I t  i s well-know n tha t  thi s sufficie s t o fi x  th e truth-condition s fo r  eac h sentenc e i n a  first-orde r 

language . 

Investigating Convention Acquisition. The 
acquisitio n an d us e o f  communicativ e convention s ha s 
not  bee n ver y extensivel y investigate d b y 
researcher s i n artificia l  intelligenc e o r  cognitiv e 
psychology ,  presumabl y becaus e th e requisit e 
theoretica l  backgroun d ha s seeme d lacking .  However , 
puttin g Grice' s accoun t  o f  communicatio n togethe r 
wit h Lewis '  accoun t  o f  convention s yield s a  powerfu l 
theor y o f  th e acquisitio n o f  communicativ e 
conventions .  Extendin g th e accoun t  t o appl y t o 
acquisitio n o f  convention s governin g identifier s an d 
genera l  term s make s i t  possibl e t o us e th e recursiv e 
apparatu s o f  Tarski' s  theor y o f  trut h definition s t o 
generat e meanin g convention s fo r  ever y sentenc e i n a 
firs t  orde r  languag e havin g a  finit e numbe r  o f 
semanticall y primitiv e terms .  Th e upsho t  i s a 
theor y o f  languag e acquisitio n fo r  firs t  orde r 
languages .  Thi s theory ,  however ,  i s  incomplet e o r 
vagu e a t  severa l  critica l  points .  (1 )  Th e theor y 
tell s  u s wha t  i t  i s  t o b e a  part y t o a  comnunicativ e 
conventio n governin g a  symbo l  wit h a  propositiona l 
meaning ,  bu t  i t  doe s no t  tel l  u s ho w human s ca n o r 
do actuall y solv e primitiv e communicativ e conventio n 
acquisitio n problems .  (2 )  Th e theor y tell s  u s wha t 
i t  i s  t o b e a  part y t o a  coimiunicativ e conventio n 
governin g a n identifie r  o r  genera l  term ,  bu t  i t  doe s 
not  tel l  u s bo w human s ca n o r  d o acquir e suc h 
convention s o n th e basi s o f  simple r  share d 
coitmunicativ e conventions ,  viz. ,  convention s 
governin g symbol s wit h propositiona l  meanings . 
We propose to meet point (1) by adding the 
hypothesi s (i )  tha t  primitiv e coninunicatio n problem s 
can b e solved ,  an d appropriat e convention s acquired , 
i n th e cours e o f  solvin g simpl e coordinatio n 
problem s that  contai n th e conmunlcativ e problem s a s 
sub-problems .  Th e proble m analyze d b y PATHFINDER I s 
just  suc h a  containin g problem .  We propos e t o mee t 
poin t  (2 )  b y addin g tw o hypotheses :  (11 )  tha t  th e 
power  o f  a  grou p o f  agent s t o solv e coordinatio n 
problem s increase s a s tha t  grou p acquire s 
coitmunicativ e conventions ;  (ill )  tha t  solvin g 
relativel y mor e comple x containin g coordinatio n 
problem s enable s agent s t o acquir e relativel y mor e 
sophisticate d communicativ e conventions .  I t  i s 
thes e thre e hypothese s that  th e PATHFINDER PROJECT 
i s primaril y designe d t o investigate . 

PATHFINDER:  Embeddin g Communicatio n Problem s 
i n othe r  Coordinatio n Problems .  Pre-lingulstl c 
communicatio n problem s ar e ditticul t  t o solv e i n 
par t  becaus e propositiona l  attitude s ar e hidden .  I t 
i s  difficul t  fo r  a  speaker-audienc e pai r  t o 
determin e whethe r  o r  no t  the y hav e succeeded .  Thi s 
difficult y ca n b e overcom e b y embeddin g primitiv e 
communicatio n problem s i n othe r  non-coimiunicatlv e 
coordinatio n problem s tha t  ar e mor e tractable .  I f  S 
and A  ar e engage d i n som e cooperativ e activity ,  th e 
succes s o r  failur e o f  thei r  effort s t o communicat e 
wil l  b e mor e o r  les s obviousl y reflecte d i n th e 
succes s o r  failur e o f  tha t  activity . 
In PATHFINDER, LEADER and FOLLOWER must solve 
suc h a n embedde d coordinatio n problem .  LEADER 
blaze s a  trai l  throug h a  maz e b y leavin g symbol s i n 
th e variou s paths ,  an d FOLLOWER mus t  fin d LEADER b y 
discoverin g th e intende d meaning s o f  thes e blazes : 
LEADER mus t  enabl e FOLLOWER t o fin d LEADER.  I n th e 
process ,  the y must  solv e a  primitiv e corimunicatio n 
problem .  Fo r  example ,  i n th e level-on e versio n o f 
PATHFINDER,  FOLLOWER may lear n tha t  whe n LEADER 
marke d a  pat h "Y" ,  LEADER mean t  tha t  tha t  pat h i s t o 
be avoided .  Suppos e FOLLOWER locate s LEADER b y 
avoidin g path s marke d "Y" .  The n LEADER an d FOLLOWER 
wil l  hav e solve d thei r  mai n coordinatio n problem , 
and the y wil l  hav e solve d a  primitiv e communicatio n 
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problem  a s well .  Mos t  importently ,  however ,  the y 
w i n hav e solve d a  primitiv e conventio n acquisitio n 
problem :  bot h kno w tha t  "Y "  mean s "avoi d thi s 
path" .  Thi s conventio n ca n b e use d i n th e solutio n 
of  othe r  relate d coordinatio n problems ,  thereb y 
increasin g th e powe r  o f  LEADER an d FOLLOWER t o solv e 
suc h problems ,  an d henc e increasin g thei r  powe r  t o 
acquir e othe r  conventions .  Fo r  example ,  i t  i s 
evidentl y easie r  fo r  FOLLOWER t o gras p a n identife r 
i n th e contex t  o f  a n alread y understoo d instruction . 
"Avoi d Y  a t  zz, "  link s us e o f  th e identifie r  t o 
solvin g th e embeddin g coordinatio n proble m (fin d 
LEADER),  thereb y makin g i t  possibl e fo r  LEADER an d 
FOLLOWER t o recogniz e successfu l  conmunication ,  an d 
henc e t o acquir e a  conventio n governin g us e o f  th e 
identifier .  Convention s ar e a  specia l  kin d o f 
knowledg e tha t  increas e capacit y t o solv e 
coordinatio n problem s fa r  mor e effectivel y tha n 
othe r  type s o f  share d knowledge .  Advance d 
LEADER-FOLLOWER pair s wil l  com e t o shar e convention s 
governin g suc h thing s a s th e identifiers ,  genera l 
terms ,  an d syntacti c rule s o f  a  relativel y 
sophisticate d language . 
Preliminary research has suggested a list of 
parameter s o f  tw o types ,  intrinsi c an d contextual , 
th e value s o f  whic h defin e a  relativ e leve l  o f 
sophistication .  Th e coordinatio n problem s analyze d 
by PATHFINDER ar e significantl y differen t  fro m eac h 
othe r  dependin g o n th e typ e o f  maz e FOLLOWER face s 
(intrinsi c parameters )  an d Ui e amoun t  an d typ e o f 
knowledge ,  includin g conventions ,  share d b y LEADER 
and FOLLOWER (contextua l  parameters) .  Thi s i s 
especiall y significan t  give n th e hpypothesi s tha t 
th e capacit y o f  tw o partie s (LEADE R an d FOLLOWER, 
SPEAKER an d AUDIENCE)  t o solv e coordinatio n problem s 
shoul d increas e a s simpl e problem s ar e solve d an d 
convention s ar e acquire d fo r  futur e use . 
Intrinsic Parameters. FOLLOWER will eventually 
hav e T o Fac e maze s STa t  var y i n a t  leas t  th e 
followin g ways :  (1 )  numbe r  o f  branche s pe r  node ; 
(ji )  numbe r  o f  symbol s pe r  branc h (includin g 
blanks) ;  (ill )  complexit y o f  symbols—e.g. ,  contex t 
sensitivit y an d referenc e t o othe r  part s o f  th e 
maze;  (1v )  noise—e.g. ,  symbol-lik e object s i n th e 
maze no t  lef t  b y leader . 
Contextual parameters. To solve the 
coordinatio n probTe m se ? b y a  relativel y genera l 
maze,  LEADER an d FOLLOWER wil l  hav e t o shar e som e 
knowledge .  Th e amoun t  an d typ e o f  share d knowledg e 
ar e contextua l  parameter s o f  th e coordinatio n 
problem ,  fo r  the y specif y th e cognitiv e contex t  i n 
whic h th e coordinatio n proble m i s attacked .  Thes e 
include :  (1 )  previousl y acquire d conventions ,  i f 
any ,  (11 )  mutua l  knowledg e o f  capacities—e.g. ,  ca n 
LEADER cu t  dow n a  tree ,  an d doe s LEADER kno w 
FOLLOWER know s this ? (ill )  mutua l  knowledg e o f  wha t 
i s likel y t o b e a  natura l  rathe r  tha n a n artefactua l 
feature—e.g. ,  tha t  pin e cone s ar e nois e i n a 
forest ,  bu t  possibl e blaze s i n a  building ;  (iv ) 
mutua l  anteceden t  knowledg e o f  th e terrritory ;  (v ) 
mutua l  knowledg e o f  behaviora l  an d cognitiv e 
tendencies .  Thes e parameter s ar e bes t  though t  o f  a s 
"passed "  t o LEADER an d FOLLOWER fro m containin g 
system s tha t  specif y th e goal s (blaz e trail ;  fin d 
LEADER),  contai n record s o f  mutua l  knowledge ,  an d 
handl e genera l  reasonin g an d decisio n making , 
includin g whe n t o giv e up ,  o r  t o giv e u p tryin g har d 
and jus t  "tr y something "  ( a conmo n strateg y i n 
conmunication) . 
The level-one version of PATHFINDER (which has 
alread y bee n implemented) ,  involve s a  maz e i n whic h 
al l  branchin g i s binary ,  ther e i s a t  mos t  on e symbo l 
per  branch ,  an d nois e i s limite d b y th e assumptio n 
tha t  onl y th e symbol s encountere d a t  th e firs t  nod e ar e significant .  I n a  level-on e maze ,  FOLLOWER 32 

face s a  relativel y simpl e bu t  non-trivia l  task .  A 
maze tha t  i s genera l  alon g al l  fou r  dimension s 
specifie d abov e wil l  evidentl y requir e a  highl y 
"experienced "  LEADER-FOLLOWER team ,  a  tea m that ,  w e 
suspect ,  wil l  hav e t o shar e severa l  powerfu l 
convention s t o b e effective . 
Sumnary. The PATHFINDER project is designed to 
investigat e th e followin g strateg y fo r  languag e 
acoulsition .  S  an d A ,  give n som e share d knowledg e 
and goals ,  bu t  n o share d conventiona l  mean s o f 
conmunication ,  solv e a  coordinatio n proble m suc h a s 
tha t  face d b y LEADER an d FOLLOWER.  Severa l 
successe s produc e a  share d convention .  No w tha t  S 
and A  shar e a  convention ,  the y ca n solv e mor e 
diffecul t  coordinatio n problems ,  henc e acquir e mor e 
sophisticate d conventions .  Eventually ,  S  an d A  wil l 
be abl e t o acquir e convention s governin g identifier s 
and genera l  terms ,  an d hence ,  b y a  recursiv e 
process ,  a  firs t  orde r  language .  Sinc e solvin g 
certai n coordinatio n problem s i s communicating ,  an d 
coordinatio n proble m solutio n ca n becom e 
conventional ,  communicatio n ca n becom e conventional , 
and tha t  I s language .  Standar d approache s t o th e 
proble m o f  symboli c communicatio n hav e emphasize d 
acquisitio n o f  knowledg e o f  a  language .  Ye t  i t 
seems clea r  tha t  learnin g a  languag e i s neithe r 
necessar y no r  sufficien t  fo r  communication . 
Knowledg e o f  a  languag e i s a  mean s t o understandin g 
a speaker ,  o r  communicatin g wit h a n audience . 
Languag e us e an d understandin g i s no t  likel y t o b e 
properl y understoo d i f  i t  i s  studie d Independentl y 
of  th e cognitiv e tas k tha t  motivate s it .  Th e 
presen t  project ,  i n emphasizin g th e acquisitio n o f 
communicativ e conventions ,  focuse s o n th e cognitiv e 
tas k whic h languag e learnin g subserve s an d thereb y 
avoid s studyin g languag e acquisitio n 'ou t  o f 
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1:  INTRODUCTION 

I f  yo u as k a  layma n wha t  h e mean s b y th e 
ter m 'play '  h e wil l  probabl y repl y "activitie s 
whic h ar e useles s bu t  fun "  o r  somethin g ver y 
similar .  I f  yo u as k a  developmenta l 
psychologis t  th e sam e questio n yo u wil l  probabl y 
get  muc h th e sam e answe r  althoug h h e i s likel y 
t o phras e i t  differently: -
"Play consists of behaviors and 

behaviora l  sequence s tha t  ar e organis m 
dominate d rathe r  tha n stimulu s 
dominated ,  behavior s tha t  appea r  t o b e 
intrinsicall y motivate d an d apparentl y 
performe d 'fo r  thei r  ow n sake '  an d 
tha t  ar e conducte d wit h relativ e 
relaxatio n an d positiv e affect. " 

Weisle r  an d ncCal 1 (197& ) 
Pattern s o f  behavio r  whic h appea r  t o hav e n o 
externa l  purpos e bu t  ar e nevertheles s enjoyabl e 
fo r  th e participan t  presen t  somethin g o f  a 
biologica l  paradox .  Th e majorit y o f  activitie s 
whic h ar e accompanie d b y positiv e affec t  clearl y 
promote ,  eithe r  directl y o r  indirectly ,  th e 
participant' s homeostati c o r  reproductiv e goals . 
An adequat e theor y o f  pla y mus t  resolv e thi s 
parado x b y attributin g a  functio n t o play . 
A number of theor i es have been advanced 
whic h attemp t  t o d o thi s b y suggestin g wha t  th e 
organis m may gai n b y engagin g i n play .  Spac e 
doe s no t  permi t  a  discussio n o f  th e relativ e 
merit s o f  thes e theorie s bu t  se e Weisle r  an d 
McCal l  {I976 )  an d Gilmor e (I966 )  fo r  reviews . 
Fortunatel y on e particula r  theor y appear s t o 
enjo y almos t  universa l  support .  Thi s w e shal l 
cal l  th e 'Cognitiv e Developmen t  Hypothesis' . 
It s  basi c premis e i s tha t  th e organis m learn s 
somethin g throug h th e proces s o f  pla y whic h i s 
of  valu e i n late r  life .  Thi s theor y ha s bee n 
advance d i n a  bewilderin g variet y o f  form s whic h 
largel y reflec t  th e enormou s rang e o f  things 
whic h a  chil d learns .  Take n togethe r  thes e 
variou s theorie s amoun t  t o a  clai m tha t  pla y i s 
th e fundamenta l  learnin g strateg y b y whic h 
childre n acquir e master y o f  themselve s an d o f 
th e perceptual ,  motor ,  cognitiv e an d socia l 
skill s  whic h the y wil l  nee d throughou t  life . 

The cognitive development hypothesis 
provide s a n explanatio n o f  th e functio n o f  pla y 
and henc e resolve s th e paradox .  I t  i s  ver y 
widel y accepte d b y developmenta l  psychologists , 
primato1ogists ,  pediatrician s an d laymen . 
Strangel y i t  ha s receive d littl e acknowledgmen t 
fro m learnin g theorists .  Thu s a  larg e an d 
reputabl e tex t  o n learnin g theor y (Hilgar d an d 
Bower  1975 )  contain s n o inde x referenc e fo r 
play .  Piage t  doe s assig n a  relativel y mino r 
rol e t o pla y i n hi s mode l  bu t  regard s i t  a s a 
particula r  cas e o f  assimilatio n rathe r  tha n a 
fundamenta l  learnin g strategy .  Pla y ha s bee n 
equall y ignore d b y artificia l  intelligenc e 

researcher s intereste d i n machin e learning .  I 
am no t  awar e o f  an y progra m whic h explicitl y 
incorporate s pla y a s a  learnin g activit y 
althoug h I  thin k i t  woul d b e fai r  t o describ e 
th e behavio r  of  A M (Lena t  1976 )  a s playin g wit h 
numbers .  Otherwis e A I  program s see m t o b e base d 
on th e assumptio n tha t  learnin g mus t  b e eithe r  a 
classroo m experienc e (learnin g wit h a  teacher ) 
or  a n apprenticeshi p (learnin g whil e doin g th e 
task) .  Thi s pape r  i s intende d t o exhor t  bot h 
learnin g theorist s an d A l  worker s t o tak e pla y 
more seriously . Althoug h th e cogni t 
hypothesi s provide s a n exp l 
functio n o f  pla y i t  doe s 
complet e theory .  Suc h a  theo r 
accoun t  o f  ho w pla y activ i 
motivate d an d rewarded .  I t 
conten t  an d structur e o f  pl a 
cognitiv e developmen t  hypothe s 
framewor k withi n whic h mor e 
may b e developed .  Th e re s 
devote d t o sketchin g th e outl i 
theory . 

iv e developmen t 
anatio n o f  th e 
not  constitut e a 
y mus t  provid e a n 
t y i s instigated , 
must  explai n th e 
y activities .  Th e 
i s onl y provide s a 
complet e theorie s 
t  of  th i  s  pape r  i  s 
nes o f  on e suc h 

2:  A  THEORY OF PLA Y 

If play is a method of building a cognitive 
representatio n the n an y theor y o f  pla y mus t  mak e 
some assumption s abou t  th e natur e of  th e 
representatio n whic h i s built .  I  therefor e 
begi n th e developmen t  o f  th e theor y wit h th e 
followin g postulate: -
Play is an activity directed towards 

buildin g a  representatio n o f  th e worl d 
i n term s o f  th e organism' s abilitie s 
t o d o thing s t o o r  wit h th e entitie s 
whic h i t  encounter s i n th e world . 

This hypothesis makes a strong claim about what 
i s learne d durin g play .  I t  assert s tha t  th e 
organis m i s attemptin g t o discove r  wha t  i t  ca n 
do rathe r  tha n wha t  i t  shoul d do .  Tha t  is ,  i t 
i s  no t  primaril y concerne d wit h learnin g wha t 
action s hav e desirabl e outcomes .  I t  I s of 
cours e possible ,  an d indee d probable ,  tha t  th e 
organis m wil l  obtai n informatio n abou t  wha t  i t 
shoul d d o a s a  sid e effec t  o f  tryin g t o discove r 
what  i t  ca n do ,  bu t  th e clai m mad e i n th e 
hypothesi s i s tha t  suc h informatio n i s no t  th e 
goal  o f  pla y behavior .  Not e tha t  thi s doe s no t 
impl y tha t  th e organis m wil l  no t  b e tryin g t o 
determin e th e consequence s o f  it s  action s bu t 
onl y tha t  i t  wil l  no t  b e directl y concerne d wit h 
th e value s o f  thos e consequences . 

This form of representation in which the 
worl d i s modelle d i n term s o f  ho w i t  relate s t o 
th e organism' s behaviora l  capabilitie s ha s som e 
obviou s merits .  Fo r  example ,  i t  i s  a n essentia l 
prerequisit e fo r  an y kin d o f  proble m solvin g 
behavio r  sinc e i t  enable s th e organis m t o 
generat e alternativ e course s o f  actio n i n a 
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give n situation .  However ,  sinc e i t  i s  mos t 
readil y understoo d i n term s o f  simpl e moto r 
response s t o a  give n even t  ther e i s a  seriou s 
dange r  o f  underestimatin g it s powe r  an d 
generality .  I t  i s  therefor e wort h pointin g ou t 
tha t  i t  strongl y resemble s Gibson' s notio n o f 
'affordances '  (Gibso n 1977) .  I t  i s  als o closel y 
relate d t o th e pragmati c theor y o f  meanin g du e 
t o Peirc e (1878 )  an d subsequentl y elaborate d b y 
James.  Dewe y an d Mea d amon g others .  Fo r  thi s 
reaso n w e shal l  refe r  t o i t  a s a  'pragmati c 
representation' .  Object-base d programmin g 
language s suc h a s SIMUL A an d SMALLTALK represen t 
entitie s usin g wha t  i s essentiall y  a  pragmati c 
represenla t  ion . 

3:  IMPLICATION S OF TH E HYPOTHESIS 

We no w explor e som e o f  th e implication s o f 
th e hypothesi s tha t  pla y i s a  strateg y fo r 
buildin g a  pragmati c representatio n o f  th e 
world .  I n executin g a n ordinar y goa l  oriente d 
tas k th e organis m i s attemptin g t o effec t  som e 
chang e o f  stat e i n It s world .  I n doin g thi s i t 
use s knowledg e o f  th e propertie s o f  th e world . 
I n pla y th e organis m I s attemptin g t o effec t 
some chang e o f  stat e withi n it s ow n 
representatio n o f  tha t  world .  I n doin g thi s i t 
wil l  us e knowledg e regardin g tha t 
representation .  Thu s i t  ca n b e see n tha t  th e 
goal s o f  pla y ar e metagoal s an d henc e tha t  pla y 
involve s acces s t o metaknowledge . 

What sort of metaknowledge would bt 
relevan t  fo r  th e developmen t  o f  a  pragmati c 
representation ? I f  th e organis m i s t o discove r 
what  i t  ca n d o the n i t  presumabl y need s t o hav e 
some representatio n o f  wha t  i t  doe s no t  kno w i t 
ca n do .  Tha t  I s th e metaknowledg e mut t 
represen t  th e organism' s ignorance .  Suc h a 
representatio n coul d b e use d t o determin e th e 
cours e o f  pla y behavior .  Thu s th e organis m 
woul d i n effec t  conduc t  experiment s whos e 
purpos e i s t o reduc e it s ow n ignoranc e o f  it s 
capablitie s i n a  manne r  loosel y analagou s wit h 
scientifi c  research . 

The Introduction of the concept of 
metaknowledg e raise s th e spectr e o f  a n infinit e 
regress .  Wher e doe s th e metaknowledg e com e 
from ? I s i t  necessar y t o pla y a t  playin g I n 
orde r  t o discove r  ho w t o play ? Th e threa t  o f  a n 
endles s regres s ca n b e avoide d i f  th e sam e 
activitie s whic h provid e informatio n fo r  th e 
pragmati c representatio n o f  th e worl d als o 
provid e th e Informatio n neede d t o buil d a  mode l 
of  th e organism' s ignorance .  Thi s constrain t  I s 
not  onl y satisfiabl e bu t  als o explain s on e o f 
th e basi c empirica l  finding s regardin g pla y an d 
explorator y behavior :  th e probabilit y  tha t  a 
chil d wil l  pla y o r  explor e i s relate d b y a n 
inverted- U curv e t o th e novelt y o f  a  situation . 
I n a  highl y familia r  situatio n th e chil d wil l 
hav e a  detaile d pragmati c representatio n an d 
correspondingl y lo w ignoranc e an d thu s ther e i s 
littl e t o b e gaine d b y play .  Conversel y i n a 
totall y unfamilia r  situatio n th e chil d wil l  hav e 
virtuall y n o pragmati c representatio n an d henc e 
hav e n o knowledg e o f  it s  ow n Ignorance .  I n suc h 
circumstance s h e o r  sh e woul d essentiall y  no t 
kno w ho w t o play .  Onl y i n th e Intermediat e cas e 
i n whic h a  partia l  pragmati c representatio n 
exist s I s th e chil d a n I e t o construc t 
potentiall y  usefu l  pla y activities . 
34 

li :  A  SIMPL E IMPLEMENTATION 

I n orde r  t o clarif y th e idea s discusse d I n 
th e precedin g sectio n b y providin g a  concret e 
exampl e an d t o demonstrat e tha t  suc h hypothese s 
ca n indee d lea d t o a  successfu l  learnin g 
program ,  I  shal l  no w describ e a  ver y simpl e 
concep t  learnin g progra m whic h learn s b y 
playing . 
The organism in this case is a LISP program 
calle d PAN.  PA N operate s i n a  simpl e 
blocksworl d typ e o f  environment .  I n thi s worl d 
ar e numerou s object s whic h eac h hav e th e 
propertie s o f  color.size.textur e an d shape . 
Each o f  thes e propertie s may tak e on e o f  severa l 
discret e values .  PA N I s abl e t o appl y thre e 
type s o f  actio n t o thes e objects .  I t  ca n pus h 
them ,  kic k the m an d pic k the m up .  Howeve r  thes e 
action s wil t  onl y resul t  I n th e objec t  movin g i n 
certai n cases .  Fo r  exampl e th e operatio n o f 
pickin g u p migh t  onl y resul t  i n th e objec t 
movin g I f  th e objec t  wer e small .  Initiall y  PA N 
doe s no t  kno w wha t  classe s o f  object s it s  thre e 
kind s o f  actio n wil l  succee d on .  Thu s PAN' s 
tas k i s t o discove r  th e equivalenc e classe s o f 
kickabl e objects ,  pushabl e object s an d object s 
whic h ma y b e picke d up .  I t  mus t  experimen t 
entirel y withou t  externa l  guidanc e unti l  i t  i s 
confiden t  tha t  i t  ca n predic t  th e applicabilit y 
of  a n actio n t o a n object . 
PAN does th i s by deveI op i ng a cI ass 
hierarchy .  Initiall y  i t  possesse s onl y on e 
clas s -  th e clas s 'Things' .  Al l  object s ar e 
instance s o f  thi s clas s an d al l  action s ar e 
initiall y  attache d t o thi s class .  A s par t  o f 
th e attachmen t  o f  a n actio n t o a  clas s PA N 
store s a n estimat e o f  th e probabilit y  tha t  th e 
actio n ca n b e applie d t o a  member  o f  tha t  class . 
Thi s probabilit y  estimat e i s revise d ever y tim e 
PAN trie s t o appl y tha t  actio n t o a n instanc e o f 
tha t  class .  I f  thi s probabilit y  estimat e i s 
ver y larg e o r  ver y smal l  the n PA N i s relativel y 
certai n abou t  th e applicabilit y  o f  th e actio n t o 
instance s o f  th e clas s an d henc e ha s n o nee d t o 
conduc t  furthe r  experiments .  I f  howeve r  th e 
probabilit y  i s i n th e regio n o f  0. 5 the n PA N i s 
highl y uncertai n an d furthe r  developmen t  o f  th e 
clas s hierarch y i s needed .  Th e actua l  measur e 
of  uncertaint y use d i n th e syste m i s Shannon' s 
informatio n functio n (Shanno n an d Weaver ,  IJfcg) . 
I n fac t  an y functio n o f  th e probabilit y  whic h 
was unimoda l  i n th e interva l  0  t o I  wit h a 
maximum a t  0. 5 an d a  valu e o f  0  a t  0  an d 1  woul d 
serve .  Th e us e o f  th e Shanno n functio n ha s th e 
advantag e o f  allowin g on e t o interpre t  i t  a s th e 
informationa l  valu e o f  a  ne w subclas s rathe r 
tha n bein g a  meaningles s number .  Th e initia l 
probabilit y  estimat e assigne d t o eac h actio n fo r 
it s attachmen t  t o th e clas s Thing s i s 0. 5 an d 
henc e the y eac h hav e a n uncertaint y o f  1 . 
A cycle of the system is called an 
experiment .  I n eac h experimen t  th e syste m find s 
th e actio n whic h i s attache d t o a  clas s wit h 
highes t  uncertainty .  A n instanc e o f  tha t  clas s 
i s selecte d an d th e actio n applied .  I f  th e 
actio n i s successfu l  then ,  apar t  fro m th e 
increas e i n th e estimate d probability ,  nothin g 
els e happen s an d th e syste m begin s a  ne w 
expe r  iment . 
If the action Is unsuccessful then one of 
tw o processe s may occur :  a  ne w subclas s may b e 
create d o r  th e actio n may b e detache d fro m th e 
class .  I f  th e uncertaint y exceed s a  certai n 



threshol d the n PA N wil l  attemp t  t o construc t  a 
subclas s o f  th e clas s i n whic h th e actio n ha s 
Jus t  faile d an d the n attac h th e actio n t o th e 
new subclass .  (Th e actio n remain s attache d t o 
th e origina l  class) .  I t  doe s thi s b y repeatedl y 
selectin g instance s o f  th e origina l  clas s unti l 
i t  find s on e o n whic h th e actio n succeeds .  I t 
the n select s a  rando m attribut e o f  tha t 
Instance ,  fo r  exampl e it s colo r  o r  it s  size ,  an d 
use s tha t  a s th e criterio n fo r  membershi p o f  th e 
new subclass .  Th e actio n i s the n attache d t o 
th e ne w subclas s wit h a n initia l  probabilit y 
estimat e whic h i s identica l  t o th e curren t 
probabilit y  estimat e fo r  th e attachmen t  o f  th e 
actio n t o th e origina l  class . 
This newly created subclass may or may not 
contai n a  highe r  percentag e o f  object s t o whic h 
th e actio n may b e applied .  I f  i t  doe s the n th e 
subclas s i s clearl y usefu l  an d henc e wil l  b e 
retained .  I f  i t  doe s no t  the n th e probabilit y 
estimat e wil l  eventuall y fal l  belo w tha t  o f  th e 
correspondin g estimat e i n th e paren t  class . 
When thi s happen s th e actio n i s detache d fro m 
th e subclass .  I f  an y clas s ha s n o action s 
attache d the n i t  i s  removed .  Henc e onl y usefu l 
classe s ar e retained .  I n thi s wa y th e syste m 
develop s a  hierarch y o f  classe s a s i t  attempt s 
t o reduc e it s uncertainty .  Th e syste m i s abl e 
t o lear n bot h conjunctiv e an d disjunctiv e 
concept s an d wil l  eventuall y reac h a  stag e whe n 
al l  uncertaintie s ar e belo w threshold .  I n thi s 
situatio n PA N announce s tha t  i t  i s  bore d an d 
halts .  Not e th e syste m doe s no t  necessaril y 
fin d a  minima l  se t  o f  classe s t o represen t  th e 
concept s i t  i s  discovering .  Thi s coul d b e don e 
at  th e expens e o f  mor e elaborat e rule s fo r 
modifyin g th e hierarchy .  I t  doe s howeve r 
achiev e a  correc t  i f  redundan t  representation . 
I n thi s respect  it s  behavio r  resemble s tha t  o f 
human beings . 

The above account is simplified in one 
respect .  Onc e subclasse s hav e bee n constructe d 
any give n objec t  may b e a n instanc e no t  onl y o f 
a give n clas s bu t  als o o f  on e o r  mor e o f  it s 
subclasses .  Thus ,  i f  PA N i s doin g a n experimen t 
whic h involve s applyin g a n actio n t o a n Instanc e 
of  som e class ,  th e particula r  instanc e selecte d 
may als o b e a  member  o f  a  subclas s t o whic h th e 
actio n i s als o attached .  I n thes e circumstance s 
th e experimen t  i s effectivel y transferre d t o th e 
subclas s whic h ha s th e highes t  probabilit y 
estimate .  Th e resul t  o f  th e experimen t  modifie s 
th e probabilit y  estimate s o f  bot h th e subclas s 
and th e paren t  class .  Howeve r  a  secon d 
probabilit y  estimat e i s als o kep t  fo r  eac h 
attachmen t  whic h i s a  measur e o f  th e proportio n 
of  attempte d application s whic h wer e no t  passe d 
down t o a  subclass .  Thi s secon d probabilit y 
estimate ,  calle d usage ,  i s multiplie d b y th e 
Shanno n informatio n functio n i n determinin g th e 
uncertainty .  Thi s i s analogou s t o Shannon' s 
measur e o f  th e entrop y o f  a n informatio n source . 

The reason for this modification is that if 
i t  wer e omitte d th e uncertaint y o f  paren t 
classe s woul d remai n hig h eve n whe n th e 
appropriat e subclasse s ha d bee n constructed . 
Thi s woul d lea d t o endles s redundan t 
experimentation .  Th e modificatio n describe d 
ensure s tha t  a  clas s wit h successfu l  subclasse s 
wil l  hav e lo w uncertaint y value s despit e no t 
havin g probabilit y  esimate s clos e t o 1 . 

As indicated earlier PAN is only intended 
as a  demonstratio n tha t  th e pla y theor y ca n b e 
use d a s th e basi s o f  a  learnin g syste m whic h work s withou t  th e assistanc e o f  a  teacher .  We 

ar e developin g a  muc h large r  versio n o f  th e 
syste m i n whic h object s may posses s relationa l 
attribute s an d action s may chang e thos e 
relations .  PA N i s howeve r  onl y a  simpl e 
instantiatio n o f  th e us e o f  a  pla y base d 
learnin g strategy . 
The pragmatic representation takes the form 
of  a  clas s hierarch y wit h action s attache d t o 
classes .  Th e metaknowledg e o f  it s  ow n ignoranc e 
take s th e for m o f  th e associate d uncertainties . 
The sam e experiment s whic h lea d t o alteration s 
i n th e pragmati c representatio n als o chang e th e 
representatio n o f  ignorance . 
Because PAN operates in a very restricted 
univers e i t  eventuall y learn s al l  tha t  ca n b e 
learned .  Generall y w e shoul d no t  expec t  thi s t o 
happen .  A s th e pragmati c representatio n become s 
riche r  th e organis m ha s mor e thing s t o b e 
uncertai n about .  Henc e th e proces s o f  buildin g 
th e representatio n become s a  neve r  endin g searc h 
fo r  somethin g eve n bette r  whil e retainin g th e 
bes t  tha t  ha s bee n achieve d s o far . 
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Abstrac t 
:.  constructiv e theor y o f  aemor y organisatio n 

has bee n developed ,  base d upo n th e principl e o f 
aon-tempori l  prediction .  Th e theor y predict s muc h 
; f  ;h a experimenta l  f inding s o n recal l  an d 
far-grtirj ;  an d proviis s a  computationa l  foundatio n 
fo r  33a e o f  th e intuitiv e notion s o f  th e societ y o f 
air. d theory .  Thi s pape r  describe s a n experimenta l 
architectur e :ha t  i s bein g use d t o stud y thi s for m 
of  learning .  Th e architectur e i s a  highl y 
distribute d syste m tha t  achieve s "structural " 
lear-in g throug h th e Tpplloatio n o f  a  particularl y 
?ov«rfu l  fori i  o f  natura l  constraint . 

•';rvori9 - Non-T»aporal Prediction, Distributed 
Pr-'nle m solving ,  Societ y o f  Mind ,  Model s o f 
^earning ,  Jkil l  Acquisition . 

Introduction 
Progres s i n 71.3 1 technique s alon g wit h th e 

^nergsnc e i f  son e highl y distribute d architecture s 
suc h 2 3 Fahlsa n [  1  ]  an d Hllli s  [  2  ]  ha s awakene d 
an interes t  i n exaatnia g wha t  ca n b e don e wit h 
certai n architecture s base d o n siapl e '  n«uro n like ' 
processors ,  suc h a s Hiato n [  5  4  ]  an d Peldma n 
L 5  ] .  X  theor y o f  learnin g base d o n th e principl e 
of  r.on-teapora l  predictio n ha s bee n develope d tha t 
i s coaplaiel y data-drive n [  6  7  ] .  I n thi s paper , 
we describ e a n experimenta l  architectur e tha t  i s 
bein g use d t o stud y thi s for a o f  learning . 

Kon-Tempora l  Predictio n 
Learnin g an d nemor y ca n b e view-e d a s 

nechaaisra s fo r  th e acquisitio n o f  knowledge . 
•<=.owlsdg e itsel f  ca n b e viewe d a s a  nean s o f 
predictin g event s i n th e world .  Ou r  surviva l  i s  I n 
a lir; ? par t  dependan t  o n ou r  abilit y  t o 'predict ' 
th e world .  I t  i s  suppose d tha t  learnin g ha s evolve d 
t o mee t  thi s need .  :<akin g prediction s abou t  th e 
worl d ca n b e classifie d int o tw o broa d categories . 
Pirst ,  ther e i s th e clas s o f  prediction s tha t  ar e 
tis e related .  A n understandin g o f  'Gravity '  migh t 
be classifie d i n thi s way ,  t o understan d 'gravity * 
i s t o pr°-::.c- .  cha t  whe n a  thin g i s droppe d i t  wil l 
fal l  CO Ch e groun d (o r  th e clas s o f  prediction s o f 
whic h tha t  i 3 a  simpl e example) .  Thi s for m o f 
predictio n i s tis e relate d becaus e th e tw o definin g 
;-v2r.c 3 \-.h o 'Iroppin g an d th e hittin g o n th e floor ) 
ar e iispar-.t e i n ciae .  fn e secon d category ,  t o 
w:-.ic h thi s pape r  i s specificall y addressed , 
concern s pra-.ii c  t-.cn s chi t  ir e unrelate d t o time . 
Thi s -:in d o f  prsdictii n concern s th e classificatio n 
- :  -ivenrs .  '->aT': ,  learnin g t.h e concep t  o f  a n 'arch " 
.Ziy i  1 3 T.aicir.i- ^  i  predictio n abou t  wha t  object s 
-•onstitut s 'ar-n' .  Vhe n example s o f  arche s tha t 
;onfc.- a t o c.ii s  predictio n ar e encountere d the y 
^ 1 1 b e recognise d a a such ,  jus t  a s droppin g a n 
cb.:ec t  tha t  subsequentl y fall s  t o th e groun d i s 
reco.̂ nise d a o indicatin g th e presenc e o f  "gravity" . 
Th- ? iifference ,  i s tha t  th e secon d categor y i s 
inr?l£ce< i  t o tiae .  Ther e ar e severa l  reason s wh y i t 
. 3 iisff f  i l  t o mak e chi s for a c f  distinction . 

[' I I'an/ theories of learning a.nd forgetting 
3r °  ba.-.e d upo n th e notio n o f  trac e decay -
Pi  eoeac y ?x r lT i a 3 ce r t a i n o b s e r v a b l e 
ph9no:ienon ,  'ou t  l a diffi-ul t  t o justif y 
coapu t  1 1 :.on s II 7 an d ^-.ve s ris e t o som e 
soriou s probler-. s whe n dealin g wit h predictiv e 
3i-uation s T f  vastl y disparat e tines . 

(2 )  Many o f  th e effect s fo r  whic h recenc y 
was propose d ca n b e adequatel y explaine d 
withou t  referenc e t o "tiaie '  o r  'trac e decay' . 

(5 )  :uin y problem s tha t  a t  firs t  appea r  t o b e 
tempora l  i n natur e ca n b e expresse d i n term s 
of  th e non-tempora l  paradigm .  I t  i s  no t  know n 
whethe r  al l  situation s ca n b e transforme d i n 
thi s way .  I t  ma y b e tha t  learnin g fo r 
'temporal '  situation s i s Itsel f  a  learne d 
strategy ,  ther e i s som a evidenc e t o suppor t 
thi s conjecture . 

(4 )  I t  i s  possibl e t o solv e th e proble m o f 
non-tempora l  predictio n computationall y i n 
term s o f  a  highl y distribute d architectur e o f 
simpl e processors . 

Learnin g b y Modificatio n 
The notio n tha t  learnin g usuall y take s th e 

for m o f  modifyin g a n existin g skil l  i s  intuitivel y 
attractive .  Man y attempt s a t  capturin g thi s 
intuitio n computationall y hav e bee n tried ,  STP.IP S 
[  3  ]  employe d a n augmente d triangl e tabl e tha t 
allowe d ol d plan s t o b e "modified '  t o sui t  ne w 
situations ,  a n ide a recentl y extende d b y Carbonel l 
[  9  ] •  ainsk y [  1 0 ]  discusse d a  for m o f  learnin g 
i n whic h ne w agent s aris e b y 'splittin g of f  fro m 
ol d ones ,  wit h onl y smal l  change s an d essentiall y 
th e sam e dat a connectlona .  Th a mechanis m presente d 
i n thi s papa r  follow s th e spiri t  o f  Mlnsky' s 'agen t 
splitting '  bu t  differ s I n detail .  Th e architectur e 
presente d differ s l a tha t  Instea d o f  splittin g a 
singl e proces s (b y copying )  an d the n modifyin g th e 
copy ,  i t  support s multipl e copie s o f  (almost ) 
ideatica l  agents .  Learnin g involve s takin g a 
'suitabl e subset '  o f  thes e agent s an d modifyin g It . 
Befor e describin g th a architectur e Itself ,  w e 
shoul d mak a a  fe w point s regardin g th e slgniflc<uici > 
of  thi s difference . 
(1 )  I t  seem s llkal y tha t  natura l  system s 

suc h a a th e huma n brai n ca n suppor t  thi s for m 
of  'redundancy' . 

(2 )  Havin g multipl e copie s latroduce s a 
degre e o f  'faul t  tollerence' ,  I n particular , 
th e 'Grandmothe r  Problem '  doe s no t  arise . 

(3 )  Mos t  significantly ,  havin g many copie s 
means tha t  a  dat a drive n mechanis m ca n b e 
utilize d t o achiev e th e 'split '  instea d o f 
needin g a  co p dow n decisio n t o split . 

Understandin g Discontinuou s Change s I n Capabilit y 
Instea d o f  havin g a  singl e agen t  tha t  ca n 

perfor m a  give n task ,  th e architectur e support s 
many suc h agents ,  'i e wil l  refe r  t o a  se t  o f  simila r 
agent s a s a  process-set .  Th e agent s o f  a 
process-so t  compet e t o influenc e th e stat e o f  th e 
system .  Eac h agen t  provide s it s ow n prognosi s an d 
some indicatio n o f  ho w reliabl e I t  believe s thi s 
prognosi s t o b a (base d o n a  simpl e probabilisti c 
analysis) .  On e agent' s prognosi s wil l  b e chose n a s 
th e mos t  credibl e alternative .  Th e computatio n o f 
credibilit y  wil l  als o b o compute d o n th e basi s o f  a 
simpl e probabil ist i c  analysis .  Instea d o f 
hypothesizin g tha t  whe n a  thin g i s learne d it s 
strengt h graduall y increases ,  o r  whe n i t  i s 
forgotten ,  i t  graduall y decrease s (trac e decay) , 
thi s mode l  o f  learnin g distinguishe s severa l  phase s 
of  learning .  First ,  th e agen t  i s generate d i n 
isolatio n (w e wil l  demonstrat e on e algorith m fo r â -en t  creatio n whe n expoundin g th e detail s o f  th e architeccurs) .  Then ,  th e agen t  mus t  b e refine d 
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'discove r  It s aw n boundarie s an d b e abl e t o 
accuratel y comput e th e reliabilit y  o f  it s  ow n 
prognosis) ,  "ir^lly ,  th e agen t  aus t  b e iiaeovere d 
by othe r  agent s alread y i n th e system .  Tni s fina l 
stag e i s on e i n whic h th e agent s credibilit y  i s 
ccapute d a s th e resul t  o f  a  probabilisti c  analysis , 
and correspond s closel y t o th e notio n o f  formin g 
K-line s expounde d b y Hinsic y L  I I  ] .  When a  ne w an d 
r.scessar y agen t  i s created ,  it s succes s cause s It s 
credibilit y  t o ris e unti l  enoug h saaple s hav e bee n 
obtaine d t o rais e it s credibilit y  t o a  leve l  abov e 
tha t  o f  th e previou s 'favorite '  agen t  fo r  thi s 
task .  A t  thi a point ,  th e ne w agen t  wil l  suddenl y b e 
lae d i n plac e o f  th e pr«!viou 3 favorite ,  givin g ris e 
t o a n observabl e i  iscontinuou s chang e i n 
perfornanoe . 

The Sjcperlaenta l  Architectur e 
The eiperiaenta l  architectur e ca n b e describe d 

at  severa l  levels .  A t  on e level ,  i s  th e genera l 
aysta m topolog y define d b y a  numbe r  o f  intuitiv e 
connectivit y restriction s describe d i n [  7  J  an d i n 
nor e detai l  i n ^ 6 J .  Spac e prevent s a  discussio n 
of  thi s aspec t  o f  th e architecture .  Th e heirarch y 
can b e decompose d int o neighborhood s o f  agent s tha t 
will ,  fo r  th e purpose s o f  thi s pape r  b e totall y 
connecte d i  th e overal l  heirarch y allow s th e 
conneuti/it y  coui|u.axxt y t o b s ^ap t  linea r  despit e 
th e tota l  connectivit y withi n neighborhoods , 
'urthernore ,  th e connectivit y withi n a  neighborhoo d 
-a n b e relaxe d [  2  ]  withou t  los s o f  generality) .  A 
".eighborhoo d contain s tw o computationall y distinc t 
components .  Th e processors ,  tha t  na y b « programoe d 
t o comput e a  predictiv e rule ,  an d th e creator s tha t 
progra m processor s fo r  th e purpose s o f  generatin g 
new agent s (learning )  an d repleaiahia g proceea-sa t 
3iz e whe n proces s splittin g ha s resulte d i n a n 
i n s u f f i c i e n t  p r o c e s s - s e t  c a r d i n a l i t y 
(houselceeiilng) .  'i o wil l  discus s th e creato r  an d th e 
processo r  object s separately .  A  programme d 
processo r  wil l  b e refere d t o a s a n agent . 
The Anatomy of a Seighborhood 

Cons ide r  a  ne ighbo rhoo d t o b e a  tw o 
dimensiona l  shee t  o f  processin g elements .  Bac h 
processo r  i n th e regio n recleve s a n inpu t  fro m 
outsid e th e neighborhood ,  bein g totall y connecte d 
eac h processo r  als o recleve s input s fro m th e 
ou tpu t s o f  ever y o the r  p rocesso r  i n th e 
nei-shborhood . 
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Figur e 
The neighborhoo d it-,el f  i s  divide d Int o smalle r 
ovjriipin g 'regions '  (3e e Figur e I) .  Eac h Regio n 
contain s a  ainijl e creato r  an d a  larg e numbe r  o f 
processors .  Th e creato r  ha s acces s t o al l  loca l 
input s t o th e processor s withi n th e region ,  an d th e 
outpur s o f  eac h processo r  i n th e region .  Th e 
creato r  ca n caus e on e o r  nor e o f  th e processor s i n 
it s regio n t o b e re-programmed . 

Computatio n perfortie d b y a  Creato r 
The creato r  aonitor s bot h th e input s Loca l  t o 

th e regio n an d th e numbe r  o f  processor s tha t 
respon d t o th e input .  I f  to o fe w processor s respon d 
t o a n input ,  th e creato r  select s th e processor s 
tha t  ar e leas t  successfu l  an d re-program s the m s o 
as t o increas e th e process-se t  cardinality .  Th e 
creato r  i s continuall y performin g th e fallowin g 
sequenc e o f  computations . 
(1 )  Comput e th e activit y o f  th e input s t o 

th e region .  Thi s involve s countin g th e numbe r 
of  activ e input s locally .  Le t  th e activit y b e 
denote d b y activity . 

(2 )  Comput e th e respons e size .  Thi s involve s 
countin g th e numbe r  o f  processor s i n th e 
regio n tha t  responde d t o th e inputs .  Le t  th e 
respons e siz e b e denote d b y response . 

(7 )  Comput e th e expecte d respons e size .  I n 
th e presen t  system ,  th e expecte d respons e 
siz e i s a  linea r  functio n o f  th e activity . 

( 4 ;  I f  re3ponse<expected ,  re-progra m 
response-expecte d processors .  Thi s involve s 
choosin g th e require d numbe r  o f  processors , 
th e leas t  successfu l  one s ar e chose n first . 
Each processo r  keep s a  recor d o f  it s  success . 
I n ou r  implementation ,  eac h regio n keep s a 
sorte d lis t  o f  processors ,  whe n n  ne w 
processor s ar e required ,  th e firs t  n  ar e 
take n fro m thi s sorte d list .  I n a  truel y 
paralle l  syste m suc h a s migh t  b e foun d i n 
Biologica l  systems ,  thi s proces s ca n b e 
achieve d simpl y b y broadcastin g a  re-progra m 
command t o al l  processor s an d usin g a  syste m 
of  inhibitio n t o preven t  re-programmin g o f 
th e bette r  processor s (fo r  a  developmen t  o f 
thi s Ide a se e [  6  ]) . 

Processin g Input s 
I t  i s  convenien t  t o describ e th e operatio n o f 

th e processor s i n tw o stages .  Plrst ,  ho w eac h in^u t 
t o a  processo r  i s handle d o n a n individua l  basis , 
and secon d ho w these -  input s ar e combine d t o for m a 
prognosis . 
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F i gu r e 2 
3 a c h inpu t  t o a  p r o c e s s o r  i s  p r o c e s s e d b y a n inpu t 
weightin g function ,  figur e 2  illustrate s th e 
functio n o f  thi s process .  Sac h inpu t  weightin g 
functio n (correspondin g t o input. )  sample s it s 
inpu t  wheneve r  th e proces s i s active .  I n thi s way , 
th e inpu t  weightin g functio n compute s fo r  it s 
input ,  th e credibi l i t y  tha t  tha t  inpu t  i s 
indicativ e o f  th e even t  bein g diagnose d — th e 
probabilit y  tha t  th e inpu t  wil l  b e activ e whe n th e 
even t  i s diagnose d P(input .  1  this.agent.active) . 
Other Processor functions. 

Once th e ir.pit s hav e bee n weighte d accordin g 
t o thei r  credibility ,  the y ca n b e combine d t o for m 
th e prognosis . 

37 



C u M i u SiCliOf t 
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Figur e 3 
Figur e 3  illusrrate s th e basi c operatio n o f  th e 
•iiagnosi a par t  o f  a  processor .  Th e valu e o f  succes s 
i s adjuste d wheneve r  th e agen t  I s active .  Spac e 
prevent s furthe r  developmen t  o f  thi s ide a here , 
however ,  lo w succes s value s Indicat e failur e i n 
ispleffleatin g a  predictiv e rule ,  an d suc h processor s 
•*ii l  i e re-programme d b y thei r  creato r  whe n a  ne w 
agen t  i s required .  Th e inheren t  limitation s o f 
simpl e Linea r  Threshol d device s suc h a s th e 
prognosi s function ,  ar e use d a s a  pomrfU l  natura l 
constraint .  Thi s guarantee s tha t  mos t  agent s tha t 
ar e create d -fil l  aventuall r  di e (succes s wil l  fal l 
unti l  i t  i s  eventuall y re-programmed) .  Thi s give s 
ris e t o a  ver y eceoomica l  us e o f  processor s withou t 
th e nee d fo r  a  knowledg e drive n resourc e 
(processor )  allocatio n syste m (thes e idea s ar e 
develope d i n detai l  i n [  6  ]) . 

Conclusio n 
Oue t o a  lac k o f  space ,  man y significan t 

detail s an d muc h o f  th e theor y ha d t o b e omitted . 
Zzperlmant s wit h a  LIS P base d iapleaantatlo a o f  th e 
syste m out l ine d i n thi s pape r  hav e bee n 
encouraging .  Comple x structura l  description s ca n 
been learne d b y th e system .  Th e syste *  i s robus t  i n 
tha t  usually ,  n o agen t  I s s o importan t  tha t  it s 
remova l  wil l  b e critica l  (du e t o duplication) ,  an d 
a hig h degre e o f  nois e ca n b e tolleratad .  A n 
analysi s o f  th e systaa s nois e immunit y ca n b e foun d 
i n L  6  ] •  - •  I s interestin g tha t  a s th e region s 
approac h saturatio n (mos t  p roceasor s ar e 
successfull y programme d a s agents) ,  i t  become s 
increasingl y difficul t  t o lear n a  ne w rule .  Thi s i s 
because ,  befor e a  ne w agen t  ca n achiev e a 
respectabl e succes s i t  i s  re-programme d b y it s 
creato r  becaus e i t  i s  stil l  th e leas t  successfu l 
agent .  Onl y intensiv e trainin g wil l  resul t  i n th e 
new agen t  bein g learned ,  an d thi s wil l  b e a t  th e 
cos t  3 f  on e o f  th e othe r  successfu l  agents .  Pul l 
detail s o f  th e architecture ,  an d Juatlfieatio n o f 
it s  desig n ca n b e foun d i n [  6  ] . 
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THE LOGI C OF EVENTS 

John M. Morris 
Measuremen t  Conoep t  Corporatio n 

Rone N Y 1314 0 

Some o f  th e earlies t  wor k I n th e logi c o f 
event s appear s I n Heape l  [2] .  Her e ar e som e 
example s o f  wha t  h e mean t  b y "event" :  "th e 
firs t  sola r  eclips e o f  th e twentiet h century, " 
"th e eruptio n o f  Mt .  Vesuviu s I n A.D .  79. " 
"th e assassinatio n o f  Leo n Trotslcy, "  "th e 
stoc k marke t  cras h o f  1929. "  Th e event s ar e 
whateve r  thes e phrase s refe r  to . 
Events occur in both time and space, but the 
edge s o f  th e even t  may b e fuzzy .  A n even t  lllc e 
th e collaps e o f  th e Germa n econom y durin g th e 
1920 s o r  a n Increas e I n tensio n betwee n Russi a 
and Chin a i s no t  th e sor t  o f  thin g tha t  ca n b e 
confine d t o a  definit e regio n o f  space-time . 
Still ,  eve n thoug h th e locatio n i s vagu e o r 
fuzzy ,  i t  alway s make s sens e t o as k uliscf i  an i 
when a n even t  I s located .  Th e Germa n banks , 
bankers ,  an d householder s tha t  fel l  victi m t o 
th e economi c collaps e wer e locate d i n Germany ; 
and th e Increas e i n tensio n betwee n Russi a an d 
Chin a Include s editorials ,  posters ,  speeches , 
militar y movements,  an d th e heart s an d mind s 
of  peopl e a t  definit e point s withi n th e tw o 
countries .  Similarly ,  i t  make s sens e t o 
inquir e whe n a n even t  occurs ,  eve n whe n th e 
tim e boundarie s ar e fuzzy .  S o w e ca n alway s 
Includ e a  plac e an d tim e referenc e i n ou r 
descrlptioo s o f  events ,  eve n thoug h th e edge s 
of  th e event s may b e blurred . 
A major problem in the development of a logic 
of  event s ha s bee n a  criterio n o f  identit y fo r 
events ,  tha t  I s a  wa y o f  tellin g whe n tw o 
description s refe r  t o th e sam e event .  A  singl e 
se t  o f  object s i n a  singl e space-tim e segmen t 
may b e Involve d i n a n Indefinitel y larg e 
number  o f  events .  A  Russia n soldie r  nea r  th e 
Chines e borde r  squeeze s th e trigge r  o f  hl a 
rifle .  Among th e man y event s whic h occu r  ar e 
these :  (1 )  variou s neurologica l  an d 
physiologica l  event s i n th e Russian' s body , 
togethe r  wit h physica l  processe s associate d 
wit h th e firin g o f  th e rifle ,  an d th e 
resultin g physiologica l  processe s i n th e bod y 
of  th e Chines e soldie r  wh o i s kille d b y th e 
bullet ;  (2 )  a n attac k o n a  Chines e outpost ; 
(3 )  fro m a  psychologica l  poin t  o f  view ,  a 
Russia n soldier' s expressio n o f  hi s boredom , 
frustration ,  an d contemp t  fo r  th e Chinese ;  (4 ) 
th e firs t  inciden t  i n a  majo r  Russian-Chines e 
war . 
Some people, like Anscombe, would prefer to 
say tha t  onl y on e even t  ha s occurre d an d tha t 
we hav e give n fou r  differen t  description s o f 
it .  Goldma n an d other s hav e show n tha t  thes e 
canno t  b e regarde d a s a  singl e even t  [1] .  Hi s 
proof ,  whic h i s ver y simple ,  i s  this :  We may 
say tha t  th e Russian ,  i n thi s example , 
expreaae d hi s boredo m b y firin g hi s rifle ;  w e 
say tha t  th e shootin g nonatituta d a n attac k o n 
th e Chines e outpost ;  an d w e sa y tha t  th e 
killin g henam e a n internationa l  inciden t 
becaus e o f  late r  reaction s t o it .  We woul d no t 
spea k i n thi s wa y i f  al l  o f  thes e wer e 
description s o f  th e sam e event ,  becaus e th e 
convers e o f  thes e statement s woul d no t  b e 
true .  We woul d no t  sa y tha t  th e soldie r  fire d 
hi s rifl e b y expressin g hi s boredom ,  o r  tha t 
an attac k o n th e outpos t  constitute d th e 

shooting ,  o r  tha t  a n Internationa l  inciden t 
became a  killing .  I f  (1) ,  (2) ,  (3) > an d (4 ) 
abov e wer e identical ,  the n relationship s amon g 
the m shoul d b e symmetrical ;  bu t  the y ar e not . 
For  thi s reaso n the y ar e no t  description s o f 
th e sam e event . 
The important thing is that it will be 
impossibl e t o specif y a n even t  unambiguoual y 
simpl y b y specifyin g th e object s an d th e 
portion s o f  spac e an d tim e i n an d t o whic h i t 
occurred .  Sinc e a n indefinitel y larg e numbe r 
of  event s may occu r  a t  th e sam e poin t  i n spac e 
and time ,  w e nee d additiona l  specification s i n 
orde r  t o describ e a n even t  uniquely . 
Distinguishing among events is Important for 
curren t  event s analysis ,  becaus e differen t 
event s wil l  hav e differen t  consequences .  Th e 
psychologica l  stat e o f  a n isolate d Russia n 
soldie r  i s likel y t o b e unimportan t  t o th e 
curren t  affair s historian ;  bu t  th e outbrea k o f 
a wa r  alon g th e Russian-Chines e borde r  i s o f 
majo r  importance .  A n effectiv e syste n fo r 
curren t  event s analysi s wil l  identif y th e 
even t  i n tern s o f  it s  relevanc e t o th e 
histM-lan' s goals . 
Suppose that, following the incident, a 
Chines e radi o broadcas t  I s hear d t o 
characteriz e th e shootin g a s "inhuma n 
butchery "  an d t o describ e th e Inciden t  i n 
othe r  emotionall y loade d terms .  We ca n sa y (1 ) 
tha t  th e Chines e reporte d o n th e shooting ,  an d 
(2 )  tha t  th e Chines e attacke d th e Russian s a s 
"butchers. "  Precisel y th e san e broadcast ,  a t 
precisel y th e sam e tlm* ,  use d th e san e se t  o f 
word s t o perfor m bot h o f  thes e actions .  Bu t 
th e even t  reporte d a s (2 )  i s mor e significan t 
fo r  th e historia n tha n th e even t  reporte d a s 
(1) .  Fro m th e historian' s poin t  o f  vie w (1 ) 
and (2 )  ar e differen t  events . 
I n th e symbolis m develope d b y Jaegwo n Ki m 
[3,1 ]  a n even t  i s represente d b y a n expressio n 
of  th e form : 

C(*1 xn,t), P«] 

where (x^^ ^^.^ x^) is an ordered n-tuple of 
concret e objects ,  F' '  i s  a n n-adi c empirica l 
attribute ,  an d t  i s  th e tim e a t  whic h (x. , 
••• > *„ )  i s  sai d t o exemplif y th e attribut e 
P" .  Th e n-tupl e o f  object s may b e writte n i n 
vecto r  notatio n a s X  Th e even t  i s sai d t o 
"exist "  i f  an d onl y i f  X  doe s exemplif y P "  a t 
tim e t .  (Th e plac e ca n o e Include d amon g th e 
«i. ) 
Thus [(x.,x2,t),P^] might signify the event of 
an Israel i  F- l  Phantom-I I  aircraf t  flyin g ove r 
th e Sue z Cana l  a t  1:0 6 a.m .  o n Augus t  4 ,  1982 . 
Here ,  x ^  represent s th e aircraft ,  x ,  th e Sue z 
Canal ,  t  th e time ,  an d p 2 th e attribut e o f 
overflying .  (Th e superscrip t  "2 "  indicate s 
tha t  i t  i s  a  two-plac e predicate. )  I t  may see m 
somewhat  strang e t o spea k o f  a n even t  lik e 
"overflying "  a s a n attribute ,  bu t  thi s 
generalizatio n make s th e symbolis m applicabl e 
t o states ,  conditions ,  an d othe r  qualities ,  a s 
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uaXl  a s t o events . 

A problem of particular Importance for the 
designe r  o f  a n even t  logi c wil l  b e tha t  o f 
deterolnln g whe n tw o description s refe r  t o th e 
san e event .  I n th e exampl e Jus t  given ,  whe n w e 
receiv e a  doze n report s o f  a n F- ^  fligh t  ove r 
th e Sue z Canal ,  u e wil l  wan t  t o kno w whethe r 
ther e wa s Jus t  on e fligh t  o r  a  doze n flights . 
Goldman an d Ki m propos e a  rathe r  stron g 
criterio n o f  Identit y fo r  tw o events: 
[(x,t),P ]  =  [(y,t'),Q ]  i f  an d onl y i f  x=y , 
t=t' ,  an d P=Q.  Thi s make s "flie s ove r  th e Sue z 
Canal "  a  differen t  even t  fro m "threaten s 
Egyptia n frontiers. "  Fro m a  pragnati o poin t  o f 
view ,  th e rol e o f  thes e tw o desoription a I n a n 
informatio n syste m wil l  b e different ,  an d w e 
wil l  tak e the m a s representin g differen t 
events ,  eve n thoug h th e physica l  object s an d 
thei r  raw ,  physica l  motion s ar e th e same . 
The description of the flight as a "threat" 
depend s o n th e contex t  o f  worl d event s i n 
whic h i t  take s place .  Althoug h th e fligh t  i s 
locate d i n th e are a o f  th e canal ,  it s 
Hignifioano e i s Do t  locate d ther e a t  all .  Th e 
significanc e o f  th e fligh t  i s I n th e variou s 
governmen t  official s whos e attitude s mak e i t  a 
threat .  I t  woul d no t  b e a  threa t  i f  i t  wer e 
not  fo r  thes e attitudes .  Th e clai m tha t  th e 
threa t  i s locate d onl y alon g th e fligh t  pat h 
i s wha t  Whitehea d calle d th e "falUc y o f 
simpl e location* . 

A complete analysis of the logic of events 
wil l  provid e u s wit h rule s fo r  goin g fro n on e 
even t  descriptio n t o another .  We wil l  wan t  t o 
know,  fo r  exaaple ,  bo w t o g o fro m "Israel i 
plan e flie s ove r  Sue z Canal "  t o "Israe l 
threaten s Egyptia n frontier. "  Borde r 
violation s ar e event s tha t  can ,  i n th e 
aggregate ,  provid e evidenc e fo r  a  curren t 
historia n tha t  tensio n i s risin g betue a tw o 
countries . 

determine ,  fro m a  genera l  descriptio n o f  a n 
event ,  whic h propertie s ar e goin g t o b e 
significan t  ~  whic h propertie s ar e 
"constitutive "  o f  th e particula r  event ,  an d 
whic h ar e merel y "exemplified "  b y th e event . 
I t  i s  Jus t  conceivable ,  fo r  Instance ,  tha t  th e 
historia n i s collectin g th e name s o f  Sovie t 
officer s tha t  begi n wit h th e lette r  "A "  - -  fo r 
some obscur e reaso n w e ca n onl y gues s a t  — 
and th e Importan t  informatio n i s th e firs t 
lette r  o f  th e nam e o f  th e ne w Fiel d Marshall . 
(Thi s woul d b e par t  o f  th e historian' s "use r 
view, "  th e viewpoin t  fro m whic h h a o r  sh e 
woul d wan t  t o loo k a t  th e data. )  Th e firs t 
lette r  o f  th e nam e woul d b e constitutiv e o f 
th e significan t  even t  (i n th e sens e tha t  i t 
woul d b e tha t  whic h maka a i t  signfleant) ,  an d 
th e politica l  attitude s o f  th e Marshal l  woul d 
the n b e nothin g mor e tha n irrelevan t  noise . 
The problea Is in distinguishing the 
significan t  o r  constitutiv e feature s o f  a n 
event .  Fo r  huma n observer s ther e i s littl e 
difficult y i n locatin g Jus t  thos e feature s o f 
an even t  whic h ar e relevan t  t o thei r 
interests .  On e fascinatin g characteristi c o f 
human perceptio n i s th e wa y i n whic h human s 
fai l  t o notic e element s I n a  situatio n whic h 
hav e n o Interes t  fo r  them .  Fo r  a n automate d 
informatio n system ,  however ,  th e proble m o f 
relevanc e become s acute ,  becaus e th e machin e 
has n o Interest s o f  it s  own .  We mus t  b e abl e 
t o tel l  th e machin e ho w t o locat e thos e 
feature s i n th e informatio n whic h wil l  b e 
usefu l  i n discriminatin g amon g relevan t 
pattern s o f  event s [5] . 
In summary, the problea for anaiva^a is 
determinin g thos e features ,  amon g th e infinit e 
number  o f  feature s whic h ca n b e extracte d fro m 
th e worl d aroun d us ,  whic h wil l  b e significan t 
fo r  th e goal s o f  th e ourr«i t  historia n — suc h 
as th e detectio n o f  a  potentia l  worl d 
conflict . 

To sho w ho w th e logi c works ,  conside r  th e 
followin g hypotheti c event .  Le t  u s suppos e 
tha t  a  Sovie t  office r  a t  th e Chines e border , 
one Genera l  Saye v Andronovich ,  i s  promote d t o 
Fiel d Marshall .  I n itself ,  thi s even t  doe s no t 
hav e an y clea r  significanc e fo r  th e historian . 
However ,  i f  w e ad d th e Informatio n tha t 
Andronovic h i s note d fo r  hi s outspoke n 
anti-Chinea e attitudes ,  the n hi s promotio n 
becomes a  significan t  predicto r  fo r  futur e 
Soviet-Chines e relations .  A t  leas t  tw o event s 
hav e take n place :  (1 )  a  Sovie t  office r  name d 
Andronovic h ha s bee n promoted ;  an d (2 ) 
anti-Chines e attitude s hav e bee n encourage d i n 
th e USSR. 
Now, if we know that Andronovich is 
anti-Chines e i n attitude ,  the n w e kno w tha t  h e 
belong s t o th e clas s o f  anti-Chines e Sovie t 
officials .  Ou r  even t  logi c shoul d permi t  u s t o 
say tha t  anythin g whic h happen s t o Andronovic h 
i s als o a n even t  whic h happen s t o a n 
anti-Chines e officia l  o f  th e USSR.  Fro m this , 
i t  shoul d b e possibl e t o deriv e th e mor e 
genera l  event ,  i n whic h anti-Chines e attitude s 
hav e bee n encouraged .  Finally ,  fro m thi s 
event ,  i t  shoul d b e possibl e t o predic t 
deterioratio n o f  Soviet-Chines e relations .  Th e 
rol e o f  th e logica l  apparatu s i s t o provid e 
th e hypothese s upo n whic h th e historia n ca n 
predic t  th e deterioratio n o f  relations . 
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ABSTRACT 

This paper introduces a new method of 
knowledg e representatio n calle d a  fuzz y semanti c 
networ k (FUSEN) .  FUSENs wer e create d t o mode l 
continuou s o r  fuzz y knowledg e usin g concept s 
fro m artificia l  intelligence ,  fuzz y se t  theory , 
and cognitiv e psychology . 
FUSENs have the ability to model three theories 
fro m cognitiv e psychology :  th e theor y o f  natura l 
categories ,  th e famil y resemblanc e theory ,  an d 
th e feature-se t  theory .  The y ca n als o perfor m 
as mos t  o f  th e knowledg e structure s fro m artifi -
cia l  intelligenc e an d a s a  fuzz y se t  structure . 
Presente d i s thei r  structur e an d severa l  example s 
illustratin g thei r  use . 

INTRODUCTION 

To have a complete understanding of an entity 
one mus t  b e awar e o f  ho w i t  acts ,  wha t  rule s appl y 
t o it ,  an d i n wha t  situation s on e migh t  expec t 
t o fin d it .  Fo r  example ,  i t  i s  possibl e t o des -
crib e th e color ,  shape ,  size ,  an d subpart s o f  a 
'dog' .  I t  i s  eas y t o defin e th e set s t o whic h 
'dog '  belong s an d th e memeber s o f  th e se t  calle d 
'dog' .  But ,  th e concep t  o f  'dog '  i s  no t  complet e 
unles s on e know s wha t  'dog' s d o an d ho w the y act . 
Ther e shoul d b e specifi c  memorie s o f  'dog's . 
Ther e shoul d b e anticipation s o f  wha t  t o expec t 
fro m 'dog' s i n genera l  an d fro m specifi c  'dog' s 
i n particular .  Ther e mus t  als o b e a n under -
standin g o f  time ,  space ,  an d th e physica l  realit y 
i n whic h 'dog' s operate .  A  complet e concep t  o f 
a 'dog '  include s al l  o f  thi s knowledge . 

FUSENs divide this complex knowledge into 
fou r  separat e classes :  entitie s an d categories ; 
action s an d processes ;  litera l  an d dee p sentences ; 
and rule s an d hypotheses .  Thi s pape r  examine s 
th e firs t  o f  thes e classe s an d briefl y discusse s 
th e relationship s betwee n FUSENs an d thre e theorie s 
fro m cognitiv e psychology :  natura l  categories , 
famil y resemblanc e theory ,  an d feature-se t  theory . 
STRUCTURE 
Figure 1 shows the graphical representation 
of  FUSENs.  Th e owne r  labe l  define s th e owne r  o f 
a hea d nod e an d th e typ e labe l  define s th e associa -
tio n existin g betwee n th e node .  Th e weight s 
represen t  th e associatio n strength s betwee n nodes . 
A hea d nod e ca n b e associate d wit h an y numbe r  o f 
sub-nodes .  Eac h instanc e o f  a  hea d nod e an d it s 
sub-node s i s calle d a  fuse .  Al l  node s o f  a  fus e 
can b e sub-node s o r  hea d node s o f  othe r  fuses . 
Figure 2 is a fuse representing a set of 
attribute s fo r  th e categor y 'fruit' .  Thi s i s de -
terminde d b y examinin g th e hea d nod e name ,  'fruit' ; 
and th e typ e labe l  '(attrib)' .  Th e typ e labe l  i s 
a reserve d work ,  denote d b y th e surroundin g 
parentheses ,  describin g th e relationshi p betwee n 
th e sub-node s an d th e hea d node .  '(Attrib) '  define s 
al l  th e sub-node s a s attribute s o f  th e hea d nod e 

name 'fruit' .  Th e owne r  labe l  define s th e paren t 
node(s )  o f  th e hea d node .  Thi s labe l  resolve s 
any ambiguit y create d whe n tw o o r  mor e fuse s hav e 
th e sam e hea d nod e name .  Fo r  example ,  i f  tw o 
fuse s hav e th e hea d nod e nam e o f  'color' ,  on e woul d 
loo k a t  th e owne r  labe l  t o se e wha t  the y referenced . 
Ther e coul d b e fuse s concerne d wit h automobil e 
colors ,  lea f  colors ,  o r  color s i s general .  I n 
Figur e 2  th e owne r  labe l  i s  '() '  o r  null .  Thi s 
means thi s fus e i s abou t  'fruit '  i n general . 
Each sub-node is a different attribute of 
'fruit' .  Th e weight s associate d wit h eac h sub -
node reflect s ho w strongl y tha t  particula r  attri -
but e i s associate d wit h 'fruit' .  Th e lin k label s 
defin e th e domai n ove r  whic h th e sub-nod e i s 
defined .  I n Figur e 2  'red '  an d "yellow '  ar e de -
fine d a s color s o f  'fruit' . 
The weights are viewed as frequency counts. 
I n Figur e 2  th e hea d nod e weight s o f  13 7 state s 
tha t  13 7 instance s o f  'fruit '  hav e bee n observed . 
The rati o o f  th e sub-node' s weigh t  t o th e hea d 
node weigh t  i s tha t  sub-node' s associatio n 
strength .  'Red '  ha s a n associatio n strengt h o f 
66/13 7 o r  48.2% . 
Figure 3 shows a fuse representing a set of 
apple s attributes .  Th e typ e labe l  i s  '(attrib)' , 
so th e synta x o f  thi s fus e i s th e sam e a s tha t 
of  Figur e 2 . 

NATURAL CATEGORIES 

The theory of natural categories was developed 
by Rosc h [ANDE80] .  Natura l  categorie s ar e level s 
of  abstractio n tha t  peopl e see m t o naturall y 
develo p an d use .  Rosc h feel s categorizatio n occur s 
t o g o beyon d insignifican t  individua l  difference s 
and t o obtai n th e mos t  informatio n fro m th e 
smalles t  amoun t  o f  categorization . 
Figures 2 and 3 can be used as an example 
of  natura l  categories .  Accordin g t o thes e 
figures ,  a  certai n objec t  tha t  i s  small ,  red , 
and swee t  ca n b e see n a s a n appl e o r  a  piec e 
of  fruit .  Sinc e thes e attribute s matc h bot h 
th e 'apple '  an d th e 'fruit '  fuse s a  compute r 
algorith m woul d sa y th e objec t  i s  bot h a n appl e 
and a  piec e o f  fruit ,  whic h i s correct .  But , 
i n conmunicatin g wit h humans ,  th e algorith m 
wil l  hav e t o pic k th e mos t  appropriat e leve l  o f 
abstractio n o r  a s Rosc h calle d it ,  th e 'basic ' 
level . 
The way the algorithm can find the basic 
leve l  i s  t o loo k a t  th e hea d nod e weight .  Th e 
h iqhes t  weigh t  i s th e mos t  frequentl y conceptu -
alize d concep t  o r  th e basi c level .  I n thi s 
exampl e th e objec t  woul d b e calle d a n 'apple' . FAMILY RESEMBLANCE THEORY 

The family resemblance theory was also 
develope d b y Rosc h [ANDEBO] .  This  theor y state s 
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tha t  ever y categor y i s define d b y a n open-ende d 
se t  o f  attributes  o r  features .  Natura l  cate -
gorie s hav e n o fixe d boundaries .  Fo r  an y parti -
cula r  categor y ther e migh t  no t  b e eve n on e attri -
but e i n common wit h al l  th e categor y members . 
An entit y i s judge d t o b e a  goo d member  o f  a  cate -
gor y i f  i t  ha s man y attribute s overlappin g wit h 
th e attributes  o f  th e category . 
The FUSEN structure models this theory very 
well .  Th e 'fruit '  an d 'apple '  fuse s sho w ho w th e 
concep t  i s define d b y a  se t  o f  attributes .  Th e 
number  o f  sub-node s an d thei r  weight s ar e dynami c 
and ca n constantl y chang e a s ne w example s o f  th e 
categor y ar e observed .  I f  a  gree n frui t  i s 
observed ,  th e sub-nod e 'green '  wit h a  weigh t  o f 
1 wil l  b e adde d t o th e 'fruit '  attribut e fuse . 
I n additio n th e 'fruit '  hea d nod e weigh t  wil l  b e 
incremente d b y 1 . 

FEATURE-SET THEORY 
Feature-set theory [AN0E80] assumes people 
recal l  ho w frequentl y the y hav e see n al l  th e vari -
ous attribute s o f  a  concept .  Th e mor e frequentl y 
see n attributes  hav e a  highe r  correlatio n o r 
associatio n strengt h wit h th e category . 

This is exactly how fuses work. Figures 2 
and 3  sho w tw o categories .  Th e associatio n 
strength s fo r  eac h sub-nod e reflect s ho w strongl y 
i t  i s  associate d wit h th e hea d node .  Notic e tha t 
'red '  i s  mor e strongl y associate d wit h 'apple ' 
tha n 'fruit' ,  an d 'tart '  i s  mor e strongl y 
associate d wit h 'fruit' . 

SUMMARY 

This paper briefly introduces a new method 
of  knowledg e representatio n calle d a  fuzz y 
semanti c network .  Th e theor y i s base d o n th e 
ide a tha t  knowledg e ca n b e represente d b y th e 
association s betwee n symbol s an d tha t  thes e symbol s 
and association s ca n b e explicitl y  represente d 
by a  semanti c network .  Usin g semanti c network s 
as a  base ,  a  genera l  metho d o f  knowledg e 
representatio n wa s develope d t o includ e idea s 
fro m man y areas :  artificia l  intelligence , 
mathematics ,  psychology .  I t  i s  hope d tha t  whe n 
th e complet e synta x i s develope d FUSENs wil l  b e 
abl e t o represen t  mos t  an y kin d o f  semanti c 
knowledge. . 
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Studie s o f  tex t  comprehensio n (Bower ,  Black ,  an d 
Turne r  1970 ,  Mandle r  an d Johnso n 1077 ,  Schan k an d 
Abelson ,  1077 )  hav e relie d o n th e notio n o f  a  scrip t  o r 
schema .  A  scrip t  represent s worl d knowledg e abou t 
c o m m on activities ,  events ,  an d situations .  I t  include s 
informatio n abou t  th e component s o f  thes e activitie s an d 
th e relation s amon g th e components .  I n thi s pape r  w e 
examin e script s fo r  c o m m o n activitie s (e.g. ,  cashin g a 
check ,  o r  goin g t o restaurants )  a s thej r  exis t  prio r  t o thei r 
instantiatio n i n prose .  T h e question s addresse d i n thi s 
pape r  are :  H o w i s th e scrip t  knowledg e structur e 
accessed ? an d onc e th e scrip t  i s  accesse d ho w ar e it s 
component s m a d e available ? I n othe r  words ,  sinc e 
contex t  i s s o importan t  i n comprehension ,  w e wan t  t o 
kno w ho w w e ge t  a  contex t  an d onc e w e hav e it ,  h o w 
doe s i t  hel^ ? 

Schan k an d Abelso n discus s ho w th e scrip t  knowledg e 
structur e i s  activate d durin g th e comprehensio n o f 
narrative .  Cleari y th e easies t  wa y t o invok e a  particula r 
knowledg e structur e i s t o refe r  t o i t  b y  name .  Thu s i f 
th e narrativ e explicitl y  mention s a  situation ,  th e retrieva l 
of  th e knowledg e structur e shoul d b e straightforward . 
T h b ca n b e don e b y a  titl e o f  a  passage ,  o r  b y settin g 
statements .  W e ar e intereste d i n case s wher e th e contex t 
i s  no t  give n explicitly .  Implici t  referenc e t o th e activit y 
ca n b e m a d e i n a  numbe r  o f  ways .  Fo r  instanc e a  goa l 
mentione d i n th e narrativ e ca n serv e a s acces s cu e fo r  th e 
scrip t  typicall y involve d i n accomplishin g tha t  goa l  W e 
ar e concerne d wit h a  differen t  cas e wher e th e 
presentatio n o f  on e o f  th e aetion a i n th e scrip t  lead s t o 
th e accessin g o f  th e scrip t  itself .  Thu s o n encounterin g 
th e sentence : 

John walked through the door 

and saw the head waiter. 

in a narrative, the restaurant script should be activated 
t o contextualiz e subsequen t  sentences . 

We tes t  th e clai m tha t  componen t  action s wil l  serv e a s 
acces s cue s fo r  thei r  script s i f  thos e action s ar e 
diatinetiv t  t o th e script .  A n actio n i s distinctiv e t o a 
scrip t  i f  tha t  actio n i s  performe d i n fe w i f  an y othe r 
scripts .  Thus ,  fo r  th e restauran t  script ,  th e actio n S E E 
T H E H E A D W A I T E R i s highl y distinctive ,  sinc e i t  occur s 
i n fe w i f  an y othe r  activities .  Th e actio n o f  walkin g 
throug h th e doo r  occur s i n s o man y activitie s tha t  i t  i s 
extremel y lo w i n distinctivenes s t o th e restauran t  script . 
Thi s aspec t  o f  scrip t  structur e ha s bee n develope d an d 
examine d i n Galambos ,  108 1 an d 1082 ,  an d Galambo s 
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and Black ,  1081 . 

We are also concerned with how the components of a 
scrip t  becom e availabl e whe n th e scrip t  i s  accessed .  Th e 
questio n her e i s whethe r  accessin g th e scrip t  make s al l  it s 
component s immediatel y availabl e o r  whethe r  som e 
component s hav e a  mor e prominen t  status .  I n othe r 
experiment s (Galambo s an d Rips ,  1082) ,  w e hav e define d 
a measur e o f  prominenc e calle d eentnlity .  Th e 
centralit y o f  a n actio n i s a  measur e o f  th e importanc e o f 
th e actio n t o th e performanc e o f  th e mai n goa b o f  th e 
activity .  Fo r  example ,  i n th e restauran t  activit y th e 
actio n E A T T H E M E A L i s highl y centra l  Ou r  hypothesi s 
i s tha t  centra l  action s shoul d hav e a  greate r  availabilit y 
tha n les s importan t  actbn a whe n usin g a n accesse d 
contex t  t o ai d comprehension . 

Note that it is possible to select actions in such a way 
tha t  thes e tw o dimension s ar e independent .  Th e 
distinctiv e seein g th e hea d waite r  actio n i s  no t 
particularl y centra l  t o dinin g a t  restaurants ,  an d th e 
centra l  ea t  th e mea l  actio n i s no t  particulari y distinctiv e 
(sinc e eatin g ca n occu r  i n man y othe r  contexts ;  a  plane , 
at  home ,  a  picnic ,  etc.) .  I n term s o f  thes e dimension s ou r 
hypothese s ar e tha t  th e distinctivenes s o f  a n actio n 
shoul d determin e whethe r  o r  no t  th e scrip t  i s  accessed . 
T h e centralit y o f  a n actio n shoul d influenc e whethe r  th e 
actio n become s availabl e whe n th e scrip t  ha s bee n 
accessed .  W e designe d a  reactio n tim e experimen t  i n 
orde r  t o tes t  thes e hypotheses . 

The subjects' task was to decide whether or not two 
presente d actio n phrase s wer e component s o f  th e sam e 
activity .  T h e firs t  phras e wa s presente d o n a  C R T scree n 
fo r  150 0 msec .  Thi s phras e the n disappeared ,  an d th e 
secon d phras e wa s presented .  T h e secon d phras e 

remaine d o n th e scree n unti l  th e subjec t  responded .  Th e 
respons e latenc y wa s measure d fro m th e onse t  o f  th e 
secon d phras e t o th e subject' s response . 

Four actions from each of 22 activities were chosen to 
sampl e th e combination s o f  hig h an d lo w leve b o f  bot h 
centralit y an d distinctiveness .  Thu s fro m eac h activit y 
one actio n (Hi-C/Lo-D )  wa s hig h i n centralit y i n th e 
activit y an d lo w i n distinctiveness ,  a  secon d actio n (Lo -
C/Hi-D )  wa s lo w i n centralit y an d hig h i n distinctiveness . 
T h e thir d actio n (Hi-C/Hi-D )  hig h i n bot h centralit y an d 
distinctiveness ,  an d th e fourt h wa s Lo-C/Lo-D .  Fo r 
exampl e th e fou r  action s selecte d i n th e activit y o f 
cashin g a  chec k were : 



Actio n TjFp i 

Hi-C/Lo-0 

Lo-C/Hi-0 

Hi-C/Hi-0 

Lo-C/Lo-0 

Actio n 

vri t* joar signttur* 

raeord tht taount 

go to b*nk 

Mit in I IR« 

Twelv e pair s o f  action s wer e constructe d fo r  eac h 
activit y b y combinin g th e fou r  type s o f  action s i n al l 
pair s a t  eac h order .  Thes e twelv e condition s wer e 
equate d fo r  lengt h an d wor d frequency .  T h e sequentia l 
presentatio n orde r  o f  th e tw o action s matche d th e rea l 
orde r  o f  th e action s fo r  exactl y hal f  o f  th e trial s i n eac h 
condition . 

Stimul i  wer e constructe d fo r  eac h subjec t  s o tha t  al l 
12 condition s an d al l  2 2 activitie s wer e equall y 
represented ,  bu t  eac h actio n wa s presente d onl y once . 
Ther e wer e a n equa l  numbe r  o f  negativ e trial s usin g 
action s no t  involve d i n th e positives .  Twenty-fou r  Yal e 
undergraduate s participate d i n th e experiment . 

T h e mea n R T s fo r  eac h o f  th e twelv e (positive ) 
condition s were : 

Conditio n 

HI-C/Hi- 0 
Lo-C/Hi- 0 
Lo-C/Hi- 0 

Hi-C/Hi-0 
Hi-C/HI- 0 
Lo-C/HI- 0 

Hi-C/Lo-0 
Hi-C/Lo- 0 
Hi-C/Lo- 0 

Lo-C/Lo-0 
Lo-C/Lo- 0 
Lo-C/Lo- 0 

- > Hi-C/Lo- 0 
- > Hi-C/Hi- 0 
- > Hi-C/Lo- 0 

-> Lo-C/Hi-0 
- > Lo-C/Lo- 0 
- > Lo-C/Lo- 0 

-> Hi-C/Hi-0 
- > Lo-C/Hi- 0 
- > Lo-C/Lo- 0 

-> Hi-C/Hi-0 
- > Hi-C/Lo- 0 
- > Lo-C/Hi- 0 

Hta n 

873 
880 
9S4 

898 
1059 
963 

986 
1124 
1081 

1193 
1013 
1073 

T h e nomenclatur e her e i s perspicuous ;  fo r  exampl e th e 
firs t  entr y indicate s tha t  a  highl y centra l  an d highl y 
distinctiv e actio n wa s presente d i n th e firs t  positio n 
followe d (afte r  1. 5 seconds )  b y a  highl y centra l  bu t  non -
distinctiv e action ,  an d th e mea n reactio n tim e wa s 87 3 
msec. 

I f  w e ar e righ t  tha t  distinctiv e action s acces s thei r 
script ,  the n condition s wher e a  distinctiv e actio n (Lo -
C/Hi- D o r  Hi-C/Hi-D )  b  presente d Tirs t  shoul d facilitat e 
th e response .  Thi s i s becaus e th e scrip t  shoul d b e 
accesse d i n th e 1. 5 second s befor e th e secon d actio n i s 
presented .  Havin g th e appropriat e contex t  shoul d spee d 
th e interpretatio n an d processin g o f  th e secon d action ,  a s 
wel l  a s simplif y th e samenes s decision .  W h e n th e firs t 
actio n i s no t  distinctiv e (Hi-C/Lo- D o r  Lo-C/Lo-D) ,  the n 
th e scrip t  i s  no t  accesse d an d subject s mus t  tr y t o acces s 
a contextualizin g structur e whe n th e secon d actio n i s 
presented .  Thi s predictio n i s equivalen t  t o a  compariso n 
of  th e Tirs t  si x an d th e las t  si x mean s above .  T h e firs t  si x 
containe d a  distinctiv e actio n i n th e Urs t  ptositio n 

(  /Hi-D) .  T h e predictio n wa s confirmed .  T h e 
differenc e betwee n th e tw o set s o f  mean s wa s significan t 
\mi n f"(l,35 )  =  7.31 ,  p  <  .02! .  T h e contex t  accesse d b y a 
distinctiv e firs t  actio n doe s hel p subject s t o confir m tha t 
th e secon d actio n i s i n th e sam e script . 

O ur  secon d predictio n involve s th e centralit y o f  th e 
secon d action s followin g distinctiv e fus t  actions .  Centra l 
action s ar e th e mai n goal s an d component s o f  th e 
activity .  Thi s prominenc e shoul d b e represente d i n th e 
organizatio n o f  th e underlyin g knowledg e structure . 
W h en th e scrip t  i s  accesse d b y a  distinctiv e firs t  action , 
centra l  secon d action s shoul d b e confirme d mor e quickl y 
as component s o f  tha t  scrip t  compare d wit h les s centra l 
secon d actions .  Thi s predictio n i s teste d b y a  compariso n 
of  th e fus t  thre e an d secon d thre e mean s i n th e lis t  abov e 
(  /Hi- D - > Hi-C /  vs .  /Hi- D - > Lo -
C/  ) .  I n th b cas e th e M i n F '  wa s no t  significan t 
but  th e F  fo r  th e subject s wa s 4.8 3 whic h wa s significan t 
at  th e .0 4 leve l  fo r  on e an d 2 3 degree s o f  freedo m [fo r 
materials ,  F[l,2l )  =  2.03 ,  p  <  .18) .  Thu s th e clai m tha t 
centra l  action s ar e mor e availabl e tha n non-centra l 
action s whe n th e scrip t  i s  accesse d als o receive d a  certai n 
amount  o f  support . 

I t  i s  possibl e t o examin e mor e fme-graine d prediction s 
fo r  thes e data .  Perhap s th e pures t  tes t  o f  ou r 
assumption s ca n b e obtaine d b y comparin g condition s Lo -
C/Hi- D - > Hi-C/Lo- D an d Hi-C/Lo- D - > Lo-C/Hi-D . 
T h b compare s th e sam e action s i n differen t  presentatio n 
order .  Clearl y th e preferre d orde r  b  whe n th e dbtinctir e 
(non-central )  actio n b  presente d befor e th e centra l  (non -
dbtinctive )  action .  T h e His t  actio n accesse s th e scrip t 
and sinc e th e centralit y o f  th e secon d actio n make s i t 
mor e availabl e fo r  confirmation .  T h e reverse d orde r 
shoul d b e m u c h mor e difficul t  sinc e th e scrip t  b  no t 
accesse d b y th e Hrs t  actio n an d secon d actio n b  no t 
prominen t  i n th e script .  Ther e b  a  ver y larg e differenc e 
(16 0 msec )  i n favo r  o f  th e optima l  orde r  o f  thes e tw o 
actio n types .  T h e poin t  b  tha t  th e optima l  orde r  b 
facilitativ e becaus e i t  exploit s th e functiona l  organizatio n 
of  th e knowledg e structure . 

T h e result s o f  th b experimen t  indicat e th e presenc e o f 
tw o functiona l  constraint s o n th e organizatio n o f 
knowledg e abou t  c o m m o n activities .  Knowledg e 
structure s (lik e th e script s examine d here )  ar e use d t o 
provid e contex t  t o bette r  understan d experience .  T h b 
implie s tha t  th e knowledg e structure s ca n b e quickl y 
accesse d whe n th e nee d fo r  the m become s apparent . 
W h en a n isolate d actio n b  encountere d i t  b  necessar y t o 
fin d a  contex t  int o whic h i t  Ats .  T h e organizatio n o f 
knowledg e structure s mus t  reflec t  th b necessity .  T h e 
dbtinctivenes s o f  a n actio n t o a  scrip t  ca n b e represente d 
as a  lin k t o th e superordinat e scrip t  concept .  I f  a 
dbtinctiv e actio n b  encountered ,  the n th b lin k ca n b e 
traverse d an d th e scrip t  concep t  retrieved .  I f  th e actio n 
b no t  dbtinctiv e the n eithe r  th e retrieva l  pat h b 
unavailabl e o r  to o m a n y availabl e script s ar e accesse d 
and th e contex t  b  ambiguous .  Dbtinctiv e action s the n 
provid e on e wa y t o fin d a n unambiguou s context .  O u r 
result s demonstrat e tha t  dbtinctivenes s b  a  relevan t 
structura l  characterbti c i n th e functiona l  organizatio n o f 
knowledg e structure s fo r  c o m m o n activities . 

A secon d functiona l  constrain t  i s  tha t  knowledg e 
structure s mus t  organiz e informatio n i n suc h a  wa y a s t o 
hav e th e necessar y component s availabl e fo r  utilizatio n 
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by th e comprehensio n processes .  I n othe r  words ,  havin g 
a contex t  mean s (amon g othe r  things )  bein g abl e t o 
generat e prediction s abou t  subsequen t  inpu t  i n orde r  t o 
lesse n th e processin g loa d whe n tha t  inpu t  L s encountered . 
Thi s constrain t  woul d b e satisfie d i f  a  Ib t  o f  al l 
informatio n tha t  coul d possibl y b e relevan t  t o th e contex t 
wer e activate d whe n th e contex t  wa s retrieved . 
Alternatively ,  sinc e som e o f  th e informatio n i n a 
contextualizin g knowledg e structur e i s likel y t o b e mor e 
relevant ,  i t  migh t  b e tha t  thi s mor e relevan t  informatio n 
i s mor e availabl e o r  mor e easil y accessed .  Suc h relevan t 
informatio n migh t  includ e th e mai n goal s o f  th e activit y 
and th e mos t  importan t  action s i n th e performanc e o f 
thos e goals .  I f  th e comprehensio n syste m ca n kee p onl y a 
limite d amoun t  o f  informatio n abou t  a  contex t  availabl e 
fo r  prediction ,  the n thi s informatio n i s probabl y th e bes t 
sor t  t o have .  Fo r  instance ,  i f  th e restauran t  contex t  b 
involve d i n a  narrativ e the n i t  i s  a  ver y goo d predictio n 
tha t  subsequen t  inpu t  wil l  includ e somethin g abou t  th e 
actio n o f  eating .  Ou r  result s indicat e tha t  thi s mor e 
centra l  informatio n doe s benefl t  fro m a  greate r 
availabilit y  onc e th e contex t  i s  accessed .  Her e agai n w e 
hav e demonstrate d a n importan t  aspec t  o f  th e functiona l 
organizatio n o f  knowledg e structures . 

I n conclusion ,  w e tak e th b researc h t o b e a  beginnin g 
i n th e specificatio n th e functiona l  organizatio n o f 
informatio n i n knowledg e structure s fo r  commo n 
activities .  Furthermore ,  w e thin k ou r  result s outlin e a 
theor y o f  gettin g an d usin g contex t  i n orde r  t o 
understan d experience . 
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Conceptua l  combinatio n i s th e proces s 
by whic h peopl e combin e existen t  simpl e 
concept s (e.g. ,  brow n an d apple )  int o 
nove l  combination s (e.g. ,  brown-apple) . 
As a  possibl e formalis m fo r  conceptua l 
combination ,  mos t  proponent s o f  prototyp e 
concept s endors e fuzzy-se t  theor y (e.g. , 
Zadeh,  1965) .  Osherso n an d Smit h (1981) , 
however ,  argu e tha t  th e amalgamatio n o f 
fuzzy-set-theor y an d prototyp e concept s i s 
fraugh t  wit h problems . 
Some fuzzy-set theory. A key notion 
i n fuzzy-se t  theor y i s tha t  o f  a 
characteristi c  function ,  whic h maps 
entitie s int o number s i n a  wa y tha t 
indicate s th e degre e t o whic h th e entit y 
i s a  member  o f  som e se t  o r  concept .  T o 
illustrate ,  conside r  th e characteristi c 
function ,  c  ,  whic h measure s degre e o f 

~F 
membershi p i n th e concep t  fis h (F) .  When 
applie d t o an y creatur e x ,  c  (x )  yield s a 

F 
number  betwee n 0  an d 1 ,  wher e th e 
large r  c  (x) ,  th e mor e x  belong s t o 

F 
F.  Thus ,  ou r  pe t  gupp y may no t  b e ver y 
typica l  o f  fish ,  s o i t  get s a 
characteristic-functio n valu e o f  .30 .  Ou r 
pet  do g wil l  ge t  a  ver y lo w value ,  sa y 
.05 .  I f  we no w conside r  pet s (P) ,  an d it s 
characteristi c  functio n c  ,  the n ou r  gupp y 

P 
and do g migh t  b e assigne d th e value s .7 0 
and .90 . 
The issue of conceptual combination 
has ofte n bee n reduce d t o a  questio n abou t 
characteristi c  functions :  namely ,  give n 
tha t  concept s P  an d F  ar e combine d t o for m 
th e comple x concep t  PSF ,  ho w d o w e specif y 
P&F' s characteristi c  functio n ( c (x )  )  o n 

PSF 
th e basi s o f  thos e o f  P  an d F  ( c (x ) 

~P 
and c  (x)) ? Th e answe r  fro m fuzz y se t 

F 
theor y i s tha t  c  (x )  i s  th e minimu m 

PSF 
of  c  (x )  an d c  (x )  . 

- p F 

Applyin g thi s mi n rul e t o ou r  pe t  guppy , 
g,  yield s 

c (g) =« min (c (g) , c (g) ) 
PSF P  F 

min (.70 ,  .80 ) .7 0 

Thi s say s tha t  ou r  gupp y i s les s typica l 
of  pe t  fis h tha n i t  i s  o f  fish .  An d 
therei n lie s th e problem .  Fo r  a s Osherso n 
and Smit h (1981 )  poin t  out ,  intuitio n 
suggest s tha t  a  gupp y wil l  b e mor e typica l 
of  th e conjunctio n pe t  fis h tha n o f  eithe r 

constituent ,  pe t  o r  fish .  Osherso n an d 
Smit h argu e tha t  thi s pet-fis h exampl e i s 
jus t  on e o f  a n indefinit e numbe r  o f 
counterexample s t o th e mi n rule . 

Rationale for the present work. 
Ther e ar e tw o problem s wit h th e Osherso n 
and Smit h (1981 )  counterexamples .  First , 
the y res t  onl y o n Osherson' s an d Smith' s 
intuitions ;  suc h claim s nee d t o b e teste d 
agains t  typicalit y rating s o f  naiv e 
subjects .  Second ,  ther e i s n o indicatio n 
of  th e generalit y o f  th e failur e o f  fuzzy -
set  theory ;  perhap s Osherso n an d Smith' s 
counterexample s ar e o f  a  fe w type s i n som e 
underlyin g taxonom y o f  conjunctions ,  wher e 
othe r  type s migh t  confor m t o th e theory . 
To dea l  wit h thes e problems ,  w e firs t 
presen t  a  taxonom y o f  adjective-nou n 
conjunctions ,  an d the n describ e som e 
relevan t  experimenta l  work . 
An initial taxonomy of adjective-noun 
conjunctions .  Al l  counterexample s o f  th e 
Osherson-Smit h variety ,  suc h a s pet-fis h 
and brown-apple ,  hav e th e followin g 
characteristics :  th e adjectiv e concep t 
(i.e. ,  th e propert y denote d b y th e 
adjective )  i s relevan t  t o th e nou n concep t 
(i.e. ,  th e objec t  denote d b y th e noun )  an d 
negativel y diagnosti c o f  it ;  e.g. ,  bein g 
brow n i s relevan t  t o whethe r  a n objec t  i s 
an apple ,  an d count s agains t  it .  Mor e 
precisely ,  a n adjectiv e i s negativel y 
diagnosti c o f  a  nou n t o th e exten t  tha t 
knowin g tha t  th e adjectiv e i s a  tru e 
descriptio n o f  som e objec t  increase s th e 
probabilit y  tha t  th e nou n i s a  fals e 
descriptio n o f  tha t  object ,  an d knowin g 
tha t  th e adjectiv e i s fals e o f  som e objec t 
increase s th e probeUjilit y  tha t  th e nou n i s 
tru e o f  tha t  object .  A n adjectiv e i s 
positivel y diagnosti c o f  a  nou n t o th e 
exten t  tha t  knowin g tha t  th e adjectiv e i s 
tru e (false )  o f  som e objec t  increase s th e 
probabilit y  tha t  th e nou n i s tru e (false ) 
of  tha t  object .  An d a n adjectiv e i s 
nondiagnosti c o f  a  nou n t o th e exten t  tha t 
knowin g tha t  th e adjectiv e i s tru e (false ) 
of  som e objec t  ha s n o bearin g o n whethe r 
th e nou n i s tru e o r  fals e o f  tha t  object . 
Thus ,  i n sliced-appl e th e adjectiv e i s 
largel y nondiagnostic ;  i n re d appl e th e 
adjectiv e i s positivel y diagnostic ;  an d i n 
brow n appl e th e adjectiv e i s negativel y 
diagnostic . 
In addition to the relation between 
th e constituents ,  w e als o considere d th e 
degre e t o whic h th e conjunctio n provide s a 
tru e descriptio n o f  a n objec t  tha t  i s  t o 
be categorized .  T o kee p thing s simple ,  w e 
conside r  onl y th e degre e t o whic h th e to -
be-categorize d objec t  manifest s th e 
propert y denote d b y th e adjectiv e i n th e 
conjunction ,  an d w e le t  th e objec t  tak e 
eithe r  a  hig h o r  lo w valu e o n thi s 
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proper ty .  Th i s g ive s a  tota l  o f  si x 
c a s e s ,  p resente d i n Tab l e 1 . 

Tabl e 1 
Initia l  Tunnoa y o f  Adjactiva-Nott n Conjunction s 

D«9r«« to Which Object M«jiifest> Property 

Relatio n 
of 
Mjectiv e 
Concept 
t o 
Noun 
Concept 

Nondiagnosti c 

Positivel y 
Oiaqnosti c 

negativel y 
Diagnosti c 

Hig h 

(1 ) 
unslics d appl e 

objec t  1 9 unslice d 

(3 ) 
red-appl e 

objec t  i s  re d 

(5 ) 
brown-appl e 

objec t  i s  brow n 

Low 
(21 

unslice d appl e 
abjec t  i s ilics d 

(4 ) 
red-appl e 

objec t  i s  brow n 

(61 
brown-appl e 

objec t  i s  re d 

Conside r  no w ho w peop l e migh t  judg e 
th e typ ica l i t y o f  va r iou s ob jec t s v i s a 
v i a th e d i f fe ren t  k ind s o f  con junc t ion s i n 
Tab l e 1 .  I n Cas e 1 ,  s inc e th e const i tuen t 
concept s ar e re lat ive l y independen t  o f  on e 
another ,  peopl e m igh t  separate l y judg e th e 
ex ten t  t o whic h a n ob jec t  i s  a n instanc e 
o f  th e ad jec t iv e concep t  an d o f  th e nou n 
concep t ,  an d the n combin e th e ou tcome s o f 
thes e tw o d is t inc t  judgement s int o a n 
overa l l  typ ica l i t y ra t ing .  S inc e thi s i s 
th e ke y ide a behin d fuzzy-se t  theory ,  som e 
va r ian t  o f  th e theor y m igh t  p rov e adequat e 
fo r  Cas e 1 .  I n con t ras t ,  Cas e S ,  wher e 
th e ad jec t i v e i s negat ive l y d iagnost i c o f 
th e noun ,  cap tu re s th e counterexample s 
use d b y Osherso n an d Smit h (1981 ) .  H e r e , 
in tu i t io n suggest s tha t  a n ob jec t  wit h a 
h ig h va lu e o n th e proper t y (e.g. ,  a n appl e 
tha t  i s  indee d brown )  wi l l  b e rate d mor e 
typ ica l  o f  th e con junc t io n (brown-apple ) 
tha n o f  ei the r  cons t i tuen t  (brow n o r 
a p p l e ) .  Th e ou tcome s fo r  th e remainin g 
Case s (2 ,  3 ,  4 ,  an d 6 )  m igh t  fal l 
somewher e inbetwee n thes e ex t remes . 
An experiment to test the taxonomy. 
For  eac h o f  4 8 p ic tu re d ob jec t s ,  on e grou p 
o f  2 0 subject s rate d th e ob ject ' s 
typ ica l i t y wi t h respec t  t o a n ad jec t iv e 
concep t  (e.g. ,  red ,  b rown ,  s l i c e d ) ,  a 
secon d grou p o f  2 0 subject s rate d it s 
typ ica l i t y v i s a  vi s a  nou n concep t  (e.g. , 
a p p l e ) ,  an d a  thir d grou p o f  2 0 rate d it s 
typ ica l i t y wi t h respec t  t o a n ad jec t i ve -
nou n con junc t io n (e.g. ,  re d app le ,  brow n 
app le .  s l ice d a p p l e ) .  Th e ad jec t ive-nou n 
con junc t ion s wer e suc h tha t  al l  si x case s 
o f  ou r  taxonom y wer e tested . 
In the Noun group, on each trial the 
exper imente r  spok e th e nam e o f  a  noun , 
the n a  p ic ture d ob jec t  appeare d an d 
sub jec t s rate d ho w goo d a n exampl e i t  wa s 
o f  th e nou n concept .  Eac h p ic tur e wa s 
presente d once .  I n th e Ad jec t iv e g roup , 
o n eac h tr ia l  th e exper imente r  spok e th e 
name o f  a n ad jec t i ve ,  the n a  p ic ture d 
ob jec t  appeare d an d sub ject s rate d ho w 
goo d a n exampl e th e p ic ture d propert y wa s 
o f  th e ad jec t iv e concep t .  Now ,  eac h 
p ic tu r e wa s presente d tw ice ,  onc e wit h a n 
ad jec t iv e denot in g a  proper t y tha t  th e 
p ic ture d ob jec t  ha d a  h ig h va lu e on ,  an d 
onc e wi t h a n ad jec t iv e denot in g a  propert y 
tha t  th e p ic tur e ha d a  lo w valu e on . ; 
e.g. ,  th e p ic tur e o f  a  re d appl e an d tha t 

o f  a  brow n appl e wer e presente d onc e wit h 
"red "  an d onc e wit h "brown. "  I n th e A d j -
Noun group ,  o n eac h tr ia l  th e exper imente r 
spok e th e name s o f  a n ad ject iv e an d noun , 
the n a  p ic tur e wa s presente d an d subject s 
rate d ho w goo d a n exampl e th e p ic ture d 
ob jec t  wa s o f  th e con junct iv e concept . 
Eac h p ic tur e wa s presente d twice ,  onc e 
wit h a  con junct io n whos e ad jec t iv e denote d 
a propert y th e p ic tur e ha d a  hig h va lu e 
on ,  an d onc e wit h a  con junct io n whos e 
ad jec t iv e denote d a  proper t y tha t  th e 
p ic tur e ha d a  lo w va lu e on ;  e.g. ,  th e 
p ic tur e o f  a  re d appl e wa s presente d onc e 
wit h "re d app le "  an d onc e wit h "brow n 
app le . "  Al l  subject s ha d te n second s t o 
make a  judgement ,  th e judgement s bein g 
made o n a  10-po in t  sca le ,  wher e highe r 
number s indicate d bette r  examples . 
The top half of Table 2 contains the 
dat a fo r  th e thre e case s o f  th e taxonom y 
wher e th e ob jec t  ha s a  hig h valu e o n th e 
proper t y denote d b y th e ad jec t ive .  Fo r 
Case 1 ,  w e expecte d th e min imu m rul e t o 
work .  Th e resul t s ar e o therw ise :  th e 
con junct ion ' s typical i t y c lear l y excee d 
th e min imu m o f  it s cons t i tuen ts .  A 
coiq>arabl e dev ia t io n fro m th e mi n rul e 
a ls o occurre d i n Cas e 3 .  Fo r  Cas e 5 , 
wher e w e expecte d th e larges t  v io lat ion s 
o f  th e mi n ru le ,  th e con junc t ions ' 
typical i t y exceed s th e min imu m va lu e o f 
th e const i tuent s b y v i r tua l l y hal f  th e 
sca le !  Fo r  al l  thre e cases ,  th e deviat io n 
fro m th e mi n rul e i s s ign i f ican t  b y a  s ig n 
test . 

tttbl e 2 
Typicalit y Rating s fo r  Ttirs e Groups , 

Separatel y fo r  Eac h Cas e 

a.  Objec t  Has Hig h valu a o n Propert y Adj-Hou n 
Cases 

I t  nondiagnosti c 

3:  Positivel y 
ISiagnosti c 

5:  Negativel y 
Diagnosti c 

Adjectiv e 
Ratin g 
8.7 1 

8.5 0 

6.9 3 

Noun 
Ratin g 
7.2 5 

7.8 1 

3.5 4 

Ad j-Nou n 
Ratin g 
8.6 5 

8.8 7 

8.5 2 

Minus 
HlniM B 
1.4 0 

1.0 6 

4.9 8 

b.  Objec t  Has Ia w valu s o n Propert y 

2:  Nondiagnosti c 

«i  Positivel y 
Diagnosti c 

6t  Negativel y 
Diagnosti c 

.45 

.02 

.81 

7.2 5 

3.5 4 

7.8 1 

.52 

.10 

.39 

.07 

.08 

-.4 2 

As fo r  a l t e r n a t i v e s ru le s w i th i n 
f u z z y - s e t  theo ry ,  non e see m t o d o a  bet te r 
job .  G o u g i n ' s (1969 )  m u l t i p l i c a t i v e rul e 
sugges t s tha t  th e c o n j u n c t i o n ' s typ ica l i t y 
rat in g shou l d b e les s tha n th e m in imu m 
va lu e o f  th e c o n s t i t u e n t s ,  wh i c h i s eve n 
wronge r  tha n th e mi n ru le .  Anothe r 
a l t e r n a t i v e i s tha t  th e con junc t i on ' s 
t yp ica l i t y v a l u e b e th e ave rag e o f  it s 
c o n s t i t u e n t s ,  bu t  th i s to o i s v io la te d b y 
th e da t a (se e Tab l e 2 ) .  Th e bes t - f i t t i n g 
pos t  ho c rul e i s tha t  th e con junc t i on ' s 
t yp ica l i t y i s  th e max imu m o f  it s 
c o n s t i t u e n t s .  Th e ma x ru l e work s we l l  fo r 
C a s e s 1  an d 3  bu t  fa i l s  fo r  Cas e 5 ;  an d i t 
i s no t  rea l l y a  se r iou s poss ib i l i t y  i n 
f uzzy -se t  theor y fo r  i f  con junc t i v e 
concep t s ar e rep resen te d b y a  max imu m the n 
ther e i s n o o b v i o u s wa y t o rep resen t 
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disjunctiv e concepts . 

The bottom half of Table 2 contains 
th e result s fo r  case s wher e th e picture d 
objec t  ha d a  lo w valu e o n th e propert y 
denote d b y th e adjective .  Fo r  al l  thre e 
case s th e mi n rul e work s well ,  bu t  onl y 
becaus e subject s i n th e Adjectiv e an d Adj -
Noun group s judge d th e picture d object s t o 
be nonmember s o f  th e relevan t  concepts . 
Thus ,  whe n presente d a  pictur e o f  a  brow n 
appl e an d aske d t o judg e it s typicalit y o f 
re d o r  o f  red-apple ,  mos t  subject s gav e i t 
0 ratings .  Thi s floor-effect ,  whic h 
prevent s u s fro m takin g th e dat a i n th e 
botto m o f  Tabl e 2  a s a  sensitiv e tes t  o f 
th e mi n rule ,  reflect s a  poo r  choic e o f 
how t o experimentall y implemen t  th e exten t 
t o whic h a n objec t  instantiate s th e 
propert y denote d b y th e adjective .  Thus , 
fo r  th e concep t  red ,  ha d w e use d picture s 
of  re d apple s an d reddish-brow n apples ,  w e 
migh t  no t  hav e obtaine d s o many 0  rating s 
fo r  th e concept s re d an d red-apple .  Thi s 
chang e ha s bee n made i n ou r  subsequen t 
experiments . 
In conclusion, for cases where an 
objec t  "fits "  a  concep t  well ,  fuzz y se t 
theor y fail s  t o provid e a n adequat e 
accoun t  o f  conceptua l  combination . Reference s 

Osherson, D.N., & Smith, E.E. On the 
adequac y o f  prototyp e theor y a s a 
theor y o f  concepts .  Cognition .  1981 , 
9,  35-58 . 

Zadeh, L.A. Fuzzy sets. Information and 
Control .  1965 ,  8 ,  338-353 . 
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Natura l  Languag e Prooaasln g 
Ualn g Spreadin g Activatio n 

and Latera l  Inhibitio n 

Jordan Pollack & David Waltz 
Coordinate d Scienc e Laborator y 

Oniverslt y o f  Illlnol a 

Abstrac t 

The knowledg e neede d t o proces s natura l 
languag e come s nro m oan y sources .  Whil e th e 
knowledg e Itsel f  may b e broke n u p modularly ,  Int o 
knowledg e o f  syntax ,  semantics ,  etc. ,  th e actua l 
processin g shoul d b e completel y Integrated .  Thi s 
for m o f  processin g l a no t  easil y amenabl e t o th e 
typ e o f  processin g don e b y seria l  *vo n Neumann " 
computers .  Thi s wor k I n progres s i s a n 
Investigatio n o f  th e us e o f  a  spreadin g activatio n 
and latera l  Inhibitio n networ k a s a  nechanla m fo r 
Integrate d natura l  languag e processing . 

Thi s wor k wa s supporte d i n par t  b y th e Offic e o f 
Naval  Researc h unde r  contrac t  N00014-75-C-0612 . 

INTRODUCTION 

It has long been thought that the modular 
decomposlbllit y  o f  i''"T'"'g « ifnowiady n int o syntax , 
semantic s an d pragmatic s implie d tha t  langimg a 
pm '̂a!l.1 ^  n g coul d b e similarl y decomposed ;  tha t 
natura l  languag e coul d b e processe d b y firs t 
parsin g th e syntax ,  the n fleshin g ou t  th e meanin g 
of  a  syntacti c derivatio n tree ,  an d finall y (i f  w e 
coul d eve r  ge t  t o thi s point! )  attemptin g t o 
Interpre t  th e speaker' s Intentions .  Nowadays ,  i t 
has becom e apparen t  tha t  thi s processin g i s 
Integrate d I n human s [Marslen-Hllson ,  1980] ,  an d 
tha t  I t  should ,  thus ,  als o b e i n compute r  model s 
[Schan k k  Blmbaum .  1980 ;  DeJong ,  1980] .  However , 
th e natura l  inolinatlo n o f  vo n Neuman n computer s t o 
ru n one-ste p a t  a  tim e present s a  sever e roadbloc k 
t o th e kin d o f  Integratio n neede d fo r  NLP . 
What Is needed la an integration mechanism 
sensitiv e t o interpretatio n pressure s fro m severa l 
directions .  A  promisin g approac h woul d see m t o b e 
th e us e o f  a  quantitativ e spreadin g activatio n / 
latera l  Inhibitio n network .  Thi s kin d o f  network , 
simila r  i n conceptio n t o relaxatio n technique s fo r 
low-leve l  vision ,  an d t o neura l  networ k models , 
work s throug h th e Iterativ e adjustmen t  o f  real -
value d nod e weights . 
PREVIOUS AND RELATED WORE 

The term "spreading activation" Is almost as 
overworke d a s th e ter m "frame, "  bu t  mos t  system s 
whic h sprea d activatio n d o I t  i n on e o f  tw o ways : 
As mrltft r  oaaal M Interaectlo n s»nroY ,  [Quillian , 
1968 ;  ColUn s &  Quillian ,  19T2 ;  Fahlman ,  1980] ,  i n 
whic h a  paralle l  intersectio n searc h I s simulate d 
by binar y markin g o f  adjacen t  node s i n a  breadth -
firs t  manner ,  o r  a s quantitativ e welifh t  halannln^ r 
[Ortony ,  197U ;  McClellan d &  Rumelhart ,  1981] ,  i n 
whic h activatio n energie s assigne d t o al l  node s ar e 
Iterativel y adjusted ,  base d o n loca l  activatio n 
energie s an d strengt h o f  connections .  On e o f  th e 
well-know n danger s o f  spreadin g activatio n I s it s 
potentia l  fo r  overkill ;  a n intersectio n search , 
unde r  certai n circumstances ,  may generat e to o man y 
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useles s Interseetiona ,  an d quantitativ e adjustmen t 
may resul t  i n "hea t  death, "  wher e ever y nod e 
becomes activated .  ( A solutio n fo r  thi s latte r 
for m o f  activatio n involve s th e us e o f  decay , 
dampenin g factors ,  o r  th e sprea d o f  negativ e energ y 
-  latera l  inhibition. )  Nonetheless ,  bot h form s o f 
spreadin g activatio n displa y Interestin g behavior . 

For  example ,  th e previousl y mentione d wor k b y 
Collin s an d Quillia n showe d ho w spreadin g 
activatio n coul d accoun t  fo r  aspect s o f  huma n 
memory priming ,  whil e Fahlman' s wor k demonstrate d 
tha t  man y form s o f  proble m solvin g coul d b e 
simplifie d whe n a n Intersectio n searc h wa s 
computationall y "free. "  Ortony ,  o n th e othe r  hand , 
buil t  a  syste m fo r  schem a selectio n usin g dampe d 
activation ,  an d McClellan d an d Rumelhar t  effecte d a 
clos e simulatio n o f  experimenta l  result s o n huma n 
lette r  an d wor d perceptio n i n context . 

Othe r  wor k I n paralle l  approache s t o natura l 
languag e processin g ha s bee n don e b y Smal l  [1981 ] 
and Hlege r  [1977 ]  i n whic h th e traditiona l  practic e 
of  breakin g dow n knowledg e Int o synta x an d 
semantic s wa s turne d o n it s head ,  an d knowledg e o f 
al l  kind s wa s distribute d t o individua l  "wor d 
experts" ;  b y Hendle r  4  PhllUp s [1981 ]  wh o ar e 
workin g o n a n ACTOR-base d [Hewitt,1976 ]  NL P systea ; 
and b y Gigle y [1982 ]  i n whic h a 
neurollngulstically-inspire d NL P syste a capabl e o f 
simulatin g aphasl c behavio r  wa s built . 
NATURAL LANGUAGE PROCESSING USIN G A N 
ACTIVATION/INHIBITIO N NETWORK 
The authors of this paper are presently 
buUdin g a  NL P syste m I n whic h th e knowledg e 
source s ar e modular ,  bu t  th e processin g i s full y 
Integrated .  Th e integratio n mechanis m i s a n 
activation/inhibitio n networ k simila r  i n natur e t o 
th e on e use d b y McClellan d an d Rumelhar t  an d 
describe d below. 
An activation/inhibition network la a weighted 
directe d graph ,  wher e nod e weight s represen t 
activatio n levels ,  an d lin k weight s represen t 
strengt h o f  activatio n i f  positive ,  o r  strengt h o f 
inhibitio n i f  negative .  Th e proces s o f  spreadin g 
activatio n /  latera l  Inhibitio n Involve s Iterativ e 
recomputatio n o f  activatio n levels .  A t  eac h cycle , 
.ever y nod e receive s a  contributio n fro m eac h o f  It s 
neighborin g node s equivalen t  t o th e neighbor' s 
activatio n leve l  multiplie d b y th e weigh t  o f  th e 
Intervenin g link .  Thi s contributio n (scale d t o 
rang e betwee n - 1 an d 1 )  cause s a  proportiona l 
chang e i n th e activatio n leve l  o f  th e node ;  a 
contributio n o f  1  zap s th e nod e u p t o It s 
(predefined )  naxlDu m activatio n leve l  whil e a 
contributio n o f  - 1 sap s th e nod e o f  al l  it s 
strength .  Eventually ,  a  stati c conditio n i s reache d 
wher e som e node s reac h thei r  maximu m o r  oinlmu m 
strength ,  whil e th e res t  o f  the m receiv e 
contribution s o f  0 .  (Fo r  a  complet e mathematica l 
formulatio n se e Pollac k [1982b]. ) 

NETWORK CONSTRUCTION 

An activation/inhibition network such as this 



can sBOOthl y oode l  th e flo w o f  quantitativ e 
constraint s u p an d dow n a  nultlleve l  syaten .  Fo r 
natura l  languag e processing ,  tb e mai n proble m 
becomes ho w t o buil d suc h a  Bultileve l  network .  We 
fee l  tha t  a  prope r  networ k ca n b e buil t  throug h th e 
Judiciou s instantiatio n o f  networ k fragaent a whic h 
ar e represente d i n standar d knowledg e 
representatio n structures ,  suc h a s fraae a [Hinsky , 
1975] . 
The fraaes in our systea contain the knowledge 
of  syntax ,  o f  senanti c features ,  an d o f  cas e roles , 
organize d t o efficientl y generat e piece s o f  networ k 
on denand .  Thes e fi-ane s ar e richl y Interconnecte d 
wit h activatio n an d Inhibitio n links ,  an d 
constitut e th e genera l  knowledg e bas e o f  tb e 
aystea .  When sentence s ar e input ,  a  teaporar y 
networ k i s constructe d ou t  o f  fragment s store d 
withi n lexicall y accesse d frames .  Thes e fragment s 
ar e organize d int o a  networ k b y th e sam e sor t  o f 
breadth-fira t  operatio n use d i n a  char t  parse r 
[Kay ,  1973] .  Th e resultin g networ k ha s activatio n 
link s betwee n phras e marker s an d thei r 
constituents ,  an d inhibitio n link s betwee n pair s o f 
phrase s tha t  hav e comno n constituents .  (S o far ,  w e 
hav e don e th e networ k buildin g b y hand. ) 

action s ar e a s I n mor e detail ,  th e require d 
follows : 
First, there is breadtb-flrat iMtantlatlQB of 
node s representin g phras e markers ,  cas e roles ,  an d 
expectation s fo r  othe r  nodes .  Thes e expectation s 
ar e triggere d whe n lexica l  Itea a o r  grammatica l 
constituent s ar e encountered ,  an d consis t  o f  siapl e 
featur e pattern s t o matc h an d connectio n procedure s 
t o b e carrie d ou t  i f  th e matc h occurs .  Secondly , 
ther e i s nattam-baiia d nonnaetlo n whereb y i f  a 
newl y instantiate d nod e matche s a  pattetm ,  specifi c 
linkage s ar e made .  A s a n exaapl e o f  thes e thes e tw o 
processes ,  i f  a  nod e o f  typ e N P i s instantiated ,  i t 
wil l  the n caus e th e instantiatio n o f  a n expectatio n 
tha t  a  V F wil l  occur ;  i f  a  T P i s found ,  a n S  i s 
generate d an d connecte d t o bot h th e N P an d TP .  O f 
course ,  i f  mor e tha n on e candidat e fo r  a  patter n 
shows up ,  th e tw o candidate s ar e connecte d wit h a n 
inhibitio n link ,  s o on e wil l  eventuall y b e 
eUfflinatad . 

The aetlvatlo n and .  1nhih<t.in n processe s 
reinforc e .  node s tha t  ar e supporte d b y aotivatlo n 
link s an d inhibi t  thos e whic h ar e not ,  so ,  fo r 
example ,  expectation s tha t  ar e no t  quickl y 
fulfille d wil l  die .  Furtheraore ,  activatio n an d 
inhibitio n ar e als o happenin g i n th e backgroun d 
fram e syste a b y a  purel y wor d associativ e scheme , 
whic h help s prim e goo d wor d sense s (an d aid s i n 
schema selection) .  Finally ,  node s whic h becom e 
inhibite d belo w a  certai n poin t  ar e yarha^ n 
poiiaota d thu s keepin g th e activ e networ k a s smal l 
as possible . 
EXAMPLE OF OPERATION 
Some preliminary results are presented here 
whic h demonstrat e th e feasibilit y  o f  th e 
activation/inhibitio n approac h t o NLF .  A s 
mentione d above ,  sinc e th e syste a i s I n it s earl y 
stages ,  th e network s presente d wer e buil t  b y hand . 
We demonstrat e bo w th e syste m react s t o syntacti c 
ambiguity ,  ho w a  lexica l  preferenc e ca n affec t  it s 
behavior ,  an d finall y ho w semanti c constraint s ca n 
be integrated . 
Consider, then, the following sentence, which, 
i n th e absenc e o f  an y semanti c knowledge ,  i s 
syntacticall y ambiguou s du e t o th e lexica l 
ambiguit y o f  "up" : 
John ate up tbe street. 
The hand-built network for this sentence is shown 

I n figur e 1  wit h arrow s denotin g activatio n links , 
and circle s denotin g inhibitio n link s (followin g 
McClellan d &  Ruaelhart) .  Not e tha t  eac h nod e i n 
thi s networ k i s suffixe d b y tw o number s whic h 
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One woul d expec t  a  robus t  NL P syste m t o b e 
confuse d b y ambiguit y bu t  the n t o gracefu l l y 
resolv e i t .  Th i s i s  Indee d wha t  happens .  F igur e 2 
conta in s a  grap h o f  th e act ivat io n level s ove r  t im e 
fo r  a l l  th e node s i n th e network .  Eac h nod e i s 
depicte d b y a  singl e le t ter ,  an d eac h act iva t io n 
cycl e b y a  hor izonta l  ro w i n th e graph .  Whe n a 
lette r  trace s a  pat h t o th e le f t .  I t  i s  bein g 
inhibite d an d whe n I t  move s t o th e r ight ,  i t  l a 
bein g act ivated . 

The mos t  interest in g nod e pa i r s t o watc h ar e B 
an d C ,  th e mutual l y inhibi tor y sen tences ,  an d G  an d 
F,  th e mutual l y inhibi tor y ver b phrases : 
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Bs(Jotan }  (at e (u p th e street) ) 
C3(John )  (at e up )  (th e street ) 
Gs(at e (u p th e st reet) ) 
Fa(at e up ) 

The syste m I s confuse d a t  f i rst :  B  i s mor e 
heavi l y weighte d tha n C ,  s o th e sentenc e wit h th e 
preposi t io n i s selected ,  whi l e F  i s mor e strongl y 
act ivate d tha n Q .  s o th e verb-part ic l e phras e i s 
selected .  Thi s select io n i s ,  obv iously , 
innonaiMtant .  Bu t  then ,  afte r  abou t  3 0 cyc les ,  th e 
syste m "dec ides "  ("Loo k M a ,  n o homunculusI" )  o n a 
consisten t  readin g o f  "up "  a s a  preposi t ion ,  an d 
weight s G  mor e heavi l y tha n F . 

I n th e absenc e o f  semanti c preference s (e.g .  a 
preferenc e fo r  interpret in g "street "  a a a 
l o c a t i o n ) ,  syntact i c preference s ca n pla y a  ro le . 
Cer ta i n word s ia .  hav e lexica l  tendencies ,  a s ,  fo r 
Ins tance ,  th e wor d "does " ,  whic h i s mos t  ofte n a 
verb ,  bu t  whic h i s a ls o a  plura l  noun ,  meanin g 
severa l  femal e deer . 

F igur e 3  demonstrate s th e sensi t iv i t y o f  a n 
act ivat ion/ inh ib i t io n networ k t o syntact i c 
preferences .  Th e lin k strengt h fl-o m "up "  t o 
"par t ic le "  ha s bee n increased ,  correspondin g t o a 
lexica l  preference .  Not ic e tha t  th e phrase s relate d 
t o interpret in g "up "  a s a  preposi t io n (B ,  G ,  J ,  an d 
P)  becom e inhibite d muc h mor e quickl y thi s t ime . 

However ,  whe n human s proces s thi s sentence , 
the y a ls o tak e Int o accoun t  th e knowledg e tha t 
"s t reet "  i s  a  goo d candidat e fo r  a  locat ion ,  bu t  a 
ba d candidat e fo r  th e objec t  o f  eat ing .  Th e nex t 
exampl e demonstrate s th e sensit iv i t y o f  ou r  NL P 
approac h t o thi s semanti c knowledge .  Fou r  node s 
hav e bee n adde d an d connecte d int o th e network .  Th e 
ver b phras e "a te "  i s U n k e d t o "ate- loo "  an d "a te -
o b j , "  an d th e ver b phras e "at e up "  i s U n k e d t o 
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"ate-up- loc "  an d "a te -up-ob j . "  Thes e node s 
represen t  "cases "  [F i l lmore ,  1968 ]  o f  thei r 
respect iv e node s an d ar e a  subse t  o f  thos e tha t 
woul d b e instantiate d b y ou r  system .  Th e pattern -
matchin g connectio n componen t  woul d connec t  th e 
preposit iona l  phras e "u p th e st reet "  t o "ate- loc " 
base d o n it s spa n an d o n inherite d feature s fro m 
•up "  an d "st reet" . 

The modif ie d networ k i s show n i n figur e 4 ,  an d 
f igur e 5  graph s th e respons e o f  th e 
act ivat ion/ inhib i t io n networ k t o thi s ne w 
informat ion .  A s on e ca n see ,  afte r  1 5 cyc les ,  a l l 
node s relate d t o i n t e r p r e U n g "up "  a s a  part icl e 
ar e bein g rapidl y inhibi ted .  (T ,  S ,  C .  F ,  an d I ) . PROSPECTS 

The result s g ive n abov e ar e interestin g i n 
tha t  the y demonstrat e th e sensit ivi t y o f 
act ivat ion/ Inhibi t io n network s t o s U g b t 
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difference s I n luiowle<lge .  Currentl y w e ar e workin g 
t o complet e th e autoaatl c instantiatio n an d 
connectio n coaponent s o f  th e systea . 
The use of a parallel and decentralized 
decisio n proces s ca n b e brougb t  t o bea r  o n many 
othe r  Interestin g problem s I n NL F a s well .  Fo r 
instance ,  ther e ar e Indication s tha t  th e timin g an d 
volum e o f  spoke n languag e bot h pla y usefu l  role s i n 
disambiguatio n [Wale s an d Toner ,  1979] •  A  syste m 
base d o n activatio n an d inhibitio n coul d b e 
designe d fo r  sensitivit y t o thes e clues ,  sinc e tim e 
is ,  afte r  all ,  a  crucia l  elemen t  i n th e 
activation/inhibitio n process . 

Furthermore ,  th e processin g o f  garde n pat h 
sentences ,  whic h ar e a n interestin g bu t  no t  well -
understoo d phencoeno n i n natura l  language ,  coul d 
quit e possibl y b e handle d b y a n 
activation/inhibitio n network .  Marcu s [1979 ]  buil t 
a parse r  whic h attempte d t o accoun t  fo r  garden-pat h 
sentence s a s a  resul t  o f  memor y limitations . 
Unfortunately ,  ther e ar e garde n pat h sentence s hi s 
parse r  coul d (thoug h shouldn't )  heindl e [Milne , 
1980] ,  suc h as : 
The prime number few. 
Within the framework of activation/inhibition 
networks ,  garde n pat h sentence s woul d b e accounte d 
fo r  b y irreversibl e inhibitio n o f  expectations . 

Als o w e hav e recentl y begu n t o conside r  way s 
of  integratin g a  nove l  for m o f  knowledg e 
representation ,  'even t  shap e diagrams '  [Walt z 
1982] ,  t o mode l  certai n kind s o f  metapho r 
understandin g an d adverbia l  modification .  A s a n 
example ,  thes e method s shoul d allo w u s t o interpre t 
sentence s suc h as : 
Robbie's metal legs ate up the space between 
himsel f  an d Susie . 
as meaning a kind of PTSANS [Schank 1975]. 

Finally ,  a  practica l  syate a base d o n 
activation/inhibitio n network s coul d b e th e 
startin g poin t  fo r  ne w computin g architectures .  I n 
thi s vein ,  [Pollack,1982 ]  ha s designe d a  VLS I  cel l 
fo r  paralle l  simulatio n o f  activation/inhibitio n 
networks ,  thu s showin g tha t  a  programmabl e se t  o f 
logica l  connection s (i.e .  links )  ca n b e ru n o n a 
machin e wit h fixe d an d regula r  physica l  connection s 
(i.e .  wires) . 
CONCLUSION 

The processin g o f  natura l  languag e require s 
th e sensitiv e Integratio n o f  multipl e source s o f 
knowledge .  A  mechanis m ver y likel y t o achiev e thi s 
integratio n i s a n activation/inhibitio n network . 
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0. 0 ABSTRACT 

This work addresses the pragmatic and semantic 
distinction s betwee n natura l  an d artificia l 
language s b y th e developmen t  o f  a  context-fre e 
generativ e gramma r  t o describ e motion s i n =ode m 
dance .  Th e danc e i s a  particularl y goo d vehicl e a s 
i t  convey s meaning ,  bu t  i s undescribe d b y a 
generativ e grammar .  Whethe r  o r  no t  a  grac=ia r 
describin g danc e motio n ca n b e considere d t o b e fo r 
a natura l  o r  artificia l  languag e i s unclear . 
1.0 INTRODUCTION 

There are two different kinds of languages: 
natura l  an d artificial .  Artificia l  language s hav e 
bee n develope d t o dea l  wit h forma l  system s o f  man -
create d knowledge .  Natura l  language s enable 
naturall y arisin g entitie s t o dea l  wit h thei r 
environment .  Generally ,  artificia l  language s dea l 
onl y wit h trut h o r  knowledg e tha t  i s specifi c  t o 
thei r  artificia l  environment . 

Both the written and spoken forms of human 
speec h ar e universall y considere d t o b e languages . 
Animal s a s wel l  a s human s appea r  t o communicat e 
wit h eac h othe r  throug h bod y motions .  Whethe r  o r 
not  bod y motio o shoul d b e considere d a  languag e i s 
open t o deoate .  Some worker s believ e tha t  th e ter m 
"language "  shoul d b e narrowl y define d t o Includ e 
onl y signalin g system s whic h ar e capabl e o f 
manipulatin g abstractions .  Others ,  woul d conside r 
any orlgize d syste m o f  signalin g t o b e a  language . 

It is agreed that whatever a language Is, its 
constructio n an d Interpretatio n i s constraine d b y 
a specificatio n mechanism .  I n langiiages ,  th e con -
structio n specificatio n i s calle d a  grannar . 

Precisely how humans come to know the grammar 
of  a  languag e i s unknown .  On e grou p o f  worker s 
hold s tha t  i t  i s  learned .  Th e othe r  group , 
believe s tha t  th e capabilit y  I s innate .  Irregard -
les s o f  ho w me n com e t o icno w th e structure s o f 
spoke n language ,  the y certainl y ar e capabl e o f 
learnin g th e grammar s o f  artificia l  languages , 
fo r  example ,  automata . 

Both artificial and natural language can 
carr y meaning ;  i.e. ,  hav e semanticity .  However , 
th e semanti c informatio n represente d b y artificia l 
language s appear s t o b e o f  a  differen t  typ e tha n 
tha t  o f  th e informatio n carrie d b y a  natura l  lang -
uage . 

In order to develop an understanding of the 
pragmati c an d semanti c difference s betwee n natura l 
and artificia l  languages ,  a  generativ e gramme r  i s 
bein g develope d t o represen t  danc e generation . 
The develope d gramma r  i s artificial ,  tha t  describ -
ed appear s t o communicat e naturally .  Whethe r  o r 
not  th e danc e i s a  languag e i s ope n t o questio n a s 
th e token s o f  th e danc e ar e neve r  abstractions . 

The problem is to understand the nature of 
language :  o f  ho w human s perceive ,  understan d an d 
represen t  thei r  worl d i n thei r  semioti c system . 
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I t  i s  o f  furthe r  Interes t  t o develo p a n under -
standin g o f  th e relationshi p betwee n th e natura l 
languag e syste m an d th e artificia l  languag e 
system s als o develope d b y humans .  Thes e system s 
ar e intentionall y create d i n orde r  t o represen t 
systematicall y i n system s o f  sign s othe r  percep -
tion s I n th e symboli c manne r  o r  representation . 
System s o f  sign s ca n b e represente d a s system s o f 
significatio n wher e perception s exis t  withi n th e 
plan e o f  conten t  an d ar e represente d b y th e 
symboli c plan e o f  expression .  Artificia l  languag e 
system s suc h a s mathematic s an d logic ,  ar e 
usuall y referre d t o a s symbo l  systems ,  howeve r 
the y to o ar e languag e system s an d functio n a s 
semioti c systems ,  a s the y ar e forma l  system s o f 
signification . 

In order to extend the analysis of informa-
tio n distinction s betwee n th e semantic s o f  natura l 
and artificia l  system s hav e t o b e clarifie d a s d o 
th e distinction s betwee n informatio n an d prag -
matics . 

2.0 BACKGROUND 
Language, communication and information are 
thre e tightl y interwove n concepts .  Th e proble m 
of  inforoatlo n representatio n an d communicatio n 
I s th e focu s o f  thi s work . 

2.1 Language 

Language is a process or symbollzatlon that 
enable s significatio n o f  som e thin g b y represent -
in g I t  b y somethin g else .  Th e "thing "  represente d 
has a n existentia l  space-tim e reality ;  th e 
representatio n i s a n abstractio n o f  th e reality . 
Meanin g i s derive d fro m th e relationshi p betwee n 
th e physica l  an d th e symboli c 

2.1.1 Meaning 

Language provides the capability to function-
all y relat e symbolize d meanings .  However ,  lang -
uage i s mor e tha n individua l  relationship s amon g 
th e meanings .  Words ,  whic h ar e symbols ,  recur -
sivel y become  thing s themselve s a s the y ar e 
utilized .  A s thing s themselves ,  the y ca n b e use d 
symbolicall y t o expres s o r  represen t  concept s a s 
th e nex t  orde r  o r  abstraction .  Signs ,  syabols , 
words ,  tokens ,  pictograph s ar e th e tangibl e prod -
uct s o f  th e interrelationshi p betwee n th e though t 
and th e referent .  Thi s interfac e provide s a n 
operationa l  definitio n fo r  th e natur e o f  th e con -
cep t  o f  meaning ,  th e propert y c f  languag e define d 
as "semanticity. "  Tha t  is ,  "th e propert y o f  bein g 
abl e t o conve y meaning "  [LYO N 79] . 
2.1.2 Semiology: An .Analytic Tool 
De Saussure defined language as the Semiotic 
system ;  i.e. ,  th e scienc e o f  signs .  Th e sig n i s a 
subsystem ,  o r  a  componen t  o f  Ch e syste m o f  lang -
uage .  Th e principl e o f  "signification "  indicate s 
th e relationshi p betwee n th e thin g signifie d (th e 
signified )  an d th e thing s signifyin g i t  (th e 



slgnlfier) .  Sigr.lfier s exis c withi n th e "plan e 
of  expression "  an d signified s exis t  wit h th e 
"plan e o f  content. "  Thi s relationshi p expresse d 
by th e sig n as : 

sign » (signifler, signified) 

which is a specific relation between the plane of 
physica l  realit y c r  "content "  an d symboli c realit y 
or  "expression. "  Mor e generally ,  th e sig n i s 
define d as : 

sign = (plane of expression, plane of content) 

A language is considered to be comprised of a set 
or  syste m o f  signs . 

Semiology aims to take in any system of 
signs ,  whateve r  thei r  substance ,  an d limits ; 
images ,  gestures ,  nusica l  sounds ,  objects ,  an d th e 
comple x association s o f  al l  these...constitute , 
i f  no t  languages ,  a t  leas t  system s o f  significa -
tion "  [Bar t  9 ] .  Seminolog y wil l  b e use d a s too l 
i n th e analysi s conducte d b y thei r  work . 

2.2 Natural and .^tificial Language 

Whether or not artifically constructed 
languages ,  o r  languag e schecas ,  ca n b e considere d 
as languag e "proper "  i s no t  centra l  t o thi s work . 

Semiology, although initially concerned with 
natura l  signallin g o r  communicatio n system s se t 
th e stag e fo r  th e analysi s o f  an y syste m o f  signs , 
whethe r  the y b e natura l  language s o r  artificia l 
languag e systems . 

In discussing languages, Carnap states 

"s o lon g a s w e ar e concerne d wit h 
buildin g thi s language ,  an d no t 
wit h it s applicatio n an d inter -
pretatio n respectin g a  give n theory , 
th e sign s o f  ou r  languag e remai n 
uninterpreted .  Strictl y speaking , 
what  w e construc t  i s  no t  a  languag e 
but  a  schem a o r  skeleto n o f  a  lang -
uage :  ou t  o f  thi s schem a w e ca n 
produc e a t  nee d a  prope r  languag e 
(conceive d a s a n instrumen t  o f 
communication )  b y interpretatio n 
of  certai n signs. "  [CARN] . 

Cherry discusses the difference between the 
natura l  an d artificia l  kind s o f  languages . 

By 'language' we shall mean those organ-
icall y develope d systems ,  whethe r  spoke n 
or  scribed ,  b y whic h human s transmi t 
messages ;  bu t  th e wor k 'cipher, '  o r 
'code, '  wil l  b e use d t o mea n an y invented , 
self-consisten t  system ,  whereb y on e se t 
of  symbol s may b e transforme d int o anothe r 
fo r  certai n specia l  state d purposes " 
[CHER 93 ,  94] . 

This difference between "language" and "code" can 
be understoo d no t  a s a .  differenc e i n structure , 
but  a s a  differenc e i n development .  Th e concep t 
of  languag e generall y implie s a n organi c o r 
natura l  development ,  an d consequentl y referre d t o 
as "natural "  language .  Th e concep t  o f  cod e 
Implie s a n intentiona l  development ,  an d conse -
quentl y i f  referre d t o a s "artificial "  languag e 
systems . 

2.3 Analyzing Language 

The languag e bein g observe d i s usuall y calle d 
th e object-language .  Th e languag e use d t o discus s 
th e object-languag e i s calle d th e metalanguage . 
The semioti c o f  th e objec t  languag e i s torrulate d 
i n th e metalanguag e system .  Carna ? identifie d th e 
semioti c analysi s o f  th e objec t  languag e int o th e 
thre e component s o f  syntax ,  semantics ,  an d prag -
matics . 
The terms syntax, semantics, and pragiatics 
ar e somewha t  ambiguousl y applied .  ?ar t  o f  th e 
ambiguit y o f  thes e term s i s a  functio n o f  whethe r 
th e analysi s o f  th e objec t  languag e i s eithe r  th e 
natura l  o r  artificia l  for m o f  language . 

According to Carnap, syntax "attends strictly 
t o th e expression s an d thei r  forms. "  However , 
"synta x may includ e rule s whic h determin e certai n 
logica l  relation s betwee n sentences ,  e.g. ,  th e 
relatio n o f  derlvability "  [CAR N 79] .  Th e inclu -
sio n o f  th e propert y o f  derlvabilit y  i n th e 
syntacti c componen t  blur s th e boundar y betwee n 
synta x an d semantics . 

2.4 Differing Semantics: Descriptive and Logical 

Both natural and artificial languages contain 
th e component s o f  syntax ,  semantic s an d pragma -
tics .  I n th e artificia l  languag e system ,  seman -
tic s refer s onl y t o th e expression s an d thei r 
designation s withou t  referenc e t o an y particula r 
externa l  system .  I n th e natura l  languag e system , 
semantic s include s th e analysi s o f  meanin g b y 
pointin g t o referent s i n th e extentiona l  world . 
I n essence ,  ther e ar e tw o kind s o f  semantics , 
whic h ca n b e understoo d a s dependin g o n eithe r 
context-sensitiv e o r  context-fre e grammar .  I n 
artificiall y  o r  "logically "  constructe d languag e 
systems ,  th e gramma r  i s context-free .  I n natura l 
language ,  th e gramme r  i s context-sensitive .  Thi s 
latte r  for m o f  semantic s coul d b e referre d t o a s 
descriptiv e semantics ,  followin g th e terminolog -
ica l  distinctio n tha t  "descriptiv e linguists "  d o 
th e analysis .  Thei r  analyse s ar e context-sensi -
tive ,  i n tha t  the y includ e th e pragmati c componen t 
of  meaning .  I n contrast ,  th e for m o f  semantic s 
pertainin g t o th e artificiall y  o r  logicall y  con -
structe d languag e syste m ca n b e labele d logical -
semantics . 

2.5 Communication and Information 
Languages can be both naturally developed and 

artificiall y  created .  A t  th e semioti c metaleve l 
for m o f  analysi s bot h form s o f  languag e ar e treat -
ed a s objec t  leve l  language s a s bot h fulfil l  th e 
need t o signify ;  i.e. ,  t o represen t  perception s 
and abstractions .  Thi s proces s o f  significatio n 
i s mor e generall y know n a s communication ,  wher e 
th e languag e serve s a s a n instrumen t  o f  communi -
cation. 

In the analysis of the problems inherent in 
communication ,  worker s suc h a s Shanno n an d Weave r 
hav e identifie d thre e level s o f  difficultie s whic h 
complicat e th e proble m o f  identifyin g information , 
particularl y a t  th e semanti c level :  (a )  accurac y 
of  symbo l  transmission ,  (b )  communicatio n o f  mean -
ing ,  an d (c )  effectivenes s (ho w conduc t  i s 

affected) .  Thes e thre e level s ar e al l  concerne d 
wit h th e concep t  tha t  i s  labele d information ,  ye t 
whic h "information "  applie s i s no t  consisten t  fo r 
al l  thre e levels .  Leve l  A  use s "information "  a s 
th e amoun t  o f  signa l  transmission ,  wher e Level s 
B an d C  th e "information "  i s th e semanti c an d 
pragmati c sense . 
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3. 0 PROBLEM DOMAIN 

In order to develop a context-free informa-
tio n representatio n a  doaai n othe r  tha n huma n 
verba l  communicatio n ha d t o b e selected .  Verba l 
communicatio n i s to o context-sensitive .  Rathe r 
tha n workin g wit h th e anbiguitie s o f  huma n verba l 
communicatio n wher e i t  i s  difficul t  no t  t o b e 
pragmatic ,  o r  wit h informatio n syste m desig n wher e 
th e objectiv e i s t o b e pragmatic ,  th e informatio n 
syste m o f  huma n movement  comcunicaclo n wa s select -
ed. 
Just as linguists have attempted to develop 
th e notatio n to r  natura l  languag e grammars ,  seek -
in g t o represen t  th e logical-semanti c component , 
a simila r  gramcatica l  structur e o f  huma n movement 
can b e developed .  Generally ,  th e domai n o f  huma n 
communicatio n i s categorize d int o th e verba l  an d 
th e non-verbal .  Th e verba l  include s bot h th e 
verba l  an d writte n form s o f  natura l  language .  Th e 
non-verba l  include s everythin g tha t  i s no t  verba l 
communication .  Withi n thi s larg e categor y o f  non -
verbal ,  th e domai n o f  huma n movement  conmunicatio n 
has bee n selecte d i n orde r  t o construc t  a  forma l 
grammar  representin g th e logical-semanti c compon -
ent  o f  huma n movement  information . 
3.1 Purpose 
This research investigates the semantic com-
ponen t  o f  th e artificia l  languag e system .  Th e 
concer n addresse d i s th e clarificatio n betwee n 
th e descriptive-semantic s wit h th e context-sensi -
tiv e gramma r  (CSG )  representation ,  an d th e log -
ical-semantic s wit h th e contaxt-fre e gramma r  (CFG ) 
representation .  Th e purpos e i s t o illustrat e th e 
separatio n o f  th e logical-semanti c fro m th e prag -
matic ,  i n orde r  t o demonstrat e tha t  i t  i s  possibl e 
t o separat e th e informatio n structur e fro m poten -
tia l  meaning .  Th e CF G i s a  template ,  providin g 
th e structur e fo r  th e se t  o f  possibl e construc -
tion s an y eventua l  use r  coul d selec t  i n orde r  t o 
represen t  an y intende d meaning .  Prio r  t o th e 
representatio n o f  meanin g a  structur e ha s t o b e 
define d whereb y meanin g representatio n ca n b e mad e 
possible .  Jus t  a s th e informatio n syste m ca n b e 
viewe d a s bot h a  proces s an d referre d t o a s a 
thing ,  a  gramma r  ca n also .  I t  i s  a  templat e an d 
therefor e a  thing ,  bu t  i t  i s  a  dynami c processin g 
structure . 
3.2 Existing Systems Representing Human Movement 
The representational systems for human move-
ment  ar e dat a system s i n cha t  the y ar e boun d t o 
some pragmati c componen t  an d tha t  the y ar e con -
text-sensitive .  Eac h ha s a  basi c se t  o f  symbol s 
representin g unit s tha t  th e use r  neede d t o 
represent .  Althoug h eac h representatio n syste m 
identifie s a  variet y o f  syntactica l  units ,  n o 
logical-semanti c o r  gramma r  ha s ye t  bee n develop -
ed.  Thu s ther e i s a s ye t  n o representatio n fo r 
th e proces s o f  huma n movemen t  information . 
3.2.1 Notations 
Labanotation is one of the most widely used 
representationa l  system s fo r  notatin g huma n move -
ment  [dnot ]  [HL'TC] .  Th e notation s ar e syntacti c 
representation s specifyin g syntacti c units : 
direction ,  level ,  timing ,  an d area s o f  th e body , 
whic h ar e represente d b y uniqu e symbols .  I t  i s 
not  possibl e t o us e th e syste m fo r  anythin g bu t 
th e descriptio n o f  th e movemen t  i n th e unit s pro -
vide d b y th e initia l  symbo l  set .  Ther e ar e n o 
structure s o r  rule s indicatin g relation s amon g 
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th e syntactica l  unit s t o generat e mor e comple x 
units .  Consequentl y ther e i s n o representatio n 
by a  gramma r  expressin g th e informatio n sysre m 
tha t  i s communicate a b y th e movement . 
Other notation systems are similar [SILV]. 
The Eschol-Watchman ,  th e flenesh,  Klnesics ,  Choreo -
metrics ,  t o nam e onl y a  few ,  onl y diffe r  i n th e 
specifi c  particularlzatio n o f  th e syntacti c repre -
sentation . 

Why is there no system for representing the 
human bod y an d it s movement  apar t  fro m an y con -
text ? Perhap s becaus e i n th e developmen t  o f  th e 
representationa l  systems ,  distinction s betwee n th e 
synta x an d th e logical-semanti c wer e neve r  clearl y 
understood . 
3.2.2 Models and SimulacionB 

The objectives of various designers of models 
and simulation s o f  huma n movement  hav e bee n t o ex -
ten d th e representationa l  facilitie s o f  th e huma n 
by mechanizin g th e laboriou s tas k o f  describin g 
and computin g problem s i n huma n movement .  Th e 
goa l  wa s t o develo p a  compute r  graphi c displa y o f 
a huma n mode l  [POTT ]  [BILL] . 
Another area of research was the development 
of  a n interactiv e graphi c edito r  fo r  Labanotatio n 
[brow] .  Th e objectiv e wa s t o us e th e compute r  t o 
facilitat e th e laboriou s proces s o f  han d writin g 
Labanotation .  Thi s wor k wa s extende d a s par t  o f 
th e developmen t  o f  a  graphi c slmulacio n fo r  huma n 
motio n [BALD ]  [TRAC] . 
3.2.3 Recognizing What To Know 

The visual aspects of the perception of move-
ment  ar e essentia l  i n th e desig n o f  mobil e robot s 
and th e context-sensitiv e form s o f  representation s 
ar e usefull .  However ,  a  context-fre e fon a o f  rep -
resentatio n i s preferabl e prio r  t o an y context -
sensitiv e (i.e .  applied )  for m o f  representation . 
For  example ,  th e visua l  aspec t  ca n b e specifie d 
as a  context-sensitiv e situation ,  whic h subse -
quentl y ca n b e define d usin g a  context-fre e 
grarmatlca l  structure .  Researc h o n thi s proble m 
i s importan t  no t  onl y fo r  th e solutio n t o problem s 
i n movemen t  understanding ,  representatio n an d 
generation ,  bu t  als o t o Illustrat e th e context -
sensitivit y o f  systems . 

If we wish to represent the dynamic process 
of  information ,  researc h mus t  b e don e o n abstract -
in g th e informatio n fro m th e pragmatic s o f  us e o f 
tha t  information .  Th e structur e o f  th e proces s o f 
informatio n mus t  b e represente d prio r  t o th e prag -
mati c applicatio n o f  th e Information . 

-3.4 Separating Logical and Semantic Descriptive 
Structure s 

Human movement and human verbalization both 
hav e th e associatio n o f  meanin g wit h th e sensoria l 
transmitcabl e componen t  o f  movemen t  an d o f  speec h 
tha t  i s transferre d a s a  produc t  o f  th e informa -
tio n system .  Wher e natura l  languag e ha s th e 
symboli c representationa l  facilit y  o f  th e writte n 
form ,  providin g anothe r  channe l  fo r  th e transfe r 
of  th e information ,  th e movemen t  notation s d o not . 
Jus t  a s th e informatio n proces s o f  huma n verbal -
izatio n ha s bee n grammaticall y coded ,  th e aspec t 
of  th e proble m tha t  firs t  need s t o b e addresse d i s 
th e definitio n o f  th e logical-semantic ,  i.e .  th e 
forma l  representatio n o f  th e grammatica l  structur e 
t o cod e th e informatio n transferre d vi a huma n 



movemenc. 

Before the graraar can be context-sensitive, 
i t  need s a  context-fre e fcir: .  Th e proble a i s t o 
develo p a  wa y t o writ e movement  infonatio n suc h 
tha t  context-sensitiv e meaning s ca n the n b e 
communicate d i n a  writte n symooli c fona . 

3.4 Conmiunication Systems: Human Movement 
Compared t o Natura l  Languag e 

The semiotic system of human movement 
communicatio n wa s selecte d a s th e domai n i n whic h 
t o investigat e representatio n o f  a  natura l  activ -
it y i n a n artificia l  language . 

Adequate representation of the generative 
structur e o f  th e semioti c syste m seem s t o b e th e 
necessar y an d sufficien t  condition s whic h lin -
guists ,  anthropologist s an d philosopher s requir e 
fo r  "language "  identification .  U'her e natura l 
languag e encompasse s bot h verba l  an d writte n form s 
of  th e sound s an d thei r  meanings ,  movemen t  lan -
guag e exist s onl y wit h wha t  ca n b e equate d wit h 
th e verba l  leve l  o f  natura l  languages .  A  compari -
son o f  thi s differenc e woul d b e equatin g th e nota -
tion s fo r  movement  wit h th e phonologica l  ortho -
graphi c representation s o f  th e sound s o f  natura l 
languages .  Eac h natura l  languag e ha s particula r 
orthographi c s>-mbol s necessar y t o represen t  th e 
sound s o f  tha t  language ,  jus t  a s eac h for m o f 
movement  ha s develope d notationa l  symbol s t o rep -
resen t  th e visua l  perceptio n o f  moveaent s part -
icula r  t o tha t  form .  However ,  wher e verba l 
languag e ha s no t  onl y th e particula r  phonologog -
ica l  representation ,  i t  furthe r  ha s a  representa -
tiona l  for m whic h i s calle d th e writte n fro m wher e 
th e meanin g i n th e experientia l  for m ca n symbol -
icall y b e represented . 

4. INVESTIGATIVE STRUCTURE 
The specific problem addressed is the develop-
ment  o f  a  prototyp e fo r  informatio n representation , 
by experimen t  wit h represention s o f  th e losical -
semanti c structur e o f  huma n movement  informatio n 
usin g th e BNF for m o f  th e context-fre e granma r  a s 
th e analyti c tool . 

It Is posited that the situation in natural 
languag e representatio n i s analogou s t o problem s i n 
informatio n syste m design .  Befor e th e granniatica l 
structur e i s constructed ,  con-prise d o f  th e vocabu -
lar y element s o f  th e syste m an d th e se t  o f 
relation s anon g then ,  particula r  referent s t o th e 
unit s ar e assigned ,  buildin g th e concext -
sensivitit y  int o th e initia l  desig n o f  th e system . 
The ide a o f  th e context-fre e for m o f  representatio n 
preceedin g an y context-sensitiv e representatio n i s 
th e directio n o f  thi s research . 
4.1 Role or The Grara-.ar 
The grammar itself is a representational tem-
plate ,  i n tha t  i t  doe s no t  contai n th e meaning ,  bu t 
rathe r  provide s a  structure .  Th e graruaa r  i s a  pro -
ces s i n tha t  i t  i s  use d a s a  template .  I t  i s  a 
commodit y i n tha t  i t  i s  a  too l  constructe d fo r 
analytica l  an d representationa l  purposes .  I t  i s 
tie d t o a  particula r  for m o f  representation ,  bu t  i t 
i s  relativel y context-free .  An y languag e syste m i s 
a particula r  for m o f  a  semioti c syste m usefu l  t o 
communicat e a  rang e o f  meanings ,  an d sensitiv e t o 
tha t  range .  (Whor f  define d thi s concep t  a s 
"linguisti c relativity "  [WHOR]. )  Yet ,  th e sam e 
semioti c syste m i s context-free ,  i n tha t  i t  ha s th e 

featur e o f  productivity ,  an d ca n generat e vali d 
expression s t o represen t  ne w meaning s eve n i n th e 
extensiona l  worl d t o whic h i t  i s  bound . 

Looked at in this way, a grammar exists at the 
meta-level ,  providin g a  for m o f  analysi s fo r  a n 
informatio n structur e fo r  an y possibl e object -
leve l  expressio n tha t  i s generate d i n tha t  languag e 
system . 

BNF was chosen to represent the granmar. It 
provide s a  metho d o f  notatio n wit h th e capabilit y 
t o cod e informatio n tha t  i s dens e an d non-linear . 
BNF als o lend s itsel f  t o consistenc y verification . 

4<2 Scope: Context-Free Representation 
of  A n Informatio n Syste m 

In the analysis of the communication or 
semioti c syste m o f  huma n movemen t  tha t  i s  t o b e 
represented ,  onl y th e logical-semanti c for m o f  th e 
semanti c componen t  wil l  b e considere d i n orde r  t o 
illustrat e tha t  context-fre e representatio n i s 
possibl e whe n th e codin g i s onl y o f  th e in f  or::iatio n 
syste m rathe r  tha n includin g th e pragmatic s o f  th e 
communicatio n system . 
This reception of data as information by the 
receive r  i s th e pragmati c component ,  whic h i s adde d 
t o th e inpu t  dat a fro m th e sender .  Meanin g i s th e 
resul t  o f  th e contextua l  processin g o f  dat a give n 
some Informatio n input . 
In order to develop a context-free grammar for 
Che logical-semanti c o f  huma n movemenc information , 
a non-purposefu l  contex t  need s C o b e examined ,  i.e. , 
wher e th e movement  i s no t  intende d t o communicat e 
any meanin g bu C wher e th e unit s o f  movement  ar e 
learne d fo r  th e productio n o f  movemen t  icself ,  whic h 
subsequencl v ca n b e use d i n variou s context s t o 
communicat e a  variet y o f  meanings . 
4.3 Dance Units 

Dance inscruccors teach the units of the move-
menc languag e withou c an y intende d transfe r  o f 
informatio n oche r  tha n he w t o produc e th e unit s o f 
movement .  Th e vocabular y o f  movemen t  tha t  i s  use d 
fo r  danc e i s a  comple x serie s o f  units ,  whic h ar e 
derlveabl e i n term s o f  initia l  units ,  plu s rule s 
fo r  connectin g th e variou s units .  Thes e mor e com -
ple x unit s ar e referre d t o a s "combinations. "  Th e 
unit s an d th e combination s ar e th e informatio n 
communicate d i n danc e inscruction . 

4.4 The Goal: A Movement Semantic 
This methodology formally can be represented 
as a n operatio n o f  th e logica l  structur e o f  th e BNF 
grammar ,  operatin g upo n th e selecte d scop e o f  th e 
verba l  channe l  o f  th e domai n o f  th e informatio n 
syste m o f  huma n movemen t  yieldin g a s a  produc t  a 
grammatica l  representatio n o f  th e logical-semanti c 
component  o f  th e informatio n system . 
The movement semantic will be the graimnar 
derive d fro m th e operatio n o f  th e templat e pro -
cessin g th e logical-semanti c structur e o f  th e infor -
matio n int o a  representationa l  form .  Thi s produc t 
wil l  represen t  th e result s o f  researc h o f  th e 
representatio n o f  th e dynami c structur e o f  th e 
informatio n proces s i n a  grammatica l  context-fre e 
form .  Th e for m o f  representatio n i s tha t  o f  a 
forma l  logica l  system . 
4.5 Verification 
A form of logical verification can be acccr-lislied 
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by usin g LEX ,  th e lexica l  analyzer ,  an d YACC,  th e 
compile r  compile r  o f  th e UNI X operatin g system . 
One o f  th e advantage s o f  usin g th e BNF notatio n i s 
tha t  th e movement  semanti c bein g develope d an d th e 
cod e tha t  LE X recognize s ar e bot h i n th e context -
fre e for m whic h i s base d upo n th e BNF notation . 

4.6 Project Summary 

The project will: 1) represent a portion of 
th e logical-semanti c informatio n structur e o f  a 
selecte d domai n o f  huma n movement  information ,  2 ) 
represen t  a  prototyp e fo r  a  writte n cod e o f  a 
representationa l  rathe r  tha n a n experimenta l  huma n 
movement  languag e wher e 3 )  th e symboli c represen -
tatio n o f  huma n movement  informatio n i s accomplishe d 
usin g a  dramatica l  rathe r  tha n a  descriptiv e 
template .  Th e ai m i s t o defin e a  subse t  o f  huma n 
movement  informatio n cod e tha t  meet s thes e criteri a 
of  th e logica l  o r  artificia l  system ,  suc h tha t  i t 
can b e use d withou t  th e problem s o f  contradictor y 
and ambiglou s expression s tha t  ar e inherent ,  fo r 
example ,  i n natura l  languag e systems . 
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For  th e pas t  twent y year s philosopher s hav e 
observe d th e developmen t  o f  researc h i n natura l 
languag e processin g (NLP )  an d hav e offere d periodi c 
critique s o f  bot h it s method s an d it s goals .  (Se e 
Bar-Hillel ,  1964 ;  Matson ,  1976 ;  Dreyfus ,  1978 ; 
Searle ,  1980 ;  an d Odell ,  1981. )  Muc h o f  th e criti-
cis m ha s prove n t o b e valuabl e an d artificia l 
intelligenc e worker s suc h a s Winogra d (1980 )  an d 
Woods (1981 )  hav e acknowledge d th e positiv e 
influenc e o f  philosophica l  inpu t  t o thei r  work . 
A great deal of philosophical criticism of 
natura l  languag e processin g (an d o f  artificia l 
intelligenc e i n general )  however ,  rests ,  o n 
misconception s abou t  th e actua l  goal s an d claim s 
of  thi s research .  Thi s i s partl y du e t o th e fac t 
tha t  NL P worker s hav e no t  explicitl y  establishe d 
a se t  o f  method s an d aim s fo r  thei r  work ;  i t  i s 
als o du e t o th e fac t  tha t  ther e ar e actuall y a 
number  o f  differen t  goal s whic h motivat e NL P 
research . 
The purpose of this paper is to spell out 
th e differen t  objective s i n th e fiel d o f  natura l 
languag e processin g i n orde r  t o identif y th e place s 
wher e philosophica l  criticis m i s legitimat e an d 
usefu l  a s wel l  a s thos e area s wher e i t  I s inappro -
priate .  Hopefully ,  thi s analysi s wil l  b e valuabl e 
t o philosopher s an d A I  worker s alike . 
Research in natural language processing can 
easil y b e misconstrue d t o b e a  concerte d effor t 
toward s a  singl e goal .  I n th e simples t  terms ,  thi s 
goa l  woul d b e th e Implementatio n o f  a  syste m whos e 
linguisti c power s matche d thos e o f  a  literate , 
nativ e use r  o f  a  natura l  languag e suc h a s Englis h 
or  French .  I n fact ,  however ,  researc h I n natura l 
languag e processin g i s a  loos e amalga m o f  project s 
aime d a t  a  variet y o f  goals .  Eve n thoug h common 
researc h requirement s exist ,  suc h a s th e develop -
ment  o f  technique s fo r  parsing .  Inference ,  memor y 
organization ,  an d s o forth ,  presuppositions , 
methodologies ,  an d criteri a o f  succes s diffe r  i n 
significan t  way s fro m on e projec t  t o th e next . 
I t  i s  somewha t  misleading ,  therefore ,  t o apprais e 
or  t o criticiz e th e theoretica l  foundation s o f 
natura l  languag e processin g a s a  singl e enter -
prise .  Ye t  som e philosopher s (e.g. ,  Odell ,  1981 ) 
hav e assume d tha t  th e principa l  goa l  o f  NL P i s th e 
unifie d goa l  jus t  mentioned ,  an d hav e proceede d t o 
questio n th e plausibilit y  o f  th e researc h o n tha t 
groun d alone . 
Consider the following formulations of the 
aim s o f  natura l  languag e processin g research : 

(fro m on e natura l  languag e t o another )  o r  stylis -
ticall y acceptabl e prose . 

3. To design systems which will permit the user to 
Initiat e an d direc t  a  dialogue .  I n natura l  lang -
uage ,  i n a  particula r  topi c domain ,  wit h th e 
latitud e an d fluenc y availabl e i n ordinar y huma n 
dialogue . 
4. To design systems which will persuasively 
exhibi t  th e ful l  rang e o f  huma n linguisti c abili -
ties ,  suc h a s reading ,  translating ,  paraphrasing . 
Interrogating ,  conversing ,  an d s o on . 

5. To design systems which are able to use and 
understan d natura l  languag e i n precisel y th e sam e 
way tha t  peopl e do . 

6. To design systems whose workings provide us 
wit h a n explanator y mode l  o f  th e structure s an d 
processe s responsibl e fo r  huma n languag e us e an d 
understanding . 
The first four formulations involve pragmatic 
goals ,  th e fift h represent s a n epistemologlca l 
goal ,  an d th e sixt h a n explanator y goal .  Th e 
vas t  majorit y o f  effort s i n natura l  languag e pro -
cessin g fal l  int o th e categor y o f  pragmati c goals . 
(Se e Waltz ,  198 2 fo r  descriptiv e survey s o f  recen t 
NLP projects. )  Most ,  i n fact ,  ar e example s o f 
th e firs t  o r  Typ e 1 ,  goal .  System s suc h a s LIFE R 
(Hendrix ,  1977) ,  ROBOT (Harris ,  1979 )  an d LUNAR 
(Woods ,  Kaplan ,  an d Nash-Weber ,  1972) ,  fo r 
Instance ,  provid e natura l  languag e front-end s 
whic h ar e use d principall y fo r  databas e query . 
The researc h alm s whic h motivat e th e constructio n 
of  thes e system s (an d other s lik e them )  ar e 
relativel y modes t  insofa r  a s th e us e o f  natura l 
languag e i s constraine d b y topic ,  vocabulary , 
syntacti c breadt h an d use r  dialogu e goals . 
The Type 2 goal is slightly more ambitious, 
sinc e th e analysis ,  generation ,  o r  translatio n 
of  tex t  may requir e a  syste m t o dea l  wit h a  broa d 
rang e o f  topics ,  a  larg e vocabulary ,  comple x 
syntacti c constructions ,  an d th e intention s o f  a n 
autho r  (o r  reader )  whic h may b e les s tha n obvious . 
Progres s toward s thi s goa l  ha s no t  bee n a s substan -
tia l  a s progres s toward s th e firs t  goal ,  bu t  ther e 
ar e program s whic h ca n analyz e an d paraphras e 
tex t  (DeJong ,  1982) ,  produc e modes t  translation s 
fro m on e natura l  languag e t o anothe r  (Wilks ,  1973 ) 
and generat e moderatel y smoot h Englis h pros e fro m 
an interna l  semanti c representatio n (Man n &  Moore , 
1981) . 

1.  T o desig n system s whic h wil l  allo w a  use r  t o 
perfor m som e traditiona l  operation(s )  o n a  compu -
te r  (suc h a s databas e query )  withou t  thereb y 
requirin g th e use r  t o lear n a n artificia l  lang -
uage o r  a  se t  o f  forma l  constraint s whic h mus t  b e 
applie d t o th e us e o f  natura l  language . 
2. To design systems which will be capable of 
processin g textua l  materia l  i n orde r  t o produc e 
accurat e summaries ,  reliabl e translations . 

Seriou s effort s toward s th e Typ e 3  goa l  ar e 
ver y fe w i n numbe r  an d hav e appeare d onl y withi n 
th e pas t  fiv e years . 

Systems In this category include SRI's TDUS 
(Robinson ,  1980 )  an d BBN' s HWI M (Bruce ,  1982) . 
Neithe r  these ,  no r  othe r  system s o f  thi s sort ,  hav e 
achieve d a  leve l  o f  combine d reliabilit y  an d effi -
cienc y whic h woul d mak e the m suitabl e fo r  broa d 
implementation .  However ,  ther e ha s recentl y bee n 
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a grea t  dea l  o f  actenclo n curne d coward s thi s are a 
and a  greate r  effor t  t o achiev e thi s goa l  ca n b e 
expecte d I n th e nea r  future . 

The Type 4 goal is one which has been popu-
larize d i n scienc e fictio n an d th e la y press ,  bu t 
i t  i s  no t  cite d b y A I  researcher s a s th e rational e 
fo r  an y seriou s NL P programmin g effort .  Thi s i s 
not  t o say ,  o f  course ,  Cha t  A l  worker s hav e no t 
entertaine d th e ide a o f  suc h a  goa l  a s a  backdro p 
fo r  thei r  activities .  I n th e prope r  perspective , 
suc h a  goa l  i s  analogou s t o th e on e whic h underlie s 
physic s (an d th e natura l  sciences )  namely ,  th e 
eventua l  discover y o f  al l  lawfu l  relationship s 
among natura l  objects .  Physics ,  afte r  all ,  i s 
dedicate d t o th e objectiv e o f  ultimatel y explain -
in g th e univers e i n term s o f  quantitativ e laws . 
One doe s not ,  however ,  invok e thi s goa l  a s th e ai m 
of  an y particula r  researc h project .  Moreover ,  i t 
woul d b e absur d t o tr y t o criticiz e a  particula r 
lin e o f  researc h i n physic s b y attemptin g t o sho w 
tha t  thi s long-rang e goa l  i s  untenable .  Eve n i f 
th e univers e i s no t  ulcimacel y knowabl e i n Cerm s 
of  Ch e principle s o f  physics ,  th e encerpris e 
scll l  provide s u s wic h a n ever-increasin g under -
scandin g o f  nacura l  phenomena .  Th e sam e hold s 
tru e fo r  researc h i n natura l  languag e processing : 
Even i f  Ch e long-rang e goa l  i s  unattainabl e 
and tha t  remain s t o b e show n thi s doe s no t  affec t 
th e plausibilit y  o f  th e othe r  thre e pragmati c goal s 
nor  doe s i t  invalidat e th e knowledg e o f  natura l 
languag e processin g derive d fro m program s designe d 
Co achiev e thos e goals . 

The fifth goal raises a completely different 
se t  o f  questions .  Her e w e ar e concerne d wit h Ch e 
statu s o f  Ch e performanc e rathe r  cha n wlC h Ch e per -
formanc e icself .  I n Ch e cas e o f  pragmati c goals , 
th e cricerio n o f  succes s i s Ch e degre e t o whic h a 
sysce m i s abl e Co dea l  effectivel y wit h linguisti c 
inpu t  (o r  output) .  Th e phras e "dea l  effectivel y 
with "  ma y b e interprete d differentl y fo r  differen t 
applicacions ,  bu t  I n genera l  I t  implie s cha c Ch e 
sysca a i s abl e C o carr y ou t  a  functio n whic h woul d 
involv e us e an d understandin g o f  naCura l  languag e 
i f  performe d b y a  human .  Th e clai m I s no t  made , 
however ,  cha t  th e syste m actuall y use s o r  under -
stand s natura l  languag e itself .  H e ca n appreciat e 
Che poin c o f  thi s las t  statemen t  b y considerin g 
th e followin g question :  Ca n th e pragmati c goal s 
be pursue d withou t  pursuin g th e episcemologlcal . 
goa l  a s well ? 
Some AI researchers would undoubtedly say 'yes' 
i n answe r  t o thi s questio n an d woul d poin c t o th e 
succes s o f  nacura l  languag e interface s suc h a s Ch e 
one use d i n MYCI N (Shorcllffe ,  1976) ,  whic h ar e no C 
generall y characterize d a s "languag e understanding " 
syscems .  Cauclou s researchers ,  suc h a s Winogra d 
(1973 )  an d Leicne r  (1977 )  hav e emphasize d Ch e 
epistemologica l  limitation s o f  thei r  program s b y 
puttin g th e wor d "understand "  i n quotatio n mark s 
when usin g i t  t o refe r  t o thei r  natura l  languag e 
systems . 
Other researchers, however, freely speak of 
Chei r  program s a s nacura l  languag e undersCanders . 
Schan k an d Rlesbeck ,  fo r  example ,  g o on e ste p 
furche r  an d argu e cha t  natura l  languag e program s 
must  b e directe d coward s genuin e understanding : 
Computer programs that attempt to replicate 

understandin g withou t  simulatin g th e huma n 
understandin g proces s ar e doome d t o fail -
ur e whe n i t  come s t o ver y comple x processes . 
Nowher e ha s thi s bee n cleare r  Cha n i n 
natura l  languag e processin g (Schan k & 
Rlesbeck ,  1981 ,  p .  2 ) . 

The poin t  tha t  Schan k an d Rlesbec k mak e i s a 

crucia l  one .  I f  w e ar e concerne d wit h a  Typ e 1 
pragmati c goal ,  the n genuin e undersCandln g i s 
probabl y superfluous .  A  Typ e 1  incerfac e ca n b e 
limlce d C o suc h a  well-define d are a o f  naCura l 
languag e Cha t  w e ca n desig n syscem s Co "dea l 
effecdvel y with "  th e rang e o f  anticipate d linguis -
ti c  inpu t  b y mean s o f  deterministi c productio n 
rules ,  discriminatio n nets ,  o r  simila r  mechods . 
But  i f  w e ar e intereste d i n Typ e 2 ,  3 ,  o r  4  prag -
mati c goals ,  the n w e mus t  accep t  th e fac t  tha t  th e 
potentia l  fo r  novelty ,  diversity ,  an d devian t  usag e 
of  linguisti c input s may b e s o grea t  Cha t  a  syste m 
woul d b e effecclv e unde r  suc h condlcion s onl y 1 £ 
I C wer e abl e C o proces s Ch e meaning s o f  Chos e 
inpucs .  An d chi s implie s Cha c i c mus e b e abl e Co 
genuinel y underscan d natura l  language . 

IC follows, Chen, Chac while Che Type 5 goal 
may b e Irrelevan t  t o th e majorit y o f  pragmati c 
system s o f  th e presen t  (an d recen t  past) ,  i t  i s 
essentiall y  relate d t o th e developmen t  o f  th e mor e 
ambitiou s pragmati c system s o f  th e future .  I t 
i s  i n thi s contex t  tha t  philosophica l  evaluation s 
of  natura l  languag e processin g becom e relevant : 
by analyzin g th e conceptua l  requirement s o f  genuin e 
languag e understanding ,  th e philosophe r  ca n illumi -
nat e th e theoretica l  condition s whic h a n NL P syste m 
muse meec .  Moreover ,  unles s Ches e condlcion s ar e 
met ,  th e epistemologica l  goa l  canno t  b e achieve d 
and thu s th e mor e ambitiou s pragmati c goal s canno t 
be realized .  Whethe r  o r  no t  A I  worker s explicitl y 
vie w th e Typ e 5  goa l  a s a  motivatin g forc e i n thei r 
research ,  cherefore ,  Che y mus t  acknowledg e it s 
indirec t  relevanc e i f  the y inten d t o pursu e a  Typ e 
2,  3 ,  o r  4  pragmati c goal . 
The Type 6 goal is one which has drawn a great 
dea l  o f  attentio n i n artificia l  intelligenc e du e t o 
statement s suc h a s th e following : 
We consider the theory and model of semantic 

net s t o b e a  computationa l  theor y o f  super -
ficia l  verba l  understandin g i n human s (Slmnons , 
1973 ,  p .  63) . 

. . .Cw]e shall describe a model of human 
languag e understandin g tha t  form s th e basi s 
fo r  a  se t  o f  compute r  programs .  .  .(Schank , 
1973 ,  p .  187) . 

Both of these statements were published nearly 
te n year s ag o an d sinc e the n ther e ha s bee n a 
considerabl e chang e i n th e claim s mad e fo r  th e 
psychologica l  significanc e o f  A I  programs .  Never -
theless ,  som e A I  researcher s (especiall y member s 
of  Ch e Yal e Group )  scll l  vie w Ch e explanaCor y 
goa l  (Typ e 6 )  a s a  primar y one ,  an d som e philo -
sopher s (e.g. ,  T .  Simon ,  1979 )  scil l  fin d Ch e vie w 
Co b e worch y o f  criciclsm . 
An argumenc Co demonscrace the relevance of the 
Type 6  goa l  t o th e res t  o f  natura l  languag e pro -
cessin g migh t  g o somethin g lik e this : 
Genuine understanding is necessary for any 

natura l  languag e understandin g syste n capabl e 
of  achievin g Typ e 2 ,  3 ,  o r  4  pragmati c goals . 
Genuin e understandin g ca n b e achieve d onl y b y 
processin g languag e i n th e sam e wa y tha t  human s 
proces s language . 
A syste m whic h doe s thing s i n th e sam e wa y a s 
humans d o the m ca n serv e a s a  mode l  fo r 
explainin g huma n languag e processing . 
Therefore :  Pursui t  o f  goa l  Type s 2 - 5 
entail s pursui t  o f  goa l  Typ e 6 . 

There are, however, several problems with such 
an argument .  Th e secon d premis e assert s a 
"process-produce "  identit y relatio n whic h i s ver y 
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much ope n t o dispute .  Ther e ar e numerou s 
instance s (e.g. ,  th e synthesi s o f  urea )  wher e a n 
artificia l  proces s result s i n a  substance ,  event , 
or  functio n whic h i s identica l  t o a  natura l  sub -
stance ,  event ,  o r  functio n i n ever y respec t  sav e 
it s mod e o f  origin .  I t  ha s ye t  t o b e show n tha t 
a cognitiv e ability ,  suc h a s th e understandin g o f 
natura l  language ,  ca n b e produce d onl y b y employin g 
exactl y th e sam e processe s an d structure s whic h ar e 
involve d i n numa n languag e understandiitg .  Indeed , 
i t  ha s ye t  t o b e conclusivel y show n tha t  al l  huma n 
being s understan d languag e b y mean s o f  exactl y th e 
same processe s an d structures . 
However, even if we accept the second praaise 

unde r  som e interpretatio n o f  th e phras e "i n 
th e sam e way "  th e conclusio n stil l  doe s no t 
follow .  A  progra m fo r  natura l  languag e proces -
sin g i s not ,  itself ,  a n explanatio n o f  anything . 
I n orde r  t o b e viewe d a s explanatory ,  th e 
detail s o f  a  progra m it s variable s an d dat a 
structures ,  it s  contro l  structures ,  an d s o o n 
must  b e interprete d wit h respec t  t o huma n pro -
cesse s an d structures .  An y progra m ca n b e 
legitimatel y interprete d i n a  variet y o f  ways , 
fe w o f  whic h wil l  bea r  an y relatio n t o th e 
concern s o f  huma n psychology .  Th e explana -
tor y valu e o f  a  natura l  languag e program , 
therefore ,  i s  no t  inheren t  i n th e progra m itsel f 
but  arises ,  rather ,  fro m th e us e whic h ca n b e 
made o f  i t  b y someon e wh o i s concerne d wit h cog -
nitiv e modeling .  Th e us e o f  A I  program s t o 
theoriz e abou t  huma n languag e processes ,  i n fact , 
i s  no t  A I  researc h a t  all .  I t  i s  a  too l  o f  cog -
nitiv e psycholog y or ,  i f  on e prefers ,  a  methodo -
logica l  heuristi c fo r  a  multidisciplinar y investi -
gatio n o f  phenomen a suc h a s discours e comprehen -
sion ,  tex t  comprehension ,  an d s o forth .  I t  doe s 
not  follow ,  therefore ,  tha t  researc h i n natura l 
languag e processin g entail s explanator y goal s o f 
Type 6 ;  consequently ,  philosophica l  objection s t o 
AI  program s a s theorie s o f  huma n languag e abilitie s 
ar e irrelevan t  t o th e plausibilit y  o f  A I  researc h 
i n natura l  language . 

Of all the types of goals ascribed to natural 
languag e research ,  then ,  philosophica l  evaluatio n 
i s directl y pertinen t  onl y t o th e epistemologica l 
goa l  formulate d a s Typ e 3 ,  above .  Mor e specifi -
cally ,  th e onl y vali d judgmen t  philosoph y ca n pro -
vid e i s on e whic h say s tha t  "th e concep t  o f  natura l 
languag e understandin g entail s X ,  henc e a  syste m 
must  (be ,  d o o r  have )  X  o r  i t  wil l  no t  b e capabl e 
of  natura l  languag e understanding. "  Th e onl y vali d 
objectio n philosoph y ca n mak e t o natura l  languag e 
processin g i s tha t  " a computer ,  i n principle ,  can-
not  (be ,  d o o r  have )  X. " 
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RECOGNIZING HUMOR I N 
NEWSPAPER CARTOONS 

BY RESOLVING AMBIGUITIE S 
THROUGH PRAGMATICS 

Lawrtnea Mazlaok 
No»Mi  M.  Pa z 

ABSTRACT 

Ntwspapcr cartoons can araphicallr 
displa y th t  rasult s o f  aabiauit y i n huma n 
sketch .  Th i  resul t  ca n b e unexptctt d an d 
Punny .  Captiont d cartoon s dtrlw t  thti r 
huaor  fro a a  sudd* n inconaruit r  whic h ca n 
bt  aad t  t o follo w b y a  huaa n btin a wh o ca n 
autowaticall y  us *  stort d worl d Knowltds o 
t o rasolv/ t  th o aabiauou s situation . 
LiKtwisor coMFUtar analysis of 
natura l  lanauaa i  stateaent s als o ntcd s t o 
succtssfull y rtsolv *  aabiauou s situations . 
Coaputcriza d undarstandin a o f  dialoau a 
tha t  taKa s Plac e bttwee n hunan s mus t  no t 
onl y includ e syntactica l  an d semantica l 
analysiS t  bu t  als o praamatica l  analysis . 
Praaaatic s consist s o f  a n undcrstandin a o f 
th e spcaKar' s intantions r  th e contex t  o f 
th e utterance ^  an d socia l  laplication s o f 
polit *  huaa n comnunication . 
Coaputer techniques have already 
develope d bee n us e restricte d worl d 
Knowledg e i n resoluin *  aabiauou s lansuaa e 
use .  Thi s pape r  illustrate s ho w thes e 
technique s ca n b e use d i n resoluin a 
aaoiauou s situation s arisin a i n cartoons . 
1. THE GENERAL ROLE OF PRAGMATICS IN 
NATURAL LANGUAGE UNDERSTANDING 
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c theo r 
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ces be e 
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Y.  th *  stud y 
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develope d b y 
t  praaaatic s 
relationshi p 
us*rs .  Sian s 

ns .  indices . 
te s directl y 
aus e indice s 
en the y ar e 

The aeanin a o f  indice s ca n b e foun d 
by describtn a rule s fo r  relatin g th e sia n 
t o a  context .  Thes e ar e praaaati c rule s 
whic h ar e i n essenc e "action "  rule s fo r 
•findina *  relationships .  Th *  se t  o f 
structure s develope d fo r  desoribin a th*s * 
rul* s »T t  calla d praaaatie-semanti e 
"trees "  an d divid e int o thre e cateaories : 

1.  Perforaative s -  whic h describ e th e 
speaker' s intentio n o r  aoa l  i n usin a a 
s*nt*ne *  a s a  ̂ uastion t  a  eoaaand r  *tc . 

2. Presuppositions - assuaptions about 
th e contex t  tha t  ar e necessar y t o maKe 
tha t  sentenc e verifiable .  o r 
appropriate ,  o r  both . 
3. Conversational Postulates - a class 
of  presupposition s concernin a th e 
natur e o f  huma n dialoau e whic h ca n b e 
referre d t o a s discours e code s o f 
conduct .  (Sates.1976 ) 

For  semantic-praamati c structure s t o 
0Perat* > i t  i s  no t  enoua h t o deterain e th * 
meanin a o f  individua l  words .  Othe r  type s 
of  informatio n mus t  b e accessed .  I n orde r 
t o selec t  betwee n comp*tin a mcaninas t 
Knowleda e i s require d abou t  th e 
aramaatica l  funotion s represente d b y 
particula r  wor d order s i n th e natura l 
lanauaa e sentence .  Also .  Knowleda e abou t 
th e "rea l  world "  (presuppositions )  i s 
needed ;  i.e. .  th e contex t  i n whic h th e 
utteranc e too K place . Alon a wi 
seaantic-praa a 
accoun t  fo r  " s 
Speech act s 
aoal .  The y ca n 
stateaent .  a t 
associate d «e a 
Mjs t  b e und e 
accoun t  fo r  t h 
reade r  o f  th e 
doubl e "aeani n 

t h contextua l  Knawl*<l8* > a 
ti c  structur e need s t o 

peec h acts "  (performatives) . 
deaonstrat e th e speaker' s 

be a  conaand f  a  <«uestion .  a 
c.  I n othe r  words .  th e 
nin a an d th e iaplie d actio n 
rstood .  Th e theor y mus t 
e fac t  tha t  th e listene r  o r 
stateaen t  understand s thi s 
a" .  (Bates .  1376 ) Next .  th e seaantic-praaaati c 

structur e aus t  explai n th e speaker' s 
abilit y  t o understan d sequence s o f 
lanauaa e whic h shoul d mea n on *  thin a bu t 
clearl y mean anothe r  (conversationa l 
postulates) .  I t  i s  assume d tha t  norma l 
human beina s wh o ente r  int o a 
have aaree d t o b e cooperative , 
speaker s wil l  tel l  eac h othe r 
tha t  the y wil l  onl y offe r 
assuae d t o b e ne w an d relevan t 
listener .  an d wil l  onl y 

conversatio n 
Thi s mean s 
th e truth . 
inforaatio n 

t o th e 
reques t informatio n whic h the y sineercl r  want . 

Thi s represent s a  s* t  o f  standar d rules . 
D*wiatian *  fro a thi s 'cod e o f  conduct * 
wil l  b *  s** n a s uiolations . 

2.  SUPPLYIN G PRAGMATICS 
ANALYSIS 

FOR COMPUTER 

Th* 
systea s 
techniqu e 
analysi s 
lanauaae . 
describe d 
illustra t 
used t o d 
characte r 
and thos e 
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These ca r 

r e ar e sev*ra l  <*u* s 
tha t  mak e us e 

s fo r  includi n 
i n understandi n 

As thes e te c 
a cartoo n wil l  b e 

e ho w praaaati c an a 
isambiauat e th e s 
s tha t  correspon d t 

tha t  correspon d t o 
ne dialoau e wil l  b 
toon s *T 9 foun d i n 

tio n answerin a 
of  variou s 

a praaaati c 
a natura l 

hnî ue s ar e 
analyze d t o 

lysi s coul d b e 
ituation .  Th e 
0 th *  coapute r 
a huaa n i n a 

e identified . 
th e Appendix . 2. 1 COOPERATIVE DIALOGUE 

The CO-OP System (Kaplan. 1373) is a 
•Questio n answerin a dat a bas e syste m tha t 
Follow s th e "code s o f  conduct "  presente d 
earlier .  It s objectiv e i s t o provid e 
cooperativ e response s fro m a  natura l 
lanauaa e dat a bas e luery .  Some example s 
fro m thi s syste m follow . 
CO-OP IS able to determine from a 
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^utstto n no t  onl r  uha t  inPornatio n i s 
re^uiPtd .  I.e .  th e direct .  literal ,  an d 
correc t  response r  bu t  als o tha t  th e 
•Questione r  i s unawar e o f  hiahl y pertinen t 
fact s no t  exFlicitl /  requeste d i n th e 
question .  A  heuristi c use d b r  th e lytte m 
i s Knouleda e o f  suc h fact s frt^uentl y 
maKes asKin a th e Questio n unnecessary . 
becaus e the- /  entai l  a n answer .  Th e syste m 
actio n i s t o isnor e th e questio n an d 
provid e th e pertinen t  fact .  Fo r  example : Question :  Ho u man y student s 

CSEll O m Sprina ,  77 ? 
faile d 

System' s answe r  is l 
siue n i n Sprin a '77 . 

CSEll O wa s no t 

The answe r  o f  "zero "  woul d no t 
c ooperatiue . 

haue bee n 

The use r  wh o pose d th e abou e 
questio n presume d tha t  th e CSEll O clas s 
uas tauah t  i n th e Sprin a o f  1977 .  Th e 
syste m o n fmd in a tha t  thi s presumptio n 
uas fals e respond s wit h a  "correotlu e 
indirect  response "  b y supplyin g th e 
nesate d presumption . 
Cartoons often lead to funny results 
when thei r  statement s ar e ambiauous .  I n 
th e cartoo n TIGE R (appendix ,  fia .  1 )  ther e 
i s a n exampl e o f  a  eooperatiu e respons e i n 
th e answe r  t o th e question :  "Di d h e catc h 
him?" .  Prio r  t o thi s questio n th e huma n i n 
th e dialoau e onl y Knou s ther e i s a  chas e 
aoin a o n an d tha t  ther e ar e tw o 
participants :  Strip e an d Mrs .  ParKer' s 
cat .  Th e situatio n i s ambiauou s becaus e w e 
do no t  Kno w wh o i s chasin a whom.  Her e th e 
common huma n presumptio n i s doa s usuall y 
chas e cat s an d therefor e Strip e mus t  b e a 
doa .  Th e compute r  syste m o n findin a thi s 
presumptio n t o b e false .  coul d respon d 
wit h a  correctiv e indirec t  response : 
"Nope .  Strip e ao t  auav "  rathe r  tha n wit h 
th e direc t  answe r  o f  "no" -

The compute r  o n realiiin a th e possibl e 
ambiauou s situatio n coul d the n respond : 

1) Pido is mr doa's name. 
OR 
2)  'Computer *  i s my name . 

Z.2 RESTRICTED DOMAIN OF DISCOURSE 

Another data base system. ROBOT 
(Harris .  1978) .  use s th e dat a bas e itsel f 
t o fin d th e us e o f  word s i n th e question . 
t o buil d expectations .  an d t o resolv e 
ambiauities .  Th e syste m interpret s inpu t 
base d o n wha t  maKe s sens e withi n it s 
limite d worl d model ,  th e dat a base . 

In processina ambiauous statements. 
severa l  interpretation s ma y arise .  A 
heuristi c use d i s unintentiona l 
interpretation s o f  inpu t  question s ar e 
usuall y no t  fals e fo r  th e specifi c  domain . 
but  hav e a  vacuou s respons e (Coles .  1972) . 
To us e thi s heuristi c thes e 
interpretation s ar e POse d t o th e dat a bas e 
as queries .  I f  al l  interpretation s fai l  t o 
fin d a  respons e t o th e question ,  the n th e 
answer  i s "ther e aren' t  any" .  Thi s 
negativ e answe r  assume s tha t  th e dialoau e 
wil l  onl y b e abou t  informatio n containe d 
i n th e dat a base .  I f  mor e tha n on e 
interpretatio n ca n b e answere d 
successfully ,  the n th e syste m enter s int o 
a clarificatio n dialoaue .  jus t  a s human s 
woul d hau e t o d o whe n face d wit h a n 
ambiauou s question .  I f  exactl y on e 
interpretatio n tha t  i s found .  the n th e 
syste m respond s usin a thi s interpretatio n 
fo r  th e question . 
In the cartoon GARFIELD (appendix. 
fia .  3 )  th e huma n speaKe r  i s asKin a 
(jarfiel d t o Pla y wit h Nermal .  Th e 
followin a ambiauou s situatio n i s created : 
1> "Play with Nermal" means that Nermal 
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a direc t 
.  bu t  wit h 

i s tha t 
I S mos t 

question . 

The B C car l 
coul d hau e use d 
response .  I n thi s 
(th e human )  i s 
subjec t  (th e 
presumptio n her e 
censu s taKe r  wil l 
name.  Th e comput e 
amblauou s sit u 
question :  "Namc i 
focu s i s analyze d 
see n a s tw o ques t 

oon (appen d 
a suaaes t 

cartoon ,  a 
asKin a qu e 

computer )  . 
I S th e firs t 

asK I S t 
r  need s t o 
tio n crea t 
Please" -  I f 

th e quest i 
1 on s : 

IX .  fia .  2 ) 
lu e indirect 
censu s taKe r 
stion s o f  a 

A common 
questio n th e 

he subjec t  '  s 
realiz e th e 

ed b y th e 
a chana e o f 
on coul d b e 

I S you r  (subject's )  name . 

2) Mhat IS rour doa's name, please? 

1)  Mha t 
Please' ' 

OR 

2)  "Pla y wit h Nermal "  mean s tha t  Nerma l 
and Garfiel d shoul d Pla y toaether . 

The computer system could resolve 
thi s ambiauou s situatio n b y searchin a To y 
and Frien d domain s fo r  th e entr y Nermal . 
On no t  findin a Nerma l  i n th e To y domai n 
but  i n th e Frien d domai n th e ambiauou s 
situatio n I S resolved . 
The LIFER System (Hendrix. 1378) has 
capabilitie s fo r  extendin g th e natura l 
lanauaa e subse t  tha t  i s  understoo d b y th e 
system .  User s may emplo y 
easy-to-understan d notion s suc h a s 
synonym s an d paraphrase s t o exten d th e 
lanauaae .  Th e user s ca n tha n as K question s 
abou t  informatio n containe d i n th e dat a 
bas e usin a thei r  ow n natura l  lanauaa e 
"style" .  I n thi s wa r  "utterances "  b y th e 
SPeaKer  (user )  ca n b e understoo d b y th e 
listene r  (computer) . 

In the cartoon WIZARD OF ID 
(appendix ,  fia .  4 )  th e huma n i s statin a t o 
th e Sir e (computer )  tha t  "ou r  record s sho w 
ther e i s a  di p i n unemployment "  an d i s 
perhap s implyin g th e questio n "wha t  d o w e 
do next?" .  Th e ambiauou s situatio n her e i s 
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tha t  " a di^ "  coul d dtscnb t  titht r  a 
Foolis h ptrso n o r  a  dounuar d irtn d i n a 
statisti c o r  Fiaurt .  T o r»»olw » thi s 
ambiauou s situatio n th e huma n coul d hau t 
tnteri d th t  ^araphrasi : 
"DiF in un»(«Ploym*nt" ii a paraFhra«» 

of  "temrorar /  diclin i  i n th t 
uneMPloymcn t  statistic" . 

2.3 UORLO KNOWLEDGE MITH FRAMES OR SCRIPTS 

humorou s interpretatio n i s th » untxptctt d 
ont .  Throua h th e us e o f  praamati c 
anal/sii r  humorou s interpretation s ca n b e 
rccosnizc d a s ucl l  a s aeneratvd . 

Many othe r  s/stem s 
uorl d Knowleda e an d inFor m 
th e dialoau e uit h a  use r 
script .  Frames .  simpl y 
niahl y structure d set s 
praamatics .  Mhe n a n actio n 
some canonica l  descriptio n 
th e fram e tha t  uil l  permi t 
reconstruc t  th e contex t  i n 
too K Place .  Frame s car r 
subsequen t  statement s an d 
i»ar K anaphor a o r  presupp o 
proara m t o slot s i n th e c 
frame s tha t  wil l  resolu e t 

haue include d 
atio n relate d t o 
i n a  fram e o r 
put r  ar e Jus t 

fo r  Keepin g 
i s carrie d out . 

I S store d i n 
th e proara m t o 
whic h th e even t 

y oue r  t o th e 
convention s tha t 
stio n lin k th e 
urren t  o r  pas t 
he reference . Frames no t  onl y includ e syntacti c 

information ,  ea .  subject .  object . 
prepositiona l  phrases ,  bu t  als o semanti c 
and praamati c fact s uhic h provid e variou s 
reasons ,  motivation s an d purpose s no t 
explicitl y  stated . 
Scripts are liKe frames in that they 
als o hav e empt y slot s tha t  ar e fille d uit h 
th e contex t  fro m a  dialoau e o r  text . 
Houever .  script s provid *  uorl d Knowleds * 
abou t  coaao n aMPeritnce s o r  situation s i n 
term s o f  SchanK' s conceptua l  dtpcndano y 
primitives .  A  tex t  I s undtrstoo d b r 
•appin a sentence s int o action s o r 
primitiv e act s a s describe d i n th t  script . 
Unstate d fact s describe d i n a  sorip t  bu t 
not  i n th e sentenc e ar e assuat d t o b e 
true .  Thi s providt s a  'bacKaround '  o r 
worl d Knoultds t  fo r  undtrstandin a an d 
reasonina .  (Sehan k 1975) . 
The BEETLE (appendix, fia. 5) 
cartoo n ca n b e use d t o illustrat e th e 
fram e an d th e scrip t  concepts .  Her e th e 
relativ e pronou n mus t  b e resolve d i n th e 
Phras e "tha t  aun" .  Th e tw o possibilitie s 
are : 1)  shoo t  a t  tha t 

as a  taraa t 
•  un . us e tha t  au n 

2)  us e tha t  au n t o shoo t  wit h an d shoo t 
at  th e or iama l  taraet . 

The aabiauous situation can be 
resolve d b y usin a worl d Knowleda e abou t 
tarae t  practice .  Fo r  example .  i t  i s 
helpfu l  t o Kno w tha t  taraet s shoul d no t  b t 
expensive ,  usefu l  thinas .  i.e .  a  aun .  an d 
tha t  a  tarae t  i s  no t  locate d nea r  a  huma n 
beina .  Thi s typ e o f  informatio n ca n b e 
provide d b y demon s i n th e cas e o f  frame s 
or  b y th e reaso n o r  aoal s statemen t  i n th t 
cas e o f  scripts . 
2. 4 RECOGNITION O F HUMOR 

Humor due to ambiauous statements 
re«iuire s th e reade r  t o recoaniz e tha t  a n 
ambiauou s interpretatio n ha s occurred .  Th e 
64 

SUMMARY 

Cartoons can araphica 
th e humo r  du e t o ambiaui t 
speech .  I t  w\mr  b e possibl e 
humorou s ambiauitie s u s 
exisiin a techniques .  Thre e 1 
use o f  praamatic s hav e bee n 
firs t  I S t o resolv e doub l 
restrictin a th e domai n o 
eliminatin a th e occurrenc e 
mtanina .  Thi s dtvio t  i s  tap l 
i n rtstriotin a th t  lanauas a 
by rtstriotin a th t  obJtot s i 
t o onl y thos t  tha t  appta r 
bast . 

ll y  represen t 
le s i n huma n 

t o recoaniz e 
in a alread y 
evel s o f  th e 
described .  Th e 
c meanin a b y 
f  discourse . 

of  doubl e 
oyt d b y LIFE R 
and b y ROBOT 
n th e doaai n 

I n th t  dat a 
Tht  stcon d Itvt l  o f  th e us e o f 

praaaatio s involve s maKin a th e doaai n 
larat r  ratht r  tha n restrictin a it .  Frame s 
and script s ar e use d t o involv e mor e worl d 
Knowleda e i n th e natura l  lanauaa e analysi s 
so a s t o disaabiauat e base d o n wha t  i s 
common occurrence s i n a  aiwe n situation . 
The thir d leve l  involve s a n abilit y  t o 
daduc e fro m coaple x frame s an d script s a 
Purpos e an d the n actin a i n aareeaen t  wit h 
tha t  purpose .  CO-OP i s capabl e o f 
dtttrain a th e ^utstiontr' s  motiut .  an d i f 
necessary ,  posm a fo r  itsel f  a  ^utstio n 
aor t  i n Ktepin a wit h th t  ^utstiontr' s 
aotiv t  tha n th e oriaina l  ^utstion . 
Praamatic dtvicts ustd ineludt 
proscribin a conttxt ,  tnlarain a context . 
and dtducin a motivatio n fro m conttxt . 
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"Tel l  me i f  you'r e guessing. " 

Jane Terry Nutter 
Canpute r  Scienc e Departmen t 

SUNY a t  Buffal o 
Buffalo ,  Ne w Yor k 

Thi s pape r  discusse s defaul t  reasoning , 
distinguishin g generalization s associate d vdt h 
default s fro m bot h universal s an d statistica l 
generalizations .  I  argu e tha t  conclusion s base d o n 
default s shoul d b e reporte d differentl y frc m 
conclusion s whic h d o no t  involv e defaul t  reasoning , 
and tha t  howeve r  w e represen t  than ,  th e relate d 
inferenc e syste m mus t  distinguis h defaul t  claim s 
fro m othe r  proposition s an d trea t  tha n differently . 
IV o existin g analyse s o f  defaul t  reascxun g ar e 
briefl y criticize d i n ligh t  o f  th e distinction s 
presented . 

1.  intcoductian . 
A grea t  dea l  o f  knowledg e seem s t o tak e th e for m 

of  generalizations :  neithe r  genuin e universals , 
tru e o f  al l  thing s i n thei r  understoo d domains ,  no r 
simpl e statistica l  claim s o f  "mor e tha n half" ,  bu t 
claim s which ,  althoug h understoo d sometime s t o 
fail ,  nevertheles s warran t  presumption s i n th e 
absenc e o f  conflictin g information .  Suc h 
generalization s ar e usuall y represente d b y 
defaults .  Ihi s pape r  examine s defaul t 
generalizations ,  distinguishin g the m fro m 
universal s an d statistica l  claims ,  an d pointin g ou t 
some pitfall s  thei r  implementatio n presents . 
Especially ,  i t  behove s u s t o realiz e tha t  answer s 
base d o n defaul t  reasonin g represen t  educate d 
gueses ;  an d howeve r  usefu l  the y may be ,  guesse s 
canno t  safel y o r  honestl y b e hande d ou t  a s facts . 2.  gsneraliation a vs .  universa l  an d atatistica l 

In English, "all" rarely means "every single 
thin g withou t  exception" ,  an d failin g t o not e thi s 
can produc e unfortunat e result s  [2] .  T b us e 
Btachman' s example ,  i f  w e sa y tha t  al l  elephant s 
ar e four-legge d gra y mamnals ,  an d i f  w e trea t  "all " 
as indicatin g genuin e universality ,  the n w e hav e n o 
way t o tal k abou t  Clyd e th e unfortunat e ampute e 
elephan t  wit h onl y thre e legs .  Bu t  suppos e w e 
alway s trea t  "all "  a s indicatin g a  generalizatio n 
Qyde th e three-legge d elephant ,  bu t  unfortunatel y 
we ca n tal k wit h equa l  eas e abou t  Clyd e th e 
non-mammalia n elefdiant ,  o r  eve n abou t  Clyd e th e 
non-elephan t  India n ele{*iant . 

Generalization s canno t  b e treate d lik e 
statistica l  claim s either ,  althoug h th e differenc e 
her e i s mor e subtle .  Mos t  peopl e realiz e tha t  ove r 
hal f  th e populatio n i s female .  Ye t  i n th e absenc e 
of  informatio n concernin g a  person' s sex ,  on e doe s 
not  typicall y presun e tha t  th e perso n i n questio n 
i s femal e (indeed ,  th e presumptio n tend s t o g o th e 
othe r  way!) .  B y contrast ,  th e nimbe r  o f  flightles s 
bird s (emus ,  ostriches ,  kiwis ,  penguins ,  bab y 
birds ,  etc. )  i s  hardl y negligible .  Ye t  w e fee l 
justifie d i n assumin g o f  bird s i n genera l  tha t  the y 
fly . 

Generalization s usuall y represen t  causa l  claims , 
albei t  maske d an d incomplet e ones .  Mos t  bird s fly , 
becaus e th e feature s whic h distinguis h somethin g a s 
a bir d evolve d t o facilitat e flight .  B y contrast , 
statistica l  claim s ar e pvidenc e for ,  rathe r  tha n 

embody,  causa l  claims .  Furthermore ,  w e accep t 
statistica l  evidenc e a s supportin g causa l  claim s 
onl y whe n ther e i s independen t  reaso n t o suppos e 
tha t  th e phenomen a involve d ar e relevan t  t o on e 
another . 

For  example ,  I  recal l  readin g sanewher e tha t  fo r 
many years ,  th e manbershi p roll s o f  a  baker' s unio n 
i n Ne w Yor k Cit y precisel y parallele d th e birth s 
and death s i n a  tow n i n India .  Whethe r  thi s 
actuall y happene d i s no t  importan t  here ;  my poin t 
is ,  i t  coul d wel l  happen ,  an d i f  i t  did ,  n o 
reasonabl e perso n woul d tak e i t  a s anythin g mor e 
tha n a  strikin g (an d somewha t  humorous ) 
coincidence . 

The transitivit y o f  inference s base d o n 
generalization s agai n distinguishe s the m fro m 
statistica l  claims .  Presumabilit y  ca n b e inherite d 
throug h truth- f  motiona l  inferences ;  bu t 
statistica l  relationship s ar e fa r  mor e complex ,  an d 
statistica l  inferaice s follo w utterl y differen t 
rules . 

For  instance ,  conside r  th e resul t  o f  conjoinin g 
tw o statistica l  claim s S  an d fil.  Sa y th e 
probabilit y  o f  fi  i s  i ,  an d tha t  o f  5 i  i s  x .  No w 
what  i s th e probabilit y  o f  S  &  S' ? Well ,  let' s 
loo k a t  sem e examples . 

Suppos e th e subjec t  i s  coi n tossing .  Sa y £  say s 
"TOSS 1  wil l  b e heads, "  an d S L say s "TOs s 2  wil l  b e 
tails. "  Tha i  i  =  y  =  .5 ,  an d th e probabilit y  o f 
"Tbs s 1  wil l  b e head s an d tos s 2  wil l  b e tails "  w e 
kno w t o b e .25 ,  o r  x^ .  Bu t  i s thi s alvay s th e 
case ? Qearl y not .  Le t  a  b e a s before ,  an d le t  S L 
be "Tos s 1  wil l  b e tails. "  No w th e jxobabilit y  o f  S 
& S '  i s  0 .  I f  a  i s th e sam e a s SL ,  the n th e 
probabilit y  o f  th e conjunctio n i s th e sam e a s th e 
probabilit y  o f  a . 

Furthermore ,  statistica l  analyse s ten d t o b e 
applie d t o tw o fundamentall y differen t  sort s o f 
situation .  I n th e firs t  kind ,  th e variou s event s 
ar e r» x hypnt-.hes i  independen t  o f  on e another .  We 
assume tha t  th e resul t  o f  tos s 1  doe s no t  affec t 
th e resul t  o f  tos s 2 .  I n th e second ,  a  causa l 
relationshi p i s bein g sough t  o r  presumed .  A t  thi s 
point ,  probabilitie s becom e inextricabl y linke d t o 
th e theoretica l  context ,  an d i n som e sens e tak e o n 
a differen t  meaning .  Give n on e se t  o f  result s fi, 
th e probabilit y  o f  fi  wil l  diffe r  dependin g o n th e 
hypothesi s relativ e t o whic h i t  i s  computed .  Mor e 
importantly ,  wha t  change s tend s t o b e no t  th e 
probabilitie s o f  individua l  occurrences ,  bu t 
precisel y th e probabilitie s o f  cooccurrences :  tha t 
is ,  th e probabilit y  o f  conjunction s changes , 
withou t  tha t  o f  th e conjunct s changing .  S o n o 
genera l  rul e capture s th e wa y th e probabilit y  o f  a 
conjunctio n relate s t o th e probabilit y  o f  th e 
conjuncts . 

3.  ExamplPf i  o f  defaul t  assumptions . 
Suppos e w e ar e designin g a  "trave l  agent "  system . 

Ih e classica l  exampl e o f  a  defaul t  rul e i n thi s 
contex t  i s  th e assumptio n that ,  al l  els e bein g 
equal ,  al l  trip s originat e whereve r  th e custome r 
currentl y is .  Thi s seem s reasonabl e enough ,  bu t 
th e syste m nee d hardl y assum e it ,  sinc e i t  ca n 
reques t  tha t  informatio n wit h n o grea t  los s o f 
convenience . 
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But  conside r  th e followin g "rule" :  withi n th e 
departur e tim e limit s th e custome r  supplies ,  mor e 
direc t  connection s cir e t o b e preferre d ove r  les s 
direc t  ones .  I f  someon e says ,  "I' d lik e a  roun d 
tri p t o Ne w York, "  fo r  th e syste m the n t o ask , 
"Wher e ar e yo u leavin g frcm? "  seem s reasonable ; 
fo r  i t  t o ask ,  "Woul d yo u rathe r  ge t  ther e i n on e 
hour  o r  ninetee n an d a  half? "  doe s not . 

Furthermore ,  imagin e a  syste m whic h mindlessl y 
produce d ever y se t  o f  connection s fra n Buffal o t o 
New Yor k — direct ,  vi a Albany ,  vi a (Houston ,  vi a 
Seattle ,  vi a London ,  vi a Bueno s Aires... .  Whil e 
th e lis t  migh t  no t  g o o n forever ,  i t  wil l  surel y g o 
on lon g enoug h t o prov e inconvenient .  Some 
presunptio n mus t  b e mad e t o orde r  th e alternative s 
so tha t  reasonabl e one s ge t  liste d early . 

Yet  w e canno t  simpl y ad d a  universa l  rul e tha t 
direc t  route s ar e t o b e preferre d ove r  indirec t 
ones ,  becaus e i t  isn' t  alway s true .  Fo e exan^e , 
some peopl e refus e t o us e certai n airline s o r 
airport s unde r  an y circumstances .  Other s wil l  wan t 
t o sto p ove r  fo r  a  fe w hour s i n sem e intermediat e 
city . 

Ther e i s als o a  mor e genera l  problem .  Al l  els e 
bein g equal ,  th e cheape r  o f  tw o route s i s usuall y 
preferre d ove r  th e mor e expensive .  Whil e th e mor e 
direc t  rout e i s usuall y als o th e cheaper,  i t  i s  no t 
alway s so .  On e ca n currentl y fl y  fro m Buffal o 
direc t  t o Albany ,  tAiic h i s shorte r  an d mor e direc t 
tha n changin g flight s i n Ne w Yor k City .  Bu t  i t 
turn s ou t  tha t  flyin g vi a Ne w Yor k i s cheaper . 
Whethe r  th e custome r  want s t o fl y  direc t  o r  vi a Ne w 
Yor k Cit y wil l  no w depen d o n whic h i s mor e 
importan t  t o th e custaner ,  convenien t  tim e 
schedulin g o r  lo w price . 

Hence th e syste m canno t  presun e absolutel y eithe r 
tha t  th e mor e direc t  rout e i s pre£ecred ,  o r  tha t 
th e cheape r  rout e is .  A  guarde d answe r  whid i 
presune s either ,  bu t  wit h explici t  reservations , 
wil l  prov e mor e usefu l  tha n eithe r  a  fla t 
presunptio n whic h canno t  b e overrule d ( a universal ) 
or  a  failur e t o mak e an y presunptio n a t  all . 

Othe r  exasple s abound .  I f  a  custome r  ask s t o 
trave l  fro m Ne w Yor k t o Cincinnat i  vi a Athens ,  w e 
want  th e syste m t o recogniz e tha t  th e custcme r 
probabl y mean s Athens ,  Ohio ,  an d no t  Athens , 
Greece ,  o r  eve n Athens ,  Georgia .  A t  th e sam e time , 
thi s assunptio n shoul d someho w b e reflecte d i n th e 
system' s response ,  les t  traveller s wh o mea n t o g o 
t o Athens ,  Georgi a lear n o f  Athens ,  Oii o b y findin g 
themselve s there . 

4.  Problffln s default s raise . 
Perhap s th e mos t  common kin d o f  defaul t  take s th e 

form ,  "I n th e absenc e evidenc e tha t  "p ,  yo u may 
infe r  p "  [7,8] .  When th e syste m i s aske d "p? "  an d 
find s th e defaul t  rule ,  i t  attaint s t o deriv e 'p . 
I f  i t  fail s  t o d o so ,  i t  return s p  a s th e answer . 
Hence systan s augmente d b y thi s kin d o f  rul e ca n 
tak e advantag e o f  generalization s o f  th e kin d 
above .  S o far ,  s o good . 

But  thi s procedur e onl y look s reasonabl e s o lon g 
as w e dea l  wit h question s lik e "Ca n Poge r  th e bir d 
fly? "  Then ,  sayin g "O f  course ,  he' s a  bird, "  sean s 
unobjectionabl e — bu t  onl y becaus e nothin g depend s 
on th e answer .  Notic e tha t  i f  w e don' t  car e wha t 
th e answer s t o ou r  question s are ,  ther e i s littl e 
reaso n t o implemen t  defaults .  Afte r  all ,  i f  w e 
don' t  care ,  w e ca n a s wel l  sa y " I  don' t  know "  a s 
eithe r  ye s o r  no . 

But  suppos e tha t  w e d o car e wha t  answe r  w e get . 
For  instance ,  conside r  a  medica l  diagnosti c an d 
treatment-reoomnendin g system .  Suppos e tha t  fo r  a 
particula r  se t  o f  symptoms ,  treatmen t  J i  i s 
generall y ver y beneficial ,  bu t  tha t  i n th e 
exceptiona l  case s treatmen t  &  invariabl y kills . 
Now i f  A  has  th e symptom s i n question ,  surel y w e d o 

not  wan t  t o recommen d treatmen t  i  solel y o n th e 
ground s tha t  w e don' t  ye t  kno w tha t  A  i s 
exceptional .  O n th e othe r  hand ,  i f  th e symptom s i n 
questio n ca n themselve s prov e fatal ,  no r  d o w e wan t 
t o sa y w e don' t  knc M anythin g abou t  wha t  t o d o fo r 
h. 

I n thi s kin d o f  case ,  w e woul d lik e th e syste m t o 
say somethin g like ,  "Treatmen t  x  naiMii y helps, "  o r 
"Prpfiimabl y treatmen t  ; i  helps. "  Eve n bette r  woul d 
be a n answe r  whic h directl y tell s  th e use r  wha t  th e 
counterindication s are ;  bu t  a t  th e ver y least ,  a 
responsibl e syste m shoul d war n th e use r  tha t  th e 
informatio n result s fra n a  prpaimpfinn .  an d no t  a n 
inference .  Onc e th e systa n ha s issue d th e warning , 
th e use r  ca n the n pursu e i t  i n furthe r  questions . 

A furthe r  difficult y wit h default s lie s i n 
decidin g wha t  i t  mean s fo r  tha n t o b e tru e o r 
false .  Qearl y "I f  Roge r  i s a  bird ,  the n 
presumabl y Roge r  ca n fly "  ca n b e tru e eve n i f  Roge r 
i s a  bird ,  bu t  Roge r  ca n no t  fly .  Indeed , 
"Presumabl y Roge r  ca n fly "  ca n b e true ,  eve n thoug h 
"Roge r  ca n fly "  i s  false .  Tha t  i s th e whol e poin t 
of  sayin g 'presunably' :  i t  protect s th e speake r 
fro m sayin g somethin g fals e whe n th e fact s g o th e 
"wrong "  way .  Tha t  i s wha t  i t  mean s t o giv e a 
guarde d response . 

Hence th e trut h valu e o f  default s canno t  b e a 
simpl e functio n o f  th e trut h value s o f  thei r 
component  propositions :  defaul t  operator s ar e no t 
trut h fiActu.onal .  Furthermore ,  default s mak e sens e 
becaus e the y reflec t  causa l  (an d heno e non-logical ) 
connection s amon g thei r  constituents .  Th e missin g 
informatio n Tiarani-t̂ a tha t  thei r  conten t  canno t  b e 
a simpl e functio n o f  th e content s o f  th e 
components .  Bu t  the n w e shoul d no t  expec t  t o b e 
abl e t o giv e a  purel y logica l  accoun t  o f  default s 
[41 . 

5.  Prtablan a wit h tw o goBPse d solutions . 
Severa l  approache s t o default s hav e bes i 

suggested .  Some researcher s trea t  default s a s 
modalize d [6,7,8] .  Severa l  problem s wit h thi s 
approac h hav e bee n pointe d ou t  alread y (se e e.g . 
[3]) .  I n addition ,  thi s approac h interpret s "I n 
general ,  bird s fly "  a s somethin g lik e "I f  ̂  i s  a 
bir d an d i t  i s  ocmpatibl e wit h wha t  w e kno w tha t  x 
flies ,  the n x .  flies "  [7] .  Bu t  thi s i s onl y tru e i f 
ever y singl e bir d withou t  exceptio n whic h w e d o no t 
kno w t o b e flightles s doe s i n fac t  fly .  Tha t  is , 
i f  McOermott' s  versio n o f  th e generalizatio n i s 
true ,  i t  ca n neve r  b e th e cas e tha t  sem e bir d doe s 
not  fl y  an d w e ca n no t  prov e tha t  i t  doesn't .  Bu t 
thi s i s surel y no t  wha t  th e generalizatio n means . 

The fuzz y logi c approac h [1,5,9,10 ]  use s a 
continuu m o f  trut h value s i n th e close d rang e <0,1 > 
instea d o f  sijipl y "true "  an d "false" .  Severa l 
question s imnediatel y arise .  First ,  ever y 
"assertion "  i n th e dat a bas e mus t  hav e a n 
associatie d trut h value ;  wher e ar e w e t o ge t  thes e 
from ? Second ,  ho w ar e th e tjrut h value s o f 
proposition s relate d t o thos e o f  thei r  components , 
and ho w ar e th e trut h value s o f  conclusion s relate d 
t o thos e o f  th e premise s o f  th e demonstratio n i n 
question ? Preliminar y result s [1 ]  boi l  dow n t o th e 
msurprisin g clai m tha t  th e conclusion s ar e n o 
bette r  tha n th e pranises ,  bu t  als o o n th e whol e n o 
wors e (wher e "better "  i s  interprete d a s numerica l 
"greate r  than") .  I t  i s  significan t  tha t  thi s i s 
alread y non-trivia l  t o establish .  Third ,  ho w d o w e 
dea l  wit h th e apparen t  resul t  tha t  differen t 
demonstration s o f  th e sam e propositio n "establish " 
differen t  trut h values ? 

But  th e larges t  problem ,  i n my opinion ,  lie s i n 
th e irresistibl e temptatio n t o vie w thes e fuzz y 
trut h value s a s probabilities .  Thi s tendenc y i s 
encourage d b y th e nee d t o assig n what ,  i n context , 
loo k muc h lik e Bayesia n prio r  probabilitie s t o th e 
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proposition s i n th e dat a base .  Son e kin d o f 
Bayesia n analysi s ma y prov e usefu l  i n A.I .  systenis ; 
but  ther e i s n o "cut-rate "  wa y o f  doin g it . 
Neithe r  fuzz y logi c no r  defaul t  reasonin g 
adequatel y analyze s probability .  Unde r  th e 
circumstances ,  i t  seem s bes t  t o avoi d a  syste m 
whic h mislecxt e t o thi s extent . 

6.  Conci,uaion . 
We woul d lik e som e wa y t o dea l  wit h th e "fmny ' 

trut h statu s o f  defaul t  rule s an d o f  conclusion s 
draw n o n th e basi s o f  defaul t  asstmptions ;  bu t 
neithe r  modalit y no r  fuzz y trut h value s seem s t o 
captur e th e desire d effect .  Furthermore ,  ther e 
seems goo d reaso n t o siqjpos e tha t  n o purel y logica l 
analysi s could . 

But  thi s doe s no t  rul e ou t  th e possibilit y  tha t 
logica l  restriction s o n default s an d thei r 
consequence s ca n b e foun d an d described ,  o n th e 
basi s o f  whic h a  syste m o f  inference s allowin g 
defaul t  reasonin g ca n b e developed .  We ar e 
currentl y developin g a  semantic s fo r  defaul t 
reasonin g whic h treat s default s a s propositiona l 
operator s an d whic h w e hop e wil l  provid e suc h a 
basis .  Onc e thi s ha s bee n done ,  w e ca n hop e t o 
deal  wit h default s i n a  reasonabl e an d usefu l  way . 

Hence a n A .  I .  syste m whic h deal s wit h default s 
successfull y mus t  als o hav e a t  leas t  tw o propertie s 
whic h existin g proposal s lack .  First ,  i t  mus t 
delineat e th e logica l  restriction s o n default s an d 
thei r  consequence s withou t  rulin g ou t  th e existenc e 
of  genuin e exceptions ,  i.e. ,  recognizin g tha t 
defaul t  reasonin g scmetime s give s th e wron g answer . 
I n doin g so ,  i t  shoul d b e carefu l  t o distinguis h 
defaul t  generalization s bot h fro m genuin e 
universal s an d fro m statistica l  generalizations . 
And second ,  whe n th e syste m give s answer s whic h eir e 
base d o n defaul t  reascming ,  i t  shoul d aokni t  thi s 
weaknes s b y issuin g warning s wit h them .  Fo r 
withou t  suc h warnings ,  defaul t  reasonin g b y an y 
scheme i s no t  onl y unsound :  i t  i s  als o unsafe . 

8.  AcKnnwlpdgnieata ^ 
I  woul d lik e t o than k Stuar t  Shapir o an d th e 

members o f  th e SNePS Researc h Grou p a t  SUNY/Buffal o 
fo r  thei r  man y helpfu l  conment s an d suggestions . 
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PRAGMATIC FACTORS I N 
P R O N O UN REFERENCE ASSIGNMENT 

Valerie C. Abbott and John B. Black 

CognitlT e Scienc e P r o g r a m 

Yal e UniTersity ,  N e w H a v e n ,  C T 0 6 6 2 0 

Identifyin g factor s tha t  influenc e pronou n referenc e 
assignmen t  i s  a  challeng e t o anyon e attemptin g t o 
characteriz e th e proces s o f  languag e understanding . 
Becaus e a  pronou n itsel f  carrie s onl y a  smal l  par t  o f  th e 
meanin g tha t  th e understande r  i s expecte d t o assig n t o it , 
he o r  sh e mus t  us e contextua l  informatio n t o assig n th e 
pronou n a n unambiguou s referent .  Characterizin g 
aspect s o f  th e contex t  whic h ar e use d fo r  th b purpos e i s 
an activ e are a o f  psychologica l  research . 

M a ny recen t  studie s hav e considere d th e rol e o f 
syntacti c context ,  tha t  is ,  th e effec t  o f  structura l 
constraint s o n pronou n referenc e i n a  fragmen t  o f  text , 
typicall y a  sentence ,  withou t  recours e t o constraint s 
whic h migh t  b e foun d i n th e meanin g o f  th e tex t 
(Langacker ,  1969 ;  Sheldon ,  1974) .  Shwart z (1981 )  ha s 
foun d evidenc e fo r  th e us e o f  syntacti c informatio n i n th e 
resolutio n o f  anaphori c pronoun s i n singl e sentences . 
However ,  strategie s base d onl y o n synta x ar e no t 
sufncien t  t o determin e unambiguousl y th e referen t  o f  al l 
pronouns .  Consequently ,  investigator s hav e examine d th e 
rol e o f  semanti c factor s withi n sentence s i n directin g th e 
assignmen t  o f  referent s (Caramazza ,  Grober ,  Garvey ,  & 
Yates ,  1977 ;  Caramazz a an d Gupta ,  1979 ;  EhrUch ,  1080) . 

T h e studie s reporte d her e wil l  focu s o n th e us e o f 
pragmati c constraint s i n resolvin g anaphori c pronouns . 
Hirs t  an d Bril l  (1080 )  hav e foun d tha t  thes e constraint s 
influenc e th e tim e neede d t o assig n a  referen t  eve n whe n 
tha t  referen t  ca n b e unambiguousl y determine d b y 
syntacti c rule s alone .  T h b resul t  indicate s tha t 
pragmati c contex t  ca n b e expecte d t o pla y a  significan t 
rol e i n referenc e assignment .  However ,  th e tex t 
fragment s use d i n thei r  stud y wer e onl y tw o sentence s 
long ,  an d th e natur e o f  th e pragmati c consideration s 
involve d wer e no t  specified .  I t  remain s t o b e determine d 
whethe r  ther e ar e identifiabl e cue s i n longe r  text s whic h 
influenc e referenc e assignmen t  o f  anaphori c pronouns . 
We wil l  b e concerne d wit h characterizin g tw o majo r 
source s o f  contextua l  informatio n i n paragraph-lengt h 
texts ,  an d evaluatin g thei r  influenc e o n pronomina l 
referenc e assignment . 

First ,  th e presenc e o f  a  clea r  mai n characte r  ma y b e 
expecte d t o pla y a  rol e i n referenc e assignment.  Black , 
Turner ,  an d Bowe r  (1979 )  hav e show n tha t  th e poin t  o f 
vie w provide d b y a  mai n characte r  ha s a n observabl e 
effec t  o n stor y understanding .  I n th e extrem e case ,  ther e 
m ay b e onl y on e characte r  i n a  story .  W h e n ther e i s 
mor e tha n on e character ,  i t  i s  stil l  likel y tha t  th e mai n 
characte r  i s  give n primar y consideratio n fo r  referenc e 
assignment .  Thi s wa s investigate d i n th e curren t 
experiment . 

Second ,  Scfaan k an d Abelso n (1977 )  hav e suggeste d 
tha t  th e goal s an d socia l  role s o f  character s i n storie s m a y 
contribut e t o referenc e assignment .  I f  a n ac t  i s 
appropriat e t o a  particula r  goa l  o r  rol e an d th e agen t  o f 
th e ac t  i s  specifie d b y a  pronoun ,  i t  i s  likel y tha t  th e 
pronou n wil l  b e disambiguate d t o th e characte r  w h o ha s 
th e appropriat e goa l  o r  role . 

Sinc e th e goa b th e character s i n a  stor y ar e pursuing , 
th e role s the y ar e filling ,  an d th e identit y o f  th e mai n 
characte r  ca n b e experimentall y manipulated ,  w e ca n tes t 
whethe r  thes e contextua l  cue s influenc e pronou n referenc e 

assignment .  I n th e experiment s reporte d belo w w e firs t 
tes t  whethe r  subject s ar e sensitiv e t o thes e cue s alon e an d 
i n combinatio n i n a  tas k requirin g explici t  pronou n 
referenc e assignment .  Second ,  i n a  tas k i n whic h readin g 
time s fo r  line s o f  tex t  containin g pronoun s wer e 
measured ,  i t  wa s determine d whethe r  thes e source s o f 
pragmati c constrain t  influence d th e difficult y o f  referenc e 
assignmen t  a s measure d b y readin g time . 

Experiment I: Explicit Aaaignment 

Four simple two-character stories were written. Each 
stor y containe d a n anaphori c pronou n i n th e final 
sentence .  Eithe r  characte r  coul d b e mad e th e mai n 
characte r  o f  th e story ,  o r  eac h characte r  migh t  b e 
weighte d equally .  Additionally ,  eac h characte r  wa s give n 
a rol e o r  a  goa l  i n th e story .  Precedin g th e claus e i n 
whic h th e critica l  pronou n appeare d wa s a  phras e 
containin g a n actio n appropriat e t o th e rol e o r  goa l  o f 
on e characte r  o r  other ,  o r  a n actio n whic h wa s equall y 
likel y t o hav e bee n performe d b y eithe r  o f  th e characters . 
For  instance ,  i n "Brushin g of f  a  table ,  sh e smile d a t  he r 
friend. "  th e actio n precedin g th e pronou n b  consbten t 
wit h th e rol e o f  a  waitress .  Not e tha t  i n sentence s o f  th b 
sort ,  th e subjec t  o f  th e mai n claus e b  interprete d a s th e 
agen t  o f  th e actio n i n th e precedin g phrase . 

Combinatio n o f  thes e cue s yield s five  presentatio n 
conditions . 

• The main character and goal or role cue are 
bot h presen t  an d indicat e th e sam e referent . 

•  T h e mai n characte r  an d goa l  o r  rol e cu e ar e 
bot h presen t  an d indicat e conflictin g referents . 

•  Onl y th e mai n characte r  cu e b  present . 

• Only the goal or role cue b present. 

•  Neithe r  cu e b  present . 

Eac h subjec t  wa s presente d wit h tw o storie s o f  th e 
typ e describe d above ,  on e i n eac h o f  tw o conditions . 
Followin g eac h stor y o n a  separat e pag e wa s a  multipl e 
choic e questio n requirin g identificatio n o f  th e characte r  t o 
w h o m th e anaphori c pronou n referred . 

T h e result s o f  th b experimen t  ar e summarize d i n 
Tigur e 1  below .  W h e n mai n characte r  an d rol e o r  goa l 
cue s le d t o assignin g th e sam e characte r  a s referent , 
pronou n referenc e wa s determine d i n accor d wit h bot h b y 
8 4 % o f  th e subjects ,  a  significan t  differenc e fro m chanc e 
(X ^  =  10.72 ,  £  <  .01) .  T h b show s tha t  mai n characte r 
and rol e an d goa l  manipulation s ar e powerfu l  enoug h t o 
influenc e pronou n assignmen t  whe n use d together .  I n th e 
cas e i n whic h neithe r  mai n characte r  no r  th e phras e 
precedin g th e pronou n provide d a  cu e concernin g 
pronou n reference ,  subject s chos e bot h character s almos t 
equall y ofte n a s th e referen t  o f  th e pronoun ,  4 6 % o f  th e 
subject s choosin g on e an d 5 4 % choosin g th e othe r  (x ^  = 
0.12 ,  ns) .  W h e n th e phras e precedin g th e pronou n wa s 
neutra l  wit h respec t  t o th e role s o r  goa b o f  bot h 
character s i n th e stories ,  bu t  ther e wa s a  mai n character , 
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thi s characte r  wa s adopte d a s th e referen t  o f  th e pronou D 
by 8 2 % (x ^  =  9.02 ,  £  <  01 )  o f  th e subjects .  Thi s i s 
essentiall y  th e sam e leve l  o f  performanc e a s wa s observe d 
wit h bot h source s o f  informatio n avaiabl e t o th e subjects . 
However ,  whe n bot h character s wer e give n equa l 
weightin g i n th e story ,  bu t  th e phras e precedin g th e 
pronou n wa s appropriat e t o th e rol e o r  goa l  o f  on e 
character ,  th e referent s chose n wer e consisten t  wit h thi s 
characte r  fo r  onl y 6 2 % (x' ^  =  107 ,  ns )  o f  th e subjects . 
Thi s patter n o f  result s seem s t o indicat e tha t  subject s ar e 
not  makin g extensiv e us e o f  informatio n abou t  th e 
relationshi p betwee n a n actio n th e agen t  o f  whic h b 
speciHe d b y a  pronoun ,  an d th e know n goal s an d role s o f 
characters ,  i n assignin g th e pronou n a  referent . 

However ,  thi s interpretatio n i s complicate d b y th e 
result s o f  th e conditio n i n whic h subject s ha d t o m a k e a 
choic e betwee n a n assignmen t  t o th e mai n characte r  o f 
th e passage ,  o r  t o anothe r  characte r  wit h th e rol e o r  goa l 
appropriat e t o th e actio n precedin g th e pronoun .  I n thi s 
situation ,  subject s chos e th e assignmen t  whic h agree d 
wit h th e mai n characte r  3 8 % o f  th e time ,  an d chos e th e 
assignmen t  whic h agree d wit h th e rol e o r  goa l  contex t 
6 2 % o f  th e time .  Althoug h thi s resul t  i s  no t  signiHcantl y 
differen t  fro m chanc e ( x =  107 ,  ns) ,  a  differenc e i n th e 
opposit e directio n woul d b e expecte d i f  onl y mai n 
characte r  cue s wer e influencin g th e choice .  Thi s resul t 
indicate s tha t  althoug h a  character' s goa l  o r  rol e i s no t 
alway s sufficien t  t o influenc e pronou n assignmen t  alone , 
i t  i s  importan t  whe n see n i n combinatio n wit h othe r 
information .  Th e differenc e betwee n th e choic e o f 
I CHOICE 

I 
I  CONSISTENT I  INCONSISTENT I 

CONDITION I  WIT H CUE(S )  I  WIT H CUE(S )  I 
BOTH CUES I 

(CONSISTENT)I 

MAIN CHAR I 
CUE ONLY I 

84 10 

82 18 

GOAL O R ROLE I 
CUE ONLY I 82 38 

BOTH CUES*  I 
(CONFLICT)  I 82 38 

neither "  I 
CUE I 54 46 

*  consisten t  =  consisten t  wit h goa l  o r  rol e cu e 
consistenc y arbitraril y  determine d 

Figure 1: Subjects' choice of pronoun referents 
i n percent . 

referent in this condition and in the condition in which 
mai n characte r  identit y i s th e onl y cu e availabl e i s 
significan t  (x ^  =  15.47 ,  £  <  .001) .  T h e utilit y  o f  mai n 
characte r  informatio n thu s seem s t o b e dependen t  o n th e 
absenc e o f  conflictin g information . 

Th e result s o f  th e thi s experimen t  indicat e tha t  th e 
exten t  t o whic h subject s chos e on e referen t  o r  th e othe r 
was governe d b y th e contextua l  cue s manipulated .  Th e 
mai n characte r  o f  th e stor y wa s mos t  effectiv e i n 
innuencin g referenc e assignment ,  wit h consistenc y o f  th e 
pronoun' s contex t  wit h th e goa l  o r  rol e o f  a  characte r 
effectiv e i n nullifyin g thi s mai n characte r  effect . 

I t  i s  conceivabl e tha t  i n thi s experimen t  askin g 
explicitl y  abou t  th e referen t  o f  a  pronou n altere d 
subjects '  responses .  Thus ,  i t  seeme d desirabl e t o obtai n 
anothe r  measur e o f  th e difficult y o f  assignin g referent s t o 
anaphori c pronoun s i n th e sam e texts . 

I n th e followin g experimen t  readin g time s fo r  th e 
sentence s o f  thes e text s containin g anaphori c pronoun s 
wer e measured .  I t  wa s expecte d tha t  readin g time s woul d 
be fastes t  fo r  pronoun s i n th e conditio n i n whic h ther e 
was a  mai n character ,  an d th e phras e precedin g th e 
pronou n wa s appropriat e t o th e rol e o r  goa l  o f  tha t 
character .  Readin g time s shoul d increas e a s i t  become s 
increasingl y difflcul t  t o assig n a  referen t  unambiguousl y 
t o a  pronoun . 

Experiment IL Reading Tlma 

Materiab were the four stories used above and six 
additiona l  storie s o f  th e sam e typ e writte n fo r  thi s study . 
Eac h stor y coul d appea r  i n an y o f  th e Av e condition s 
discusse d above .  T h e penultimat e lin e o f  th e stor y 
containe d th e actio n whic h wa s consisten t  wit h th e rol e 
or  goa l  o f  on e characte r  o r  th e other ,  o r  wit h either .  T h e 
fina l  lin e o f  eac h stor y wa s constan t  ove r  condition s an d 
containe d a n anaphori c pronoun . 

Eac h subjec t  rea d th e 1 0 stories ,  tw o i n eac h o f  th e 
five  conditions .  The y wer e instructe d t o rea d th e storie s 
fo r  comprehension .  Eac h stor y wa s presente d on e lin e a t 
a tim e o n a  compute r  terminal ,  subject s pressin g th e 
"Return "  ke y whe n the y ha d finished  readin g eac h line . 
Readin g time s fo r  th e final  lin e o f  th e stor y wer e 
compare d betwee n conditions . 

2400 1 

2300 1 
READING I 

X 
238 3 

TIME 
I N 

MSEC 
2200 ! 

2100 ! 

1 X 
2000 1 203 3 

BOTH 

1 

BOTH 
(CONFLICT) 

X 
202 0 

MAIN 
CHAR 
ONLY 

X 
215 4 

X 
210 4 

GOAL O R NEITHE R 
ROLE CUE 
ONLY PRESENT 

TYPE O F CUE(S )  PRESENT 

Figure 2: Reading times for a clause containing an 
anaphori c pronou n 

The results for the five conditions are presented in 
Figur e 2 .  Th e readin g tim e dat a i s quit e consisten t  th e 
dat a see n i n Experimen t  I  above .  A  compariso n betwee n 
th e conditio n i n whic h bot h cue s ar e presen t  an d lea d t o 
th e sam e choic e o f  referen t  an d tha t  i n whic h bot h cue s 
ar e presen t  bu t  lea d t o conflictin g choice s show s faste r 
readin g time s i n th e forme r  conditio n ( F =  4.80 5 ̂  = 
0.033) .  Havin g onl y on e cu e i n th e for m o f  a  mai n 
characte r  lead s t o almos t  identica l  readin g time s a s 
havin g bot h cue s an d result s i n significantl y faste r 
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readin g time s tha n th e confusin g conditio n ( F =  9.48 7 £ 
=s 0.005) .  However ,  althoug h ther e i s a  trend ,  havin g 
onl y th e cu e o f  consistenc y wit h th e goa l  o r  rol e o f  a 
characte r  doe s no t  lea d t o significantl y faste r  readin g 
time s tha n th e confusin g conditio n ( F =  3.02 2 g  = 
0.080) .  Th e conditio n i n whic h neithe r  mai n characte r 
nor  consistenc y wit h a  goa l  provide d a  cu e a s t o th e 
referenc e o f  th e pronou n i s a  puzzle .  Althoug h i t  i s  no t 
significantl y faste r  tha n th e confusin g conditio n ( F = 
1.32 5 2  = = 0.258) ,  i t  i s  als o no t  significantl y slowe r  tha n 
th e conditio n i n whic h bot h cue s ar e availabl e ( F =  0.52 7 
ĝ  =  0.480) ,  th e conditio n i n whic h onl y th e mai n 
characte r  i s availabl e ( F =  0.60 8 £  =  0.448) ,  o r  th e 
conditio n i n whic h onl y consistenc y wit h a  goa l  o r  rol e i s 
availabl e a s a  cu e ( F =  0.14 8 £  =  0.705) .  On e possibl e 
explanatio n i s tha t  subject s ar e fairl y  quic k t o realiz e 
tha t  the y hav e n o informatio n wit h whic h t o mak e a 
decision ,  an d procee d i n hope s o f  obtainin g th e 
informatio n the y nee d i n th e remainde r  o f  th e text .  I n 
othe r  words ,  i n th e confusin g condition ,  enoug h 
informatio n i s available ,  s o a n attemp t  i s mad e t o fin d 
th e referent .  Thi s prove s difficult ,  leadin g t o increase d 
readin g time s fo r  suc h sentences .  I n th e absenc e o f 
relevan t  information ,  th e attemp t  a t  resolutio n i s 
deferred . 

Th e result s o f  thes e tw o experiment s sho w th e 
influenc e o n pronou n referenc e assignmen t  o f 
manipulatio n o f  pragmati c aspect s o f  th e tex t  i n whic h 
the y appear .  Th e mai n characte r  o f  th e text ,  i n th e 
absenc e o f  disconfirmin g evidence ,  i s quickl y an d reliabl y 
assigne d a s th e referenc e o f  thes e pronouns .  The y als o 
poin t  ou t  tha t  th e influenc e o f  som e possibl e pragmati c 
cue s canno t  b e characterize d simply .  Fo r  example ,  i f  th e 
actio n o f  a n agen t  represente d i n th e tex t  b y a  pronou n b 
consisten t  wit h th e rol e o r  goa l  o f  a  character ,  thi s i s no t 
sufHcien t  t o lea d reliabl y t o assignmen t  o f  tha t  characte r 
t o th e pronoun .  However ,  th e influenc e o f  thi s cu e i s 
substantia l  enoug h t o lea d t o confusio n i f  ther e i s othe r 
evidenc e indicatin g anothe r  characte r  a s th e referent . 
Additionally ,  i t  canno t  b e assume d tha t  th e les s 
informatio n availabl e fo r  pronou n referenc e assignment , 
th e longe r  i t  wil l  tak e subject s t o rea d th e sentenc e i n 
whic h i t  appears .  Fro m th e result s o f  experimen t  1 1 w e 
ca n se e tha t  subject s procee d rathe r  quickl y whe n the y 
hav e n o informatio n o n whic h t o bas e thei r  choice . 
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Topi c an d Comment  i n Spoke n Sentenc e 
Comprehensio n 

Hans Brunner 
Universit y o f  Indian a 

Chomsky (1965 )  ha s define d th e Topi c 
of  a  sentenc e a s "th e leftmos t  U P 
immediatel y dominate d b y S  i n th e surfac e 
structure "  an d Comment  as ,  quit e simply , 
"th e res t  o f  th e string" .  Other s hav e 
eithe r  define d o r  use d thes e tw o concept s 
t o denote ,  amon g othe r  things ,  th e 
distinctio n betwee n (1 )  "new "  informatio n 
and informatio n tha t  ha s alread y bee n 
conveye d (e.g. ,  Clar k &  Haviland ,  1977) , 
(2 )  th e notion s o f  "psychologica l  subject " 
and "psychologica l  predicate "  (e.g. , 
Hornby ,  1972) ,  o r  (3 )  th e "current "  vs . 
"presupposed "  informatio n o f  a  sentenc e 
(e.g. ,  Halliday ,  1967) .  Differin g 
interpretation s aboun d and ,  i n th e word s o f 
deBeaugrand e (1980) ,  "i t  ha s remaine d 
unclea r  precisel y wha t  phenomeno n w e ar e 
dealin g with" . 

The purpos e o f  thi s researc h wa s t o 
investigat e th e role s o f  "topic "  an d 
"comment "  i n differen t  semanti c an d 
syntacti c contexts .  T o d o thi s w e use d th e 
gatin g paradigm ,  a  procedur e i n whic h 
spoke n sentence s ar e repeatedl y presente d 
t o subjects ,  th e amoun t  o f  spectra l 
informatio n fro m eac h constituen t  wor d 
bein g graduall y increase d wit h eac h 
successiv e repetition .  I n th e firs t 
presentatio n o f  eac h sentence ,  th e spectra l 
gat e siz e (i.e. ,  duratio n fro m th e onset ) 
of  eac h wor d wa s onl y 5 0 msecs .  Th e 
remainde r  o f  eac h wor d wa s replace d wit h 
envelope-shape d noise ,  a  procedur e whic h 
eliminate s th e spectra l  informatio n whil e 
preservin g prosodi c fluctuation s i n th e 
intensit y o f  th e speech .  Eac h targe t 
sentenc e wa s repeate d 1 0 times ,  th e gat e 
size s bein g increase d i n 5 0 mse c increment s 
acros s repetitions .  Subject s wer e 
instructe d t o simpl y writ e dow n whateve r 
the y coul d understan d afte r  eac h 
presentatio n o f  th e sentence .  Th e 
dependen t  measur e o f  interes t  wa s th e 
amount  o f  spectra l  informatio n (i.e. ,  th e 
"gat e size" )  necessar y fo r  comprehensio n o f 
each wor d i n th e sentence . 

Thi s techniqu e wa s applie d t o th e 
curren t  issu e b y transformin g th e synta x o f 
simple ,  declarativ e sentence s s o a s t o var y 
th e topicalizatio n o f  subjec t  an d objec t 
nouns fro m on e sentenc e versio n t o th e 
next .  Ou r  syntacti c transformations ,  take n 
fro m a  stud y b y Hornb y (1972 )  ar e show n 
below : 
(i)The farmer plowed the field. 
(2)Th e fiel d wa s plowe d b y th e farmer . 
(3)I t  wa s th e farme r  wh o plowe d th e field . 
(4)I t  wa s th e fiel d tha t  th e farme r  plowed . 
(5)Th e on e wh o plowe d th e fiel d wa s th e 

farmer . 
(6)lVha t  th e farme r  plowe d wa s th e field . 
Hornby (1972) showed that agent of a 
sentenc e serve s a s th e topi c whe n presente d 
i n syntacti c structure s wit h a  clef t  objec t 
(sentenc e 4) ,  pseudoclef t  objec t  (6 )  o r  i n 
activ e sentence s (1 )  an d a s th e comment 
when presente d eithe r  i n passiv e sentence s 
(2 )  o r  i n sentence s wit h clef t  (3 )  o r pseudoclef t  (5 )  agents .  Th e objec t  take s on a  complementar y role ,  bein g par t  o f  th e comment  wher e th e agen t  i s topicalized ,  an d vic e versa .  Th e topi c o f  eac h o f  o f  eac h 

syntacti c for m ha s bee n underlined ,  above , 
accordin g t o thi s criterion .  I n thi s stud y 
we capitalize d o n thi s exchang e o f  role s s o 
that ,  whe n comparin g th e overal l  effect s o f 
topi c vs .  comment  status ,  w e woul d b e 
comparin g eac h wor d agains t  differen t 
token s o f  itself . 

Armchai r  theorist s hav e bee n assertin g 
fo r  som e tim e no w tha t  th e topi c o f  a 
sentenc e (1 )  receive s les s intonationa l 
stres s (i.e. ,  lowe r  amplitud e an d F O an d a 
shorte r  duration )  i n productio n an d (2 )  i s 
somehow prerequisit e fo r  correc t 
interpretatio n o f  th e comment .  I f  thi s i s 
true ,  the n comprehensio n o f  an y give n wor d 
shoul d requir e les s spectra l  informatio n 
when i t  function s a s topi c tha n whe n i t  i s 
stretche d ou t  i n tim e a s par t  o f  th e 
comment  o n wha t  ha s bee n topicalized . 
Moreover ,  i f  th e functionalis t  approac h i s 
correct ,  the n ther e shoul d b e a 
well-ordere d interactio n betwee n 
topicalizatio n an d syntax ,  wit h agent s 
requirin g a  smalle r  minima l  gat e siz e i n 
activ e sentence s an d sentence s wit h clef t 
and pseudoclef t  objects ,  wher e the y ar e 
topicalized ,  tha n i n th e remainin g thre e 
syntacti c forms ,  wher e the y ar e par t  o f  th e 
comment.  An d onc e again ,  th e convers e 
shoul d obtai n fo r  th e objec t  o f  eac h 
sentence . 

Neithe r  o f  thes e prediction s wa s 
supporte d b y th e results :  Th e amoun t  o f 
spectra l  informatio n necessar y fo r  wor d 
recognitio n di d no t  decreas e a s a  functio n 
of  increasin g topicalization .  Moreover , 
ther e wa s a  significan t  mai n effec t  o f 
synta x (F (  5  ,  270)=«26.18) ,  resultin g fro m a n 
increas e i n th e amoun t  o f  spectra l 
informatio n necessar y fo r  wor d recognitio n 
as th e synta x o f  sentence s becam e mor e 
complex . 

Thes e result s shoul d no t  b e construe d 
as evidenc e agains t  th e functionalis t 
approac h t o sentenc e comprehension .  Ou r 
sentence s wer e presente d ou t  o f  context ,  i n 
th e absenc e o f  an y large r  tex t  o r  dialogu e 
fraimework .  Thus ,  i t  i s  doubtfu l  tha t  th e 
topicalize d word s i n thes e stimul i  reall y 
represente d anythin g aki n t o "given "  o r 
"presupposed "  informatio n fo r  th e subjects . 
Nonetheless ,  thes e result s d o serv e t o 
constrai n som e o f  th e notion s tha t  hav e 
been advance d abou t  th e natur e o f  topi c an d 
comment  i n th e processin g an d structur e o f 
language .  The y mak e i f  quit e clea r  tha t 
"topic "  an d "comment "  ar e textual ,  rathe r 
tha n syntacti c o r  structuralis t  concepts . 
Thus ,  an y effor t  t o defin e thes e construct s 
withou t  referenc e t o intersententia l 
relation s simpl y misse s th e purpos e o f 
topicalizatio n i n real-tim e processing . 
However ,  th e result s als o demonstrat e tha t 
i t  i s  importan t  no t  t o los e sigh t  o f 
syntacti c effect s i n tex t  processing .  Th e 
syntacti c constraint s o f  thes e sentence s 
di d muc h mor e tha n jus t  contro l  th e focu s 
of  attention ;  the y ha d profound ,  top-dow n 
effect s o n th e overal l  spee d o f identificatio n a s well . The curren t  result s ar e onl y th e firs t i n a  serie s o f  experiment s o n thi s issue . I n thi s talk ,  I  wil l  als o discus s th e effect s o f  simila r  manipulation s o n material s presente d i n variou s textua l frameworks .  7 3 



ON-LESf E P R O C E S S I NG 

OF P R A G M A T IC ITvfFERENCE S 
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Cognitiv e scienc e researcher s hav e propose d a  wid e 
variet y o f  inference s an d inferenc e mechanism s tha t  m a y 
be use d i n comprehendin g stories .  Inference s ar e 
concepts ,  o r  link s betwee n concepts ,  whic h ar e no t 
explicitl y  state d i n a  tex t  bu t  whic h ar e presen t  i n th e 
fina l  memor y representation .  M a n y previou s 
psychologica l  experiment s o n inference s hav e bee n unabl e 
t o distinguis h betwee n inference s tha t  ar e generate d 
during  comprehensio n (on-line )  an d thos e tha t  ar e 
constructe d late r  (fo r  example ,  during  summarizatio n o r 
questio n answering) .  T h e experiment s presente d her e 
contras t  fou r  type s o f  pragmati c inference s t o determin e 
whethe r  the y ar e usuall y generate d on-line . 

Pragmati c inference s ar e a  clas s o f  inference s tha t 
resul t  fro m th e applicatio n o f  worl d knowledg e t o 
informatio n i n a  text .  Knowledg e structure s typicall y 
employe d i n th e productio n o f  pragmati c inference s 
(especiall y fo r  narratives )  ar e goa l  structures ,  plannin g 
mechanbms,  an d script s (Schan k &  Abelson ,  1077 ; 
Wilensky ,  1078) .  A  numbe r  o f  psychologica l  experiment s 
hav e demonstrate d th e us e o f  individua l  schemati c 
structure s i n producin g pragmati c inference s (e.g .  Bower , 
Blac k &  Turner ,  1070 ;  Graesser ,  Gordon ,  &  Sawyer , 
1070 ;  Smit h & .  Collins ,  1081) ,  bu t  hav e no t  show n th e on -
lin e operatio n o f  a  combinatio n o f  knowledg e structure s 
involve d i n pragmati c inferenc e generation .  I n th e tw o 
studie s discusse d here ,  w e wil l  presen t  evidenc e tha t  1 ) 
knowledge-base d inference s abou t  goab ,  plans ,  an d 
action s ar e m a d e daring  readin g an d 2 )  inference s abou t 
consequen t  o r  associate d state s o f  th e worl d ar e no t  m a d e 
during  reading .  W e wil l  als o giv e indirec t  evidenc e fo r 
on-lin e forwar d inferencin g o f  plan s fro m goals . 

Knowledg e o f  goal s an d plan s organize s otherwis e 
disconnecte d tex t  elements ,  an d thu s i t  i s  importan t  tha t 
the y b e inferre d earl y i n th e comprehensio n proces s 
(Owens ,  Bower ,  &  Black ,  1070 ;  Smit h &  Collins ,  1081) . 
Lower  leve l  inferenc e types ,  lik e stor y actions ,  ar e use d t o 
ni l  i n informatio n specifie d b y alread y activ e schemat a 
(Bower ,  Blac k &  Turner ,  1070) .  Stat e information , 
however ,  whil e potentiall y  inferable ,  i s  no t  predicte d t o 
be generate d a a par t  o f  th e comprehensio n process . 
Ther e i s considerabl e evidenc e tha t  physica l  state s tha t 
ar e antecedent s o r  consequence s o f  action s ar e no t  a 
centra l  par t  o f  narrativ e representation s (Black ,  1080 ; 
Graesser ,  1081 ;  Kemper ,  1082 ;  Lehnert ,  Robertson ,  & 
Black ,  i n press ;  Robertson ,  Lehnert ,  &  Black ,  1081) .  Fo r 
example ,  whe n someon e sit s dow n i n a  restaurant , 
informatio n abou t  th e positio n o f  table s an d chair s i s no t 
typicall y accessed . 

T o tes t  fo r  on-lin e inference s o f  th e speciHe d types ,  w e 
measure d subjects '  readin g time s fo r  targe t  sentence s 
whic h require d a  pragmati c inferenc e fo r  coherence .  I n 
th e Hrs t  experimen t  w e wrot e sixtee n shor t  (1 7 line ) 
storie s eac h containin g a  goal ,  a  pla n fo r  achievin g tha t 
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goal ,  a  se t  o f  connecte d actions ,  an d associate d states . 
Eigh t  o f  th e storie s wer e «cnp < base d (e.g .  goin g t o a 
restaurant ,  goin g t o th e movies) ,  th e othe r  eigh t  wer e 
pla n bate d (e.g .  robbin g a  store ,  gettin g directions) .  Eac h 
stor y include d inferenee-atatement a whic h explicitl y 
describe d th e goal ,  th e plan ,  a n act ,  an d a  state . 
Followin g eac h o f  thes e statement s wa s a n eight-syllabl e 
target-gtatemen t  whic h require d th e precedin g 
informatio n t o b e inferre d i f  i t  wa s no t  alread y presen t  i n 
memory.  Fo r  example ,  sentenc e 2  whe n rea d alon e 
require s tha t  th e goa l  state d i n sentenc e 1  b e inferred ; 
sentenc e 3  require s a n inferenc e o f  th e pla n state d i n 
sentenc e 2 ;  sentenc e 6  m a y requir e a n actio n inferenc e 
(sentenc e 4 )  bu t  no t  a  stat e inferenc e (sentenc e S) .  (Ou r 
storie s wer e no t  a s compac t  a s thi s exampl e suggests. ) 

1. John was hungry. 
2.  Joh n hurrie d t o a  restaurant . 
3.  Joh n ordere d th e specia l  dinner . 
4.  T h e waitres s b rou^ t  th e food . 
5.  Joh n ha d silverware . 
S.  Joh n at e hi s mea l  i n a  hurry . 

Target-statements (e.g. sentence 3) were presented 
wit h thei r  associate d inference-statement s (e.g .  sentenc e 
2)  eithe r  presen t  o r  absent .  Eac h subjec t  receive d storie s 
wit h goal ,  plan ,  act ,  an d stat e inference-statement s 
absent ,  bu t  withi n an y on e stor y a  subjec t  ha d onl y on e 
hig h leve l  inferenc e typ e (goa l  o r  plan )  an d on e lo w leve l 
inferenc e typ e (ac t  o r  state )  lef t  oat .  Subject s rea d th e 
storie s on e lin e a t  a  tim e fro m a  C R T scree n an d thei r 
readin g time s fo r  th e target-statement s wer e recorded .  I t 
was assume d tha t  inferenc e generatio n woul d b e eviden t 
i n increase d readin g time s fo r  th e target-statement s i n 
th e inference-statemen t  absen t  conditions .  Afte r  th e 
readin g tas k an d a  shor t  intervenin g task ,  th e subject s 
wer e give n a  recognitio n tes t  (1- 7 scale )  whic h include d 
th e inference-statements .  Hig h recognitio n rating s fo r 
absen t  inference-statement s indicate s th e presenc e o f  th e 
inference s i n th e fina l  stor y representations . 

Tabl e 1  show s th e mea n readin g time s fo r  target -
statement s an d mea n recognitio n rating s fo r  inference -
statement s o f  th e differen t  type s i n th e presen t  an d 
absen t  conditions .  T h e analysi s o f  readin g time s showe d 
tha t  goa l  an d actio n target s too k longe r  t o rea d whe n 
thei r  inference-statement s wer e absent ,  bu t  thi s wa s no t 
th e cas e fo r  plan s o r  states .  Recognitio n result s showe d a 
specin c interactio n i n whic h state s wer e no t  falsel y 
recognize d whe n the y ar e lef t  ou t  o f  th e storie s whil e th e 
othe r  type s o f  inference-statement s were .  T h e readin g 
tim e dat a an d recognitio n dat a togethe r  suppor t  th e vie w 
tha t  goal s an d action s ar e inferre d on-lin e wherea s state s 
ar e not .  Plan s prove d problemati c an d wer e investigate d 
furthe r  i n a  secon d experiment . 



Tjrp t  o f 
Inftrtne * 

Ttrj« t  R T 

Inftranc* 
Abstn t  Prtsan t 

Inf*r«ne « RteognJtio n 

lBf»rtne« 
Absan t  Prastn t 

Coi l 
Pla n 
S U t * 
Act 

•  1.66 0 
1.62 6 
1.53 8 

•  1.59 5 

1.55 0 
1.60 1 
1.48 7 
1.44 8 

4.8 9 
4.9 5 

» 3.6 2 
4.7 5 

5.8 1 
6.0 9 
5 8 2 
S.0 6 

Tabl e 1 .  Mea n reading  time s (sec. )  an d recognitio n 
rating s fo r  th e differen t  inferenc e types . 

Thoug h th e readin g tim e differenc e fo r  plan s wa s no t 
significan t  i n th e firs t  experiment ,  th e hig h recognitio n 
ratin g fo r  absen t  plan s suggest s tha t  the y wer e inferre d 
at  som e point .  A  close r  loo k a t  th e material s reveale d a 
possibl e explanation :  knowledg e o f  th e goal s i n storie s 
wher e th e pla n inference-statement s wer e lef t  ou t  m a y 
hav e allowe d subject s t o infe r  th e plan s befor e thei r 
target-statement s wer e read .  Fo r  example ,  knowledg e o f 
th e goa l  "Joh n wa s hungry, "  m a y lea d t o a  prototypica l 
pla n expectation ,  i.e .  "goin g t o a  restaurant. '  I f  a 
prototypica l  pla n i s inferre d whe n a  goa l  i n read ,  th e 
presenc e o r  absenc e o f  th e pla n inference-statemen t  woul d 
not  hav e mad e an y difference . 

I n a  secon d experiment ,  prototypica l  plan s i n ou r 
material s wer e change d t o les s typica l  plan s t o minimiz e 
forwar d inferencin g fro m th e goals .  I n addition ,  som e 
stor y title s wer e change d t o decreas e th e chance s o f 
inferrin g a  goa l  prio r  t o readin g th e goa l  target -
statements .  Also ,  actio n inference s wer e no t  include d i n 
th e secon d experimen t  sinc e thi s effec t  ha d alread y bee n 
clearl y demonstrated . 

Th e result s o f  th e modifie d experimen t  ar e show n i n 
Tabl e 2 .  T h e readin g tim e difference s fo r  goa l  an d pla n 
inference s increase d an d plan s no w becam e significant . 
We agai n faile d t o fu d evidenc e fo r  on-lin e stat e 
inferences .  Th e recognitio n dat a remaine d consisten t 
wit h thes e results ,  showin g a  hig h fals e alar m rat e fo r 
goal s an d plans ,  bu t  no t  fo r  states . 

Typt  o f 
Inftrtne t 

Goi l 
Pla n 
Stit * 

Tirgt t .  R T 

Znftrtne * 
Absan t 

•  1.76 4 
•  1.72 0 

1.53 6 

Prasan t 

1.61 3 
1.62 6 
1.49 0 

Infarane a Racognitio N 

Infarane a 
Absan t 

5.2 8 
5.6 9 

•  3.9 7 

Prasan t 

5.9 4 
6.2 7 
5.5 6 

Tabl e 3 .  Mea n readin g time s (sec. )  an d recognitio n 
rating s fo r  th e differen t  inferenc e types . 

Take n together ,  thes e experiment s suppor t  th e vie w 
tha t  som e pragmati c inferences ,  specificall y  goals ,  plans , 
and actions ,  ar e mad e durin g readin g whil e others , 
speciflcall y lo w leve l  states ,  ar e not .  I t  i s  especiall y 
importan t  t o not e tha t  hig h leve l  inference s abou t  goal s 
and plan s ar e mad e on-line .  Thi s resul t  i s  congruen t  wit h 
model s o f  languag e comprehensio n tha t  incorporat e 
stron g to p dow n use s o f  pragmati c knowledg e durin g 

understanding .  Activ e goa l  an d pla n schemat a serv e 
durin g readin g t o organiz e otherwis e disconnecte d 
concept s i n th e text .  W e als o obtaine d indirec t  evidenc e 
fo r  on-lin e forwar d inferencin g o f  prototypica l  plan s fro m 
goal s sinc e w e wer e onl y abl e t o demonstrat e tha t  plan s 
wer e inferre d i n a  backwar d manne r  fro m pla n inference -
statement s whe n the y wer e non-prototypica l  o f  a n activ e 
goal . 

I n term s o f  lo w leve l  actions ,  th e result s suppor t  th e 
vie w tha t  scrip t  an d pla n completio n inference s 
(remembe r  tha t  w e ha d bot h script-base d an d plan-base d 
stories )  foun d i n th e representatio n afte r  readin g ar e no t 
reconstructe d a t  tes t  time ,  bu t  ar e buil t  durin g reading . 
On th e othe r  hand ,  ther e wa s n o evidenc e tha t  inference s 
abou t  state s o f  th e worl d occu r  durin g comprehension , 
eve n thoug h w e kno w tha t  the y ar e availabl e afte r 
comprehensio n an d eve n during  comprehensio n i n 
respons e t o questio n probe s (Graesser ,  1081) .  O f  course , 
some type s o f  state s m a y b e ver y importan t  an d reliabl y 
inferre d i n som e text s (Owens ,  Bower ,  &  BLck ,  1079) ; 
however ,  th e theoretica l  clai m i s tha t  lo w leve l  state s i n 
genera l  ar e inferre d on-lin e les s ofte n tha n th e othe r  type s 
of  inference s studied . 

Thi s T m e tuning *  o f  dat a abou t  th e type s o f 
inference s mad e on-lin e provide s importan t  constraint s o n 
inferenc e models .  Sinc e pragmati c inference s ar e 
probabl e rathe r  tha n necessary ,  an d sinc e ther e i s s o 
much inferentia l  materia l  availabl e a t  an y give n tim e 
fro m worl d knowledge ,  direc t  measure s ar e neede d t o tel l 
when inference s ar e mad e an d whic h type s ar e made . 
Althoug h mos t  model s o f  languag e comprehensio n includ e 
an inferencin g component ,  i t  i s  importan t  t o examin e ho w 
differen t  classe s o f  knowledg e ar e differentiall y  utilize d b y 
th e comprehensio n process . 
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Generatio n o f  Usefu l  Proble m Representation s i n a 
Semanticall y Ric h Domain :  Th e Exampl e o f  Physic s 

Joan I. Heller and F. Reif 
Universit y o f  California ,  Berkele y 

The initia l  representatio n o f  a  proble m ca n 
cruciall y determin e whethe r  th e subsequen t  searc h 
fo r  it s solutio n i s easy ,  difficult ,  o r  eve n im -
possible .  However ,  th e processe s use d t o generat e 
initia l  proble m representations ,  particularl y i n 
semanticall y ric h domains ,  hav e bee n studie d les s 
extensivel y tha n thos e use d fo r  search .  According -
ly ,  th e stud y reporte d i n thi s pape r  ha s aime d t o 
formulat e an d tes t  a  mode l  specifyin g ho w huma n 
proble m solver s ca n generat e effectiv e initia l  des -
cription s o f  problem s i n a  realisticall y comple x 
scientifi c  domain . 

The precedin g goal ,  whic h i s prescriptive ,  i s 
more genera l  tha n on e concerne d wit h naturalisti c 
studie s o f  actua l  expert s (Chi ,  Feltovich ,  5 
Glaser ,  1981 ;  Larkin ,  McDermott ,  Simon ,  S  Simon , 
1980) .  I n particular ,  i t  focuse s interes t  o n pro -
cedure s fo r  generatin g goo d proble m representa -
tions ,  withou t  necessaril y  tryin g t o simulat e th e 
behavio r  o f  expert s an d withou t  makin g th e assump -
tio n tha t  expert s behav e optimally .  Fro m thi s 
genera l  poin t  o f  view ,  models  o f  goo d proble m des -
criptio n may thu s b e suggeste d b y purel y theoreti -
cal  analyse s a s wel l  a s b y observation s o f  experts . 
(Indeed ,  protoco l  observation s o f  expert s revea l 
relativel y littl e abou t  th e processe s use d t o gen -
erat e initia l  proble m representation s sinc e thes e 
processe s ar e usuall y carrie d ou t  rapidl y an d 
almos t  automaticall y o n th e basi s o f  muc h taci t 
knowledge. ) 

A prescriptiv e poin t  o f  view ,  transcendin g 
naturalisti c studie s o f  exper t  performance ,  i s als o 
centrall y importan t  fo r  attempt s t o improv e huma n 
performanc e o r  fo r  educationa l  applications .  In -
deed ,  i n instructiona l  applications ,  student s ca n 
not  merel y b e taugh t  t o mimi c exper t  performanc e 
whic h ofte n relie s heavil y o n th e recognitio n o f 
pattern s acquire d a s a  resul t  o f  year s o f  exper -
ience . 

Our  prescriptiv e interes t  ha s bee n specifi -
call y focuse d o n huma n performanc e i n generatin g 
effectiv e proble m descriptions .  Fro m a  theoretica l 
poin t  o f  view ,  thi s emphasi s allow s u s t o presup -
pos e comple x huma n capabilitie s (suc h a s natural -
languag e understandin g an d pattern-recognitio n 
skills )  whil e focusin g attentio n o n th e mor e 
sophisticate d cognitiv e skill s  neede d t o generat e 
good proble m representations .  Furthermore,  ou r 
interes t  ha s bee n i n developin g experimenta l 
approache s whic h (unlik e som e form s o f  compute r 
simulation )  allo w direc t  validatio n o f  model s o f 
good huma n performanc e i n proble m solvin g tasks . 

We chos e t o stud y th e generatio n o f  proble m 
description s i n th e particula r  domai n o f  physic s 
(especiall y withi n th e subfiel d o f  mechanics )  be -
caus e thi s i s a  realisticall y comple x domai n rep -
resentativ e o f  othe r  quantitativ e sciences .  On th e 
othe r  hand ,  thi s domai n i s sufficientl y simpl e an d 
well-define d tha t  th e generatio n o f  proble m des -
cription s ca n b e specifie d an d studie d i n som e 
detail . 
Model of Problem Description 

Our  ai m wa s t o formulat e a  theoretica l  mode l 
specifyin g ho w a  huma n proble m solve r  ca n generate , 
fo r  an y proble m i n a  particula r  scientifi c  domain , 
a usefu l  initia l  proble m descriptio n facilitatin g 
th e subsequen t  solutio n o f  th e problem .  Thi s mode l 
decompose s th e descriptio n proces s int o tw o succes -
siv e stages .  Th e firs t  stag e use s mostl y domain -independen t  knowledg e t o generat e a  proble m des -criptio n whic h summarize s an d organize s relevan t 

informatio n abou t  th e specifie d situatio n an d 
proble m goal ,  introduce s convenien t  symbolism ,  etc . 
Sinc e th e generatio n o f  thi s basi c descriptio n i s 
relativel y straightforward ,  w e shal l  no t  discus s 
i t  furthe r  here . 

The nex t  stag e o f  th e descriptio n procedur e 
i s mor e comple x an d involve s th e generatio n o f  a 
"theoretica l  description "  whic h deliberatel y re -
describe s th e proble m i n term s o f  specia l  concept s 
provide d b y th e knowledg e bas e fo r  th e relevan t 
domain .  Al l  th e principle s i n th e knowledg e base , 
whic h ar e expresse d i n term s o f  thes e specia l  con -
cepts ,  becom e thu s readil y accessibl e t o facilitat e 
th e subsequen t  solutio n o f  th e problem . 

The generatio n o f  th e theoretica l  proble m 
descriptio n i s base d o n th e followin g considera -
tions .  Th e knowledg e bas e abou t  an y domai n con -
tain s declarativ e knowledg e specifyin g th e parti -
cula r  entitie s o f  interes t  i n thi s domain ,  th e 
specia l  concept s usefu l  fo r  describin g thes e 
entities ,  an d principle s specifyin g relationship s 
betwee n thes e concepts .  Fo r  example ,  i n th e sci -
entifi c  domai n o f  mechanics ,  th e entitie s o f 
interes t  ar e particle s o r  mor e comple x system s 
consistin g o f  suc h particles .  Th e specia l  des -
criptiv e concept s ar e specia l  concept s use d t o 
describ e motio n (e.g. ,  "position" ,  "velocity" , 
"acceleration" )  an d specia l  concept s use d t o des -
crib e th e interactio n betwee n particle s (e.g. , 
"force" ,  "potentia l  energy",...) .  Th e principle s 
specifyin g relation s betwee n thes e concept s ar e 
"interactio n laws "  (whic h specif y ho w th e forc e o n 
one particl e b y anothe r  i s relate d t o th e proper -
tie s an d position s o f  thes e particles )  an d "motio n 
principles "  (whic h specif y ho w tempora l  change s o f 
concept s describin g motio n ar e relate d t o concept s 
describin g interaction) . 

The precedin g kind s o f  declarativ e knowledg e 
i n th e knowledg e bas e abou t  a  particula r  domai n 
provid e th e basi s fo r  explici t  "descriptio n rules " 
tha t  specif y procedure s fo r  generatin g a  theoreti -
cal  descriptio n o f  an y situatio n i n thi s domain . 
I n particular ,  thes e descriptio n rule s specif y 
what  particula r  kind s o f  entitie s shoul d b e des -
cribed ,  wha t  specia l  concept s shoul d b e use d t o 
describ e them ,  wha t  propertie s o f  thes e concept s 
shoul d b e incorporate d i n th e description ,  an d 
what  check s shoul d b e mad e t o ensur e tha t  th e re -
sultin g descriptio n i s consisten t  wit h th e princi -
ple s i n th e knowledg e base . 

For  example ,  ou r  mode l  fo r  generatin g a  theo -
retica l  descriptio n i n th e particula r  scientifi c 
domai n o f  mechanic s contain s explici t  rule s speci -
fyin g tha t  attentio n i s t o b e focuse d o n particle s 
or  certai n system s o f  particle s (e.g. ,  strings , 
soli d objects ,  . . . ) .  Th e motio n o f  eac h suc h par -
ticl e i s the n t o b e describe d b y a  diagra m indi -
catin g availabl e informatio n abou t  it s position , 
it s  velocity ,  an d it s acceleration .  Similarly , 
th e interactio n o f  eac h suc h particl e i s t o b e 
describe d b y a  diagra m indicatin g availabl e infor -
matio n abou t  al l  force s o n thi s particl e b y othe r 
particle s (wit h a n explici t  algorith m specifyin g 
how al l  thes e force s ar e t o b e identifie d an d 
enumerated) .  Finally ,  th e resultin g descriptio n 
i s t o b e checke d b y assessin g it s consistenc y wit h 
known motio n principle s (e.g. ,  b y checkin g tha t 
th e acceleratio n o f  an y particl e ha s th e sam e 
directio n a s th e tota l  forc e o n it) . The precedin g descriptio n procedure,specifie d by th e model ,  i s  expecte d t o lea d t o initia l  pro -ble m description s wit h th e followin g properties : 77 



(1 )  Th e resultin g description s shoul d b e consid -
erabl y mor e explici t  tha n thos e commonl y generate d 
by actua l  experts .  (2 )  Stric t  adherenc e t o th e 
descriptio n procedur e shoul d avoi d mos t  o f  th e 
error s commonl y committe d b y novice s (e.g. ,  omit -
tin g force s o r  introducin g non-existen t  extraneou s 
forces) .  (3 )  Th e descriptio n procedur e shoul d 
lea d t o proble m reformulation s whic h ar e mor e 
readil y interpretabl e (e.g. ,  question s abou t  slac k 
string s o r  touchin g object s ar e automaticall y re -
interprete d a s question s abou t  forces) .  (4 )  Th e 
resultin g theoretica l  proble m description s shoul d 
substantiall y  facilitat e th e subsequen t  solution s 
of  thes e problems . 
Experimental Methods and Results 

Our  experimenta l  approac h fo r  testin g a  pre -
scriptiv e theoretica l  mode l  o f  huma n performanc e 
has use d th e followin g paradigm :  Desig n carefull y 
controlle d experimenta l  condition s t o induc e indi -
vidua l  huma n subject s t o ac t  i n accordanc e wit h 
th e model ;  the n observ e whethe r  th e resultin g per -
formanc e i s  effectiv e i n th e predicte d ways . 

To implemen t  thi s paradigm ,  w e hav e use d 
"external-contro l  experiments "  o f  th e followin g 
kind .  We firs t  desig n a  progra m o f  step-by-ste p 
directions ,  an d associate d knowledge ,  whereb y a 
human subjec t  ca n b e guide d t o ac t  i n accordanc e 
wit h th e mode l  (e.g. .  direction s whic h implemen t 
th e step s o f  th e specifie d descriptio n procedure) . 
Thes e direction s ar e problem-independen t  an d a t  a n 
appropriat e leve l  o f  detai l  t o b e reliabl y inter -
pretabl e b y th e subject .  I n th e actua l  experiment s 
an individua l  huma n subjec t  i s  the n induce d t o 
carr y ou t  a  tas k (e.g. ,  th e descriptio n an d sub -
sequen t  solutio n o f  a  problem )  b y executin g th e 
sequentiall y  presente d direction s o f  th e progra m 
implementin g th e model .  I n thi s proces s th e sub -
jec t  i s  aske d t o tal k ou t  lou d abou t  hi s o r  he r 
though t  processes .  Th e resultin g protocol ,  con -
sistin g o f  th e subject' s transcribe d verba l  state -
ment s an d writte n work ,  ca n the n b e analyze d i n 
detail . 

Figur e 1  show s th e experimenta l  result s ob -
taine d b y suc h external-contro l  experiment s 
designe d t o tes t  th e propose d mode l  fo r  generatin g 
effectiv e initia l  description s o f  mechanic s pro -
blems .  Eac h subjec t  worke d o n thre e problems . 
Figur e 1  show s th e performanc e o f  thes e subject s 
i n generatin g goo d description s o f  motion s an d o f 
forces ,  a s wel l  a s subsequentl y generatin g solu -
tion s wit h correc t  equation s an d correc t  answers . 
The followin g ar e th e mai n result s obtaine d i n 
thes e experiments :  (1 )  Th e propose d mode l  fo r 
generatin g initia l  proble m description s i s  suffi -
cien t  t o lea d subject s t o generat e explici t  des -
cription s tha t  ar e complet e an d entirel y correct . 
I n turn ,  thes e description s greatl y facilitat e th e 
subsequen t  proble m solution s whic h ar e the n almos t 
flawless .  (2 )  Althoug h subject s i n thes e experi -
ment s posses s a  goo d knowledg e o f  basi c physic s 
concept s an d principles ,  a  knowledg e sufficien t  t o 
implemen t  th e individua l  direction s containe d i n 
th e model ,  thi s knowledg e i s no t  sufficien t  t o lea d 
t o goo d descriptions .  Thes e result s ar e apparen t 
fro m th e muc h poore r  performanc e o f  subject s i n a 
compariso n grou p workin g withou t  externa l  contro l 
of  th e model .  (3 )  Th e mai n feature s o f  th e mode l 
are ,  i n fact ,  necessar y fo r  goo d performance . 
Thes e result s follo w fro m experiment s wher e sub -
ject s worke d unde r  externa l  contro l  o f  a  modifie d 
model  tha t  omit s certai n feature s o f  th e propose d 
model  (e.g. ,  tha t  provide s a  directio n t o enumerat e 
al l  forces ,  bu t  doe s no t  provid e mor e detaile d 
direction s specifyin g ho w t o enumerat e them) .  (4 ) The experimenta l  dat a als o verif y certai n detaile d prediction s o f  th e mode l  (e.g. ,  th e avoidanc e o r occurrenc e o f  particula r  kind s o f  errors) . 78 
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Figur e 1 .  Result s o f  external-contro l  experiments . 

Conclusions and Implications 
The wor k briefl y outline d i n th e precedin g 

paragraph s lead s t o th e followin g mai n conclusions . 
The knowledg e bas e fo r  an y scientif c domai n 

implie s guideline s specifyin g ho w t o describ e 
effectivel y an y situatio n encountere d i n thi s 
domain .  Thes e guideline s ca n b e expresse d i n term s 
of  explici t  rule s prescribin g ho w t o generat e a 
usefu l  initia l  descriptio n o f  an y proble m i n th e 
domain . 

Prescriptiv e model s o f  effectiv e huma n per -
formanc e ca n b e usefull y teste d b y external-contro l 
experiment s i n whic h individua l  huma n subject s ar e 
deliberatel y induce d t o ac t  i n accordanc e wit h a 
model  an d th e resultin g performanc e i s the n 
observe d i n detail . 

The wor k describe d i n th e precedin g paragraph s 
was specificall y undertake n t o formulat e a  mode l 
fo r  generatin g effectiv e initia l  description s o f 
problem s i n th e particula r  domai n o f  mechanics . 
External-contro l  experiment s sho w tha t  thi s model , 
when implemente d b y huma n subjects ,  i s  ver y suc -
cessfu l  i n leadin g t o goo d initia l  proble m descrip -
tion s tha t  facilitat e th e subsequen t  solution s o f 
thes e problems . 

I t  shoul d b e note d tha t  thes e experiment s 
demonstrat e th e effectivenes s o f  th e specifie d des -
criptio n rule s implemente d b y huma n subjects ,  bu t 
wer e no t  designe d t o teac h descriptio n skills . 
(Indeed ,  suc h teachin g woul d requir e tha t  contro l 
knowledge ,  explicitl y  externa l  i n thes e experi -
ments ,  b e internalize d b y th e subject s an d mad e 
habitual. )  However ,  suc h a  well-validate d mode l 
fo r  generatin g effectiv e initia l  proble m descrip -
tion s ca n b e use d a s a  basi s o f  explici t  instruc -
tiona l  method s t o teac h student s effectiv e problem -
descriptio n skill s  an d thereb y enhanc e thei r  pro -
blem-solvin g abilities . 
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ANALOGICAL REASONING PATTERNS I N 
EXPERT PROBLEM SOLVIN G 

Joh n Clemen t 
Physio s Departmen t 

Universit y o f  Massachusett s 
Amherst ,  Mass .  0100 3 

Spontaneou s analogie s hav e bee n observe d t o 
pla y a  significan t  rol e i n th e proble n solution s 
of  scientificall y traine d subject s [1,2] .  I n som e 
case s analogie s ca n eve n lea d t o th e constructio n 
of  a  ne w menta l  mode l  fo r  understandin g a  proble m 
domain .  Thi s pape r  describe s a  numbe r  o f 
differen t  analogica l  reasonin g pattern s tha t  hav e 
been observe d I n thinkin g alou d protocol s fro m 
exper t  proble m solvers .  Th e purpos e o f  th e 
presen t  stud y i s t o identify ,  classify ,  an d labe l 
th e critica l  subprocesse s involve d i n suc h 
analogica l  solutions .  I n thi s stud y eac h o f  te n 
subject s wer e give n a  numbe r  o f  problems . 
Includin g th e followin g one : (21 
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Sprin g Coil s Proble m 

A weight is hung on a spring. The original 
sprin g I s replace d wit h a  sprin g mad e o f  th e 
same kin d o f  wire ,  wit h th e sam e numbe r  o f 
coils ,  bu t  wit h coil s tha t  ar e twic e a s wid e 
i n diameter .  Wil l  th e sprin g stretc h fro m 
it s natura l  length ,  more ,  less ,  o r  th e sam e 
amount  unde r  th e sam e weight ? (Assum e th e 
mass o f  th e sprin g i s negligibl e compare d t o 
th e mas s o f  th e weight.)  Why d o yo u thin k 
so? 

Subject s wer e advance d doctoral  student s an d 
professor s i n technica l  field s wh o ha d reputation s 
fo r  bein g creativ e proble m solvers .  Seve n o f  th e 
te n subject s generate d spontaneou s analogie s i n 
solvin g thi s problem .  A  spontaneou s analog y 
occur s whe n th e subject ,  withou t  bein g prompted , 
shift s t o conside r  a  situatio n B  whic h differ s i n 
a significan t  wa y fro m th e origina l  proble m 
situatio n A ,  an d the n trie s t o appl y finding s fro m 
8 t o A .  I n solution s b y analog y th e tw o context s 
bein g compare d ar e ofte n perceptuall y differen t 
but  the y ar e stil l  see n t o b e functionall y o r 
structurall y simila r  i n som e way .  Fo r  example , 
fiv e subject s attempte d t o relat e th e proble m t o 
th e analog y o f  a  bendin g rod ,  a s i n th e transcrip t 
excerp t  belo w take n fro m vide o tape . 
SI: (Draws bending rod in drawing G2-B of fig.2.) 

Hy intuitio n abou t  tha t  [th e rod ]  i s tha t  i f 
you. ,  double d th e lengt h an d hun g som e weigh t 
on it ,  that. .  it ,  woul d ben d considerabl y 
further.. .  i t  woul d see m tha t  tha t  mean s tha t 
um,  i n th e origina l  problem ,  th e sprin g i n 
pictur e 2  [th e wide r  spring ]  i s  goin g t o han g 
farther . 

Here SI generates an analogy by drawing the 
pictur e o f  a n analogou s proble m involvin g bendin g 
rod s instea d o f  stretchin g springs .  Thi s analog y 
has i n fac t  le d hi m t o th e correc t  answer ,  an d 
provide s a  plausibl e bu t  onl y partia l 
justificatio n fo r  it . 

Etc .  I 
m v a i t M VAvmi m pprni m otsEwt p i n Eiwt r  n q a m s<n»ir c 

Analysis of more complex expert protocols 
however .  make s i t  apparen t  tha t  analogica l 
reasonin g i s no t  a  simple ,  one-ste p process ,  bu t 
involve s a  niaabe r  o f  differen t  processes ,  show n 
below . 

(PI )  Generatin g th e Analogy .  Give n th e 
origina l  conceptio n A  o f  a n Incompletel y 
understoo d situation .  th e analogou s 
conception ,  B ,  i s generated ,  o r  "come s t o 
mind" ; 
(P2) Confiraing the Analogy Relation. The 
analog y relatio n betwee n A  an d B  mus t  b e 
"confirmed" ; 
(P3) Comprehending the Analogous Case. 
Conceptio n B  mus t  becom e wel l  understood ,  o r 
at  leas t  predictive ; 

(PU) Transferring Findings. The subject 
transfer s conclusion s o r  method s fro m B  bac k 
t o A . 

Table 1 

The las t  thre e processe s ca n occu r  i n an y order . 
Analogie s ar e ofte n propose d tentatively ,  an d 
processe s (P2 )  an d (P3 )  especially ,  ca n b e quit e 
tim e consuming .  We hav e als o bee n somewha t 
surprise d t o fin d tha t  ther e appea r  t o b e no t  one , 
but  severa l  way s o f  carryin g ou t  eac h o f  th e abov e 
processes .  Some o f  th e mos t  importan t  o f  thes e 
sub-processe s ar e show n i n fig.2 .  Th e figur e 
provide s a  basi c typolog y o f  analogica l  reasonin g 
pattern s tha t  hav e bee n observe d acros s differen t 
subjects .  Thi s pape r  give s a n exampl e an d brie f 
explanatio n o f  eac h pattern . ANALOGY GENERATION PROCESSES 
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Aaaoclativ e leaps .  Th e subjec t  usin g a n 
associativ e lea p J^p s t o a n analogou s situatio n 
tha t  differ s i n man y ways  fro n th e origina l 
problem .  A  secon d subject ,  S2 ,  generate d evidenc e 
fo r  severa l  associativ e leap s I n th e sprin g 
proble m whe n h e said :  " I  fee l  a s thoug h I' m 
reasonin g i n circle s an d I  thin k I'l l  mak e a 
deliberat e effor t  t o brea k ou t  o f  th e circl e 
somehow...lik e rubbe r  bands ,  molecules , 
polyesters.. "  apparentl y attemptin g t o lin k th e 
proble m t o othe r  situation s h e kne w mor e about .  A 
thir d subject ,  S3 ,  compare d th e wid e an d narro w 
spring s t o tw o block s o f  foa m rubber ,  on e mad e 
wit h larg e ai r  bubble s an d on e mad e wit h smal l  ai r 
bubble s i n th e foaa .  H e ha d a  stron g intuitio n 
tha t  th e foa n wit h larg e ai r  bubble s woul d b e 
easie r  t o compress ,  an d thi s adde d som e suppor t  t o 
hi s conjectur e tha t  th e wid e sprin g woul d stretc h 
more .  U e hypothesiz e tha t  a n associativ e lea p 
take s plac e whe n a n establishe d conceptua l 
framewor k fo r  situatio n B  i n lon g ter m memor y i s 
activate d b y a n associatio n t o som e aspec t  o f  th e 
origina l  situatio n A .  Evidenc e fo r  a n associativ e 
lea p occur s whe n th e subjec t  shift s t o conside r  a 
new situatio n B  tha t  i s obviousl y familia r  t o hi m 
or  refer s t o "bein g reminde d o f  o r  "recalling "  B . 

Generativ e transformations . Thi s secon d 
metho d o f  generatin g a n analog y occur s whe n th e 
subjec t  modifie s th e origina l  proble m rathe r  tha n 
recallin g a  differen t  analogou s situatio n fro m 
memory.  I n othe r  words ,  th e subjec t  transform s 
th e proble m b y changin g a n aspec t  o f  i t  whic h wa s 
previousl y assiae d t o b e fixed .  Fo r  example ,  S 2 
refer s t o th e ro d a s a n "unwoun d spring" .  I n thi s 
cas e th e unwindin g o f  th e sprin g i s considere d a 
transformatio n becaus e th e subjec t  i s  modifyin g a 
featur e o f  th e sprin g (It s shape )  tha t  woul d 
ordinaril y  b e hel d fixe d i n th e problem . 
It is hypothesized that a generative 
transformatio n occur s whe n th e subjec t  focuse s o n 
an interna l  representatio n o f  th e existin g proble m 
situatio n A  i n workin g memor y an d change s a n 
aspec t  o f  i t  t o creat e a  ne w bu t  closel y relate d 
situatio n B  Thu s a  generativ e transformatio n 
usuall y lead s t o th e constructio n o f  a  ne w 
situatio n B  rathe r  tha n activatin g a n alread y 
constructe d framewor k i n lon g ter m memory . 
This subject also generated another analogy 
vi a a  transformatio n belo w whil e thinkin g abou t 
movin g th e weigh t  alon g th e sprin g wire : 
S2: Hmnmi, what if I imagined moving the weight 

alon g th e spring ? No w wha t  i f  I  recoile d th e 
sprin g an d mad e th e sprin g twic e a s 
long...instea d o f  twic e a s wide?...uhhh..i t 
seems t o me prett y clea r  tha t  th e sprin g that' s 
twic e a s lon g i s goin g t o stretc h more . 

The analogy to the thought experiment of comparing 
spring s o f  differen t  length s suggest s t o hi m tha t 
a wide r  sprin g may stretc h mor e tha n a  narro w 
spring .  Notic e tha t  th e analog y wa s generate d 
fro m th e rathe r  playfu l  transformatio n o f  slidin g 
th e weigh t  u p an d do%ni  alon g th e sprin g wire . 

Evidence for a third method, generating an 
analog y vi a a n abstrac t  principle ,  ha s bee n 
observe d o n occasion ,  bu t  onl y infrequentl y  Cl,2] . 

ANALOGY EVALUATION PROCESSES 
Another finding that has surprised us is the 
fac t  tha t  rathe r  tha n simpl y generatin g a  singl e 
analogy ,  som e subject s generat e chain s o f  severa l 
analogies .  Tw o type s o f  chain s ar e show n a s 
processe s E l  an d E 2 i n fig.2 .  Thes e ar e use d t o 
evaluat e analogies .  Processe s use d t o critiqu e 
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and evaluat e analogie s ar e a t  leas t  a s importan t 
i n exper t  proble m solvin g a s processe s use d t o 
generat e them . 

Bridging analogies. Determining a match 
betwee n ke y relationship s i n oase s A  an d B  i s th e 
firs t  an d mos t  obviou s metho d fo r  confirmin g a n 
analog y relatio n CU,5,6] .  However ,  anothe r 
interestin g proces s i n th e for m o f  a  "bridgin g 
analogy "  may als o b e used .  Fo r  example ,  S 2 wa s 
concerne d abou t  th e apparen t  lac k o f  a  matc h 
betwee n th e non-constan t  slop e I n th e bendin g ro d 
and th e constan t  slop e o f  a  stretche d spring .  I n 
orde r  t o evaluat e th e bendin g ro d analogy ,  h e 
constructe d th e intermediate ,  bridgin g exampl e o f 
a sprin g wit h squar e coil s a s show n i n drawin g 
E1- C o f  fig.2 .  This  allowe d hi m t o recogniz e tha t 
restorin g force s i n th e sprin g com e Cro m twistin g 
i n th e wir e a s wal l  a s bending — a  majo r 
breakthroug h i n hi s solutio n whic h correspond s t o 
th e wa y i n whic h engineerin g specialist s vie w 
springs .  Hi s discussio n o f  th e squar e sprin g i s 
evidenc e fo r  a  cognitiv e bridgin g analogy ,  C , 
whic h help s hi m decid e whethe r  conceptua l 
framework s A  an d B  ar e trul y analogous .  I n thi s 
cas e th e squar e sprin g analog y eventuall y aqulre d 
th e rol e o f  a  menta l  mode l  whic h gav e hi m a  ne w 
understandin g o f  ho w spring s work . 

M = a ^ 

E ^ ^ h H i ^ 

I n a  questio n abou t  whethe r  on e ca n exer t  a 
more effectiv e forc e o n a  whee l  a t  th e to p o r  a t 
th e axl e (I n pushin g o n th e whee l  o f  a  covere d 
wagon,  fo r  example )  severa l  subject s compare d th e 
wheel  t o a  leve r  hinge d o n th e groun d (fig.38) . 
Pushin g highe r  u p o n th e leve r  woul d allo w i t  t o 
move a  large r  weight ,  the y reasoned .  Anothe r 
exampl e o f  a  bridge ,  whic h helpe d on e subjec t  t o 
confir m th e appropriatenes s o f  thi s analog y i s th e 
spoke d wha« l  withou t  a  ri m show n i n flg.3C . 

Although physicists usually analyze the wheel 
proble m directl y i n term s o f  torques , 
mathematician s ofte n d o not .  Th e reade r  may b e 
Intereste d I n conjecturin g abou t  ho w on e 
mathematician ,  SI ,  solve d thi s proble m vi a a n 
analog y t o a  pulley . 

Extension analogies. The diagram for process 
E2 i n fig. 2 show s a n extensio n analog y propose d b y 
SI  i n th e for m o f  tw o paralle l  pipes .  S I  wa s 
hopin g t o predic t  whethe r  th e radius/stretc h 
relationshi p i n th e sprin g wa s linea r  o r  quadrati c 
or  cubic ,  an d hi s understandin g o f  th e bendin g ro d 
analog y wa s no t  sufficien t  t o hel p him .  S o h e 

-generate d a  furthe r  analog y t o th e bendin g rod . 
I n thi s analog y tw o pipe s ar e fixe d a t  th e lef t 
sid e an d hel d togethe r  i n suc h a  wa y tha t  whe n th e 
weigh t  i s applie d t o th e righ t  side ,  th e uppe r 
pip e i s stretche d an d th e lowe r  pip e i s 
compressed .  Hi s analysi s o f  thi s though t 
experimen t  wa s par t  o f  a n attemp t  t o mode l  th e 
bendin g ro d i n mor e detai l  an d determin e it s 
length/deflectio n relationshi p s o tha t  thi s 
informatio n coul d i n tur n b e use d i n analyzin g th e 
spring .  I n suc h a n extensio n analogy ,  a  secon d 
analogou s cas e i s use d t o understan d th e firs t 
analogou s case .  Thu s analogie s ca n b e use d 
recursivel y t o understan d an d evaluat e a  previou s 
analogou s case . 

Extreme cases. Aiding in understanding an 
analogou s cas e i s als o on e o f  th e use s o f  extrem e 
cases .  Fo r  example ,  3 2 generate d th e extrem e cas e 



of  a  ver y shor t  ro d I n orde r  t o conflr n hi s prio r 
predictio n tha t  a  shor t  ro d woul d ben d les s tha n a 
lon g ro d (proces s E 3 i n fig.2) .  Othe r  method s o f 
understandin g a n analogou s cas e ar e t o us e a 
specifi c  fac t  recalle d fro a menory ,  a  physica l 
intuition ,  o r  a n analysi s i n term s o f  abstrac t 
principle s [2] . 

Researc h reporte d i n thi s pape r  wa s 
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spontaneou s analogie s ar e describabl e a s recursiv e 
combination s o f  thes e basi c patterns . 
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Thus ,  th e analogie s observe d d o no t  alway s consis t 
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Abstrac t 

A new kind of user interface for information retrieval has 
bee n designe d an d implemente d t o ai d user s i n 
formulatin g a  query .  Th e system ,  calle d R A B B I T ,  relie s 
upo n a  ne w paradig m fo r  retrieva l  b y reformulation ,  base d 
on a  psych o ogica l  tlieor y o f  h u m a n lemembering .  Th e 
paradig m actuall y evolve d fro m a n explici t  attemp t  t o 
desig n a  'natural '  interfac e whic h imitate d h u m a n relreiva l 
processes . 
To make a query in RABBIT, the user interactively refines 
partia l  description s o f  hi s targe t  !tcm(s )  b y criticizin g 
successiv e e.\ampl e (an d counterexample )  instance s tha t 
satisf y th e curren t  partia l  descripiion .  Instance s fro m th e 
databas e ar e presente d t o th e use r  fro m a  perspectiv e 
in/erre d fro m th e user' s quer> '  descripdo u an d th e structur e 
of  di e knowledg e base .  A m o n g odie r  diings ,  thi s 
constructe d perspectiv e remind s user s o f  likel y term s t o 
use i n thei r  descriptions ,  enhance s thei r  understandin g o f 
th e meiinin g o f  give n terms ,  an d prevent s the m fro m 
creatin g certai n classe s o f  semanticiill y  imprope r  quer y 
descriptions .  R A B B I T paiticularil y  facilitate s user s w h o 
approac h a  ±;tabas e wit h onl y a  vagu e ide a o f  wha t  i t  i s 
dia t  the y wan t  an d w h o dius ,  nee d l o b e guide d i n th e 
(rc)formulatio n o f  thei r  queries .  R A B B I T i s sils o o f 
substantia l  valu e t o casua l  user s w h o hav e limite d 
knowledg e o f  a  give n databas e o r  w h o mus t  dea l  wit h a 
multitud e o f  databases . 

1.  Introductio n 

One way to test a theory is to try to do something useful 
wit h i t  W e hav e take n a  cognitiv e theor y o f  h u m a n 
rememberin g togethe r  wit h som e artificia l  intelligenc e 
idea s abou t  knowledg e representario n an d use d i t  t o 
desig n a  ne w paradig m fo r  databas e retrieva l  interface s fo r 
casua l  users .  Th e paradig m i s calle d retrieva l  b y 
reformulation .  A  smal l  experimenta l  syste m base d o n dii s 
ne w paradig m ha s bee n implemente d i n th e Smalltal k 
jrogrammin g languag e [Ingalls ,  1978 )  usin g KloneTal k 
Pikes ,  1981 ]  o n th e Xero x Dolphi n an d Dorad o persona l 

computers . 
Part of the motivation for designing a new kind of 
databas e interfac e wa s di e unsuitabilit y  o f  existin g 
datal.ias e interface s fo r  casua l  users .  S o m e databas e 
interface s (e.g. ,  S Q U A RE Boyc e e t  al ,  1975 )  an d S Q L 
[Chamberli n e t  al ,  1976 )  requir e m a n y hour s o f 
mstructio n t o learn ;  other s hav e a  synta x whic h user s find 
difficul t  t o us e an d understan d (e.g. ,  th e boolea n 
expression s o f  D I A L O G [Lockheed ,  1979]) .  Interface s 
base d o n th e relationa l  dat a mode l  (Codd ,  1970 ]  usuall y 
requir e th e use r  t o kno w i n advanc e whic h table s an d 
attribute s h e wil l  b e needing ,  whil e usen s o f  networ k 
database s (suc h a s Z O G H^obertso n e t  al. ,  1981] ) 
frequcnd y ge t  los t  durin g th e cours e o f  thei r  search . 

T o hel p solv e thes e problem s w e looke d fo r  inspiratio n t o 
Uieorie s o f  h o w peopl e retriev e informatio n for m thei r 
o wn memory .  W e believ e thi s approac h i s promisin g fo r 
tw o primar y reason :  (J )  T o th e exten t  dia t  th e interfac e 
betwee n a  perso n an d hi s externa l  memor y i s lik e th e 
interfac e betwee n th e perso n an d hi s interna l  memor y th e 
externa l  memor y ma y b e easie r  an d mor e narura l  t o use , 
an d (2 )  t o di e exten t  tha t  h u m a n m e m o r y system s embod y 
a 'solution '  t o th e problem s o f  retreivu l  fro m larg e 
heterogeneou s databases ,  the y ma y provid e usefu l  insight s 
abou t  h o w t o desig n simila r  artificia l  systems . 
We began our design process by conjecturing an interface 
whic h pemiitte d descriptiv e retreival .  Th e basi c tene t  o f 
descriptiv e retrieva l  i s  tha t  peopl e retriev e informatio n 
from  (thei r  o w n )  memor y b y iterativel y constructin g 
partia l  description s o f  th e desire d targe t  ite m [Bobro w an d 
Norman ,  1975 ;  N o r m a n an d Bobrow ,  1979 ;  William s 
and Hollan ,  1981] .  Th e proble m w;i s dia t  ou r  conjecture d 
syste m appeare d t o giv e u s littl e mor e tha n th e traditiona l 
boolea n expressio n scheme s suc h a s D I A L O G .  W e simpl y 
replace d di e technica l  ter m 'keyword '  wii h di e ter m 
'desrciptor. '  Thi s le d u s t o a  re-examinatio n o f  th e 
problem s inheren t  i n boolea n expressio n interfaces . 
Upon consideration we conjectured that there were three 
majo r  source s o f  difficult y fo r  casua l  user s o f  interface s 
biise d upo n boolea n expression s o f  keywords :  (1 )  th e use r 
has incomplet e knowledg e abou t  th e descriptiv e term s 
neede d t o creat e a  auer y (e.g .  wha t  ca r  color s doe s di e 
databas e kno w about *  red ,  crimson ,  rose ,  mauve?) ,  (2 )  th e 
use r  doesn' t  knov /  wha t  kin d o f  attribute s o f  th e item(s )  h e 
i s seekin g di e databas e recognize s (e.g .  doe s di e databas e 
eve n ha s a n attribut e fo r  ca r  color?) ,  an d (3 )  man y user s 
find  th e synta x o f  comple x boolea n expression s diflicul t  t o 
understand . 
Yet, if people actually recall information by descriptive 
retreiva l  the n the y mus t  fac e th e sam e problems ;  die y 
must  hav e som e tric k t o ge t  b y thos e problems .  W e foun d 
suc h a  tric k i n retrieva l  b y instantiation .  Retrieva l  b y 
instantiatio n postulate s dia t  th e informatio n retrieve d a t 
eac h iteratio n o f  th e retrieva l  proces s i s ofte n i n th e for m 
of  a n instannation ,  i.e. ,  a n exampl e ite m suggeste d (e.g. , 
analogicall y o r  metaphorically )  b y th e partia l  descriptio n 
[Williams ,  1981] .  Th e c o m m o n consequenc e o f  suc h a n 
instantiatio n i s tha t  on e i s 'reminded '  o f  somethin g simila r 
t o th e origina l  ite m [Schank .  1980 ;  Kolodner ,  1980 ; 
Bower .  Turner ,  lui d Black ,  1979] .  W e conjectur e tha t  thi s 
remindin g serve s t o counte r  a l  dirc e o f  th e problem s 
note d fo r  boolea n expressio n schemes .  Ta< i  instantiation s 
provid e a  templat e fo r  describin g th e targe t  item ,  acces s t o 
th e descriptiv e terms ,  an d ca n provid e tl; e basi s fo r  a n 
incrementa l  reconstructio n o f  th e targe t  ite m tha t  avoid s 
m u ch o f  th e complexit y inheren t  i n highl y structure d 
descriptions . 
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1 Retrieva l  b y Refonnuliitio n 

The basic principle imdcrlying RABUIT is a new 
paradigm ,  retrieva l  b y reformulation ,  fo r  informatio n 
retrieva l  elabi)rtttc d fro m tli e notiot i  o f  retrieva l  b y 
ii\stantiation .  T h e use r  make s a  quer y b y llî t  consluictin g 
a partia l  descriptio n o f  th e item(s )  i n th e databas e fo r 
whic h h e i s icaiching .  R A B B I T the n provide s a 
descriptio n o f  a n exampl e instanc e fro m th e databas e 
whic h matche s th e user' s partia l  description .  Sinc e i t  i s 
unKkel y tha t  ili c  firs t  instanc e wil l  b e exactl y wha t  th e use r 
Is lookiii g fo r  th e u'jc r  car .  the n selec t  ;an y u f  th e attribute s 
shov. n i n tit e t.rampl e an d incorporat e thos e descriptors , 
or  variation s o f  ihern .  int o hi s partia l  description ,  thus , 
re/onnulaiin g hi s initia l  query .  A t  an y lim e th e use r  ca n 
reques t  a  ne w exainnl e instance ,  on e whic h matche s th e 
lates t  versio n o f  hi s (pariiar i  description ,  an d the n us e th e 
descriptor s o f  tha t  ne w instanc e t o retln e hi s quer y 
descriptio n stil l  furdier . 
Figure 1 shows RABBIT in the midst of a retrieval 
interaction .  T h e interfac e consist s o f  fou r  primar y windo w 
panes .  Th e 'Description '  pan e specifie s a n implicid y 
define d boolea n expressio n tha t  appear s t o th e use r  a s a 
partia l  descriptio n o f  th e item(s )  h e i s seeking .  T h e 
Example '  pan e contain s a n exampl e ite m tha t  matche s th e 

pania l  descriptio n a s o f  th e las t  use r  initiate d retrieva l 
cycl e fro m th e R A B B I T define d perspective .  M o r e 
precisely ,  i t  contain s a  descripdon ,  calle d th e image ,  o f  a n 
instanc e fro m som e well-define d perspectiv e (e.g. ,  " S T A R 
801 1 computer "  ca n b e viewe d fro m th e perspective s o f  " a 
manufacture d product, "  " a computer, "  "a n electroni c 
device, "  " a piec e o f  offic e equipment, "  an d " a piec e o f 
stoc k i n a  store. "  ) .  T h e 'Matchin g Examples '  pan e list s 
instance s whic h satisf y th e partia l  descripdo n a s o f  th e las t 
retrieva l  cycle .  T h e "Previou s Description "  pan e contain s 
th e descriptio n use d o n th e las t  retrieva l  cycl e whic h 
determine s th e perepectiv e fo r  presentado n o f  th e exampl e 
and th e lis t  o f  matchin g examples .  T h e exampl e pan e 
c o m m a nd pop-u p m e n u i s als o displaye d 
The example instance mentioned above is a central 
elemen t  o f  di e interface .  I t  serve s severa l  purposes :  i t 
fiinctions  a s a  template ,  i t  permit s acces s t o addiuona l 
descriptors ,  i t  provide s semanti c resolutio n o f  potentiall y 
ambiguou s terms ,  an d i t  frequend y serve s a s a 
counterexample . 
The example instance is a template in the sense that its 
presentatio n provide s a  patter n fo r  makin g a  quer y usin g 
th e descriptor s i n di e instance' s image .  I t  permit s acces s t o 
ne w descriptiv e term s throug h di e alternative s an d 
describ e c o m m a n d s elaborate d below . 
It also provides semantic resolution in that the context of a 
temi  suc h a s th e rol e nam e 'manufacturer '  establishe s an d 
refine s th e term' s meaning .  Th e rol e n a m e 
'manufacturer: '  coul d refe r  t o a  perso n o r  a  natio n o r  a 
corporation .  Th e statemen t  'manufacturer :  Xerox '  i n di e 
contex t  o f  a  descriptio n o f  a  compute r  produc t  help s 
resolv e a  hos t  o f  potentia l  meanings . 
Tlie example instance is also a counterexample to the 
user' s intention s wheneve r  i t  i s  no t  exactl y wha t  di e use r  i s 
lookin g for .  Rudie r  tha n simpl y permittin g th e use r  t o 
expres s hi s displeasur e wit h th e counterexampl e an d hav e 
R A B B I T Ir y t o gues s wha t  i s wron g wid i  it ,  th e syste m 
trie s t o encourag e th e use r  t o articulat e wha t  i s wron g wid i 
di e instanc e presented .  Tli e counterexample' s sunpl e 
presenc e serve s t o remin d th e use r  tha t  hi s quer y 
descriptio n i s incomplet e o r  wron g and ,  i n addition ,  poin t 
out  ih c particula r  part s o f  hi s descriptio n iha t  nee d 
correctio n o r  modification . 
Finally, since the amount of information known about the 
retrieve d instanc e coul d b e considerable ,  th e informatio n 
actuall y presente d i n th e imag e i s limite d t o b e onl y tha t 
informatio n whic h ca n b e inferre d t o b e relevan t  base d o n 

th e quer y descriptio n th e use r  ha s give n s o far .  (E.g. , 
informatio n concernin g th e dinne r  m e n u o r  hous e 
specialt y o f  a  give n restauran t  woul d b e availabl e fro m th e 
perspectiv e o f  " a plac e whic h serve s food "  bu t  no t  fro m 
di e perspectiv e o f  " a business. "  S o i f  di e use r  ha d begu n 
hi s quer y wit h th e descripto r  'Rusiness' ,  die n di e imag e o f 
di e retrieve d instance ,  eve n i f  i t  i s  a  restaurant ,  woul d not , 
initially ,  includ e informatio n abou t  it s dinne r  menu. ) 

The current implementation of RABBIT supports a small 
set  o f  5  basi c operation s fo r  creatin g a  quer y descriptio n 
give n di e descriptor s provide d i n di e imag e o f  th e exampl e 
instance .  Thes e operations ,  show n i n figure  1 ,  ar e requir e 
an d prohibi t  (whic h specif y dia t  th e give n descripto r  i s  o r 
i s  no t  t o b e a  descripto r  o f  di e retrieve d instance , 
respectively) ,  alternative s (whic h present s di e use r  wid i  a 
popu p m e n u o f  alternativ e descnptor s t o th e give n one) , 
specializ e (whic h show s th e specialization s o f  di e give n 
descriptor) ,  an d describ e (whic h allow s th e use r  t o 
examin e a  descriptio n o f  a  give n descripto r  o r  t o describ e 
recursivel y wha t  dia t  descripto r  shoul d be) .  T h e describ e 
c o m m a nd provide s th e use r  wid i  th e capabilit y  t o buil d 
ernbeilde d descriptions ,  a n exampl e o f  whic h appear s i n 
figure  1  wit h th e valu e o f  di e attribut e 'disk '  bein g itsel f  a 
description .  [Tou ,  1982 )  an d (Tou ,  Williams ,  Fikes , 
Henderson ,  an d Malon e 1982 1 contai n a  mor e complet e 
discussio n o f  th e paradig m o f  retrieva l  b y reformulatio n 
an d th e use r  interfac e t o R A B B I T . 

This paradigm of retrieval by reformulation, in effect, 
define s a  for m o f  interactio n b y whic h R A B B I T ca n as.̂ is t 
casua l  user s i n formulatin g queries .  M u c h o f  th e 
intelligenc e o f  R A B B I T come s fro m contro l  o f  dii s 
interactio n b y appealin g t o di e conceptua l  structur e o f  th e 
database . 

3. Perspectives 
The KL-ONE epistemology for representing knowledge 
[Brachman ,  1979 ]  ha s ha d a  majo r  influenc e o n di e 
developmen t  o f  R A B B I T .  O n e o f  th e mai n use s o f  K L -
O NE i s th e implementatio n o ^  perspectives .  A  perspectiv e 
i s simpl y a  wa y o f  describin g a n even t  o r  ite m fro m a 
particula r  viewpoin t  JBobro w an d Nonnaii ,  1975 ,  Bobro w 
an d Winograd ,  1977 ,  Goldstei n an d Bobrow ,  1980 , 
Goldstein ,  1980] .  I n R A B B I T ,  a  perspectiv e specifie s 
whic h descriptor s ar e include d i n di e imag e o f  an y 
instanc e presente d t o th e user .  R A B B I T perspective s ar e 
dynami c i n tha t  th e perspectiv e fro m whic h th e use r  view s 
di e instance s i n th e databas e change s dependin g o n th e 
curren t  partia l  descriptio n an d o n wher e h e i s withi n th e 
database . 

There are two distinct mechanisms RABBIT uses to 
construc t  a  perspective .  Firs t  i t  filters  di e attribute s t o b e 
presente d t o a  use r  b y includin g onl y attribute s implicitl y 
acknowledge d b y th e user .  Sinc e th e partia l  descriptio n i s 
a representatio n o f  th e user' s inten t  t o th e computer ,  tha t 
descriptio n i s a  legitimat e basi s fo r  determinin g wha t 
informatio n t o includ e i n th e imag e o f  th e exampl e 
instance .  I n R A B B I T th e attribute s include d i n th e imag e 

•ar e exacd y thos e tha t  belon g t o th e instanc e classe s 
occurrin g i n di e partia l  description .  Fo r  example ,  i f  on e 
wer e t o se e th e compute r  descibe d i n figure 1  retrieve d 
unde r  th e partia l  descriptio n 'Product '  (i.e .  widiou t  th e 
descripto r  Computer' )  the n onl y di e attribute s 'name' , 
'manufacturer' ,  an d 'cost '  woul d b e presented .  Onc e th e 
use r  refine s di e partia l  descriptio n t o specif y dia t  h e i s 
seekin g a  computer ,  additiona l  attribute s (e.g .  'disk:, ' 
'cpu:, '  ... )  woul d appear . 

A second mechanism for creating perspectives actually 
extend s th e perspectiv e o f  an y give n instanc e beyon d 
attribute s direed y hel d b y th e object .  Not e i n figure 1  dia t 
becaus e th e use r  ha s create d a n embedde d dcsciiptio n 
abou t  th e dis k o f  th e compute r  sought ,  aspect s o f  th e dis k 
tha t  th e use r  consider s importan t  (e.g .  capacity )  hav e bee n 
compresse d int o th e imag e o f  th e computer . 
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Peripective s serv e fou r  mai n function s i n th e RA13BI T 
interface : 

-controlling the type and amount of information 
presente d 
--facilitatin g th e user' s understandin g o f  instance s 
-enforcin g certai n kind s o f  semanti c consistenc y 
-organizin g an d managin g hetero>jcncou s data . 
4. Summary 

This paper has briefly described the process of designing a 
nove l  typ e o f  databas e interfac e name d RABBIT . 
R A B B I T relie s o n a  ne w paradig m fo r  informatio n 
retrieval ,  itnieva l  b y reformulation ,  derive d iVo m a 
cognitiv e scienc e theor y o f  humaj \  rememberin g loyethe r 
wit h som e uitificia l  intelligenc e idc.t s abou t  knowledg e 
representation .  Tli e fou r  mai n idea s underlyin g thi s 
paradig m are : 
1) retrieval by constructed descripuons 
2)  interactiv e constructio n o f  querie s 
3)  critiqu e o f  exampl e instance s 
4)  dynami c perspecdves . 
Tile fu-st diree of these ideas had their origins in human 
psychology .  Th e developmen t  o f  th e fourt h 
idea—dynami c perspectives—wa s motivate d an d 
influence d strongl y b y th e K L - O N E knowledg e 
representatio n language . 
Cognitive Science has played a crucial role in the design of 
RABBIT.  W e tak e th e tentativ e succes s o f  th e desig n a s 
an iiidicado n o f  th e potentia l  rol e o f  cogniuv e scienc e i n 
th e desig n o f  human-compute r  interfaces . 
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CONSTRUCTING RUNNABLE MENTAL MODELS 
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Dedr e Centne r 
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A cor e ide a i n th e literatur e o n 
menta l  model s (Brown ,  Burton ,  &  Zdybel , 
1973 ;  deKleer ,  1977 ,  1979 ;  Forbus ,  1981 ; 
Hayes ,  1978 ;  Steven s &  Collins ,  1980 )  i s 
th e notio n o f  menta l  simulation .  I n al l 
thes e approache s menta l  simulatio n i s 
accomplishe d b y dividin g a  syste m int o a 
set  o f  state s whos e transitio n rule s fro m 
stat e t o stat e ar e known .  Give n th e 
transitio n rule s fo r  eac h state ,  an d th e 
topolog y o f  connection s betwee n states ,  i t 
i s  possibl e t o ru n th e syste m wit h 
differen t  input s t o se e wha t  happens . 
Thi s provide s a  kin d o f  inferentia l  powe r 
not  possibl e wit h th e stati c dat a 
structure s implie d i n muc h o f  th e 
literatur e o n frames ,  scripts ,  an d 
semanti c network s (e.g. ,  Collin s 6  Loftus , 
1975 ;  Minsky ,  1975 ;  Quillian ,  1968 ;  Schan k 
& Abelson ,  1977) . The Metapho r  Hypothesi s 

I n thi s pape r  w e propos e a  specifi c 
rol e fo r  metapho r  i n constructin g runnabl e 
menta l  models .  I t  ca n b e state d a s 
follows :  Metaphor s map th e se t  o f 
transitio n rule s fro m on e domai n (th e 
base )  int o anothe r  domai n (th e target )  s o 
tha t  i t  i s  possibl e t o construc t  a  menta l 
model  t o ru n simulation s i n th e targe t 
domain .  Thi s i s a  specia l  cas e o f 
Centner' s (1980 ,  1982 )  mor e genera l  clai m 
tha t  metapho r  i s a  mappin g o f  structura l 
relation s fro m a  bas e domai n t o a  targe t 
doma in . 
We can illustrate the hypothesis by 
showin g ho w thre e metaphor s ca n b e use d t o 
construc t  a  runnabl e versio n o f  th e 
microscopi c mode l  o f  evaporatio n discusse d 
by Steven s an d Collin s (1980) .  Then ,  i n 
th e nex t  section ,  we compar e th e mode l 
derive d fro m thes e metaphor s wit h th e 
model  on e o f  ou r  subject s use d t o reaso n 
abou t  evaporatio n i n a n experimen t  wher e 
we aske d subject s nove l  question s abou t 
evaporatio n processes . 
The first metaphor states that water 
molecule s (o r  ai r  molecules )  ar e lik e 
billiar d ball s bouncin g aroun d i n space . 
The warme r  th e wate r  is ,  th e mor e velocit y 
(o r  greate r  energy )  th e averag e molecul e 
has .  Th e sam e metapho r  applie s t o th e 
wate r  an d ai r  molecule s i n th e ai r  mas s 
abov e a  bod y o f  water .  Thi s mode l  i s 
incomplet e insofa r  a s i t  include s n o 
notio n o f  th e attractiv e force s betwee n 
differen t  molecule s an d th e polarit y o f 
th e electrica l  charge s o n differen t  side s 
of  th e molecule .  Bu t  a s a  firs t 
approximation ,  i t  i s  a  perfectl y goo d 
model . 

The secon d metapho r  state s tha t  a 

molecul e escapin g fro m th e wate r  i s lik e a 
rocke t  shi p escapin g fro m earth .  Tha t  i s 
t o sa y whethe r  o r  no t  i t  actuall y escape s 
i s a  functio n o f  it s  initia l  velocit y an d 
it s angle .  I n thi s wa y th e mode l  build s 
i n a  rudimentar y notio n o f  th e attractiv e 
force s betwee n molecules ,  b y likenin g th e 
notio n o f  escap e fro m th e attractio n o f 
th e othe r  wate r  molecule s t o escap e fro m 
gravity .  However ,  t o understan d som e 
aspect s o f  evaporation ,  thi s gravit y 
notio n o f  attractio n i s no t  enough . 

The third metaphor states that the 
molecule s i n th e ai r  mas s ove r  th e wate r 
can b e though t  o f  a s peopl e insid e a  room . 
As mor e wate r  molecule s collec t  i n th e ai r 
mass,  th e roo m become s mor e crowde d wit h 
wate r  an d ai r  molecules .  Th e warme r  th e 
ai r  mass ,  th e large r  th e room .  Thus ,  war m 
ai r  masse s ar e les s dens e the n col d ai r 
masses .  Th e boundar y betwee n th e ai r  an d 
wate r  i s th e entr y int o th e room ,  an d i f 
everyon e crowd s alon g tha t  borde r  i t  i s 
har d t o ge t  in .  Thi s crowded-roo m 
metapho r  lead s t o many correc t 
predictions ,  bu t  i s  wron g i n som e 
fundamenta l  ways .  I n fact ,  th e spac e 
betwee n molecule s i n a  coo l  ai r  mas s neve r 
becomes crowded .  Coo l  ai r  masse s hol d 
les s moistur e becaus e th e wate r  molecule s 
i n the m ten d t o los e energ y wit h eac h 
interaction .  The n th e attractiv e force s 
betwee n wate r  molecule s ten d t o attrac t 
th e molecule s bac k t o th e wate r  surfac e o r 
t o for m raindrop s o r  dew . 

Now we want to show how these three 
metaphor s enabl e a  perso n t o construc t  a 
runnabl e mode l  o f  evaporatio n processes . 
We woul d argu e tha t  peopl e usuall y kno w 
certai n interactio n rule s o f  billiar d 
ball s suc h a s thos e depicte d i n Figur e 1 . 
Velocit y o f  eac h bal l  i n th e interactio n 
i s represente d b y a  vector ,  an d th e 
transitio n rul e o f  th e interactio n b y th e 
larg e arrow .  Rul e 1  show s tha t  withou t 
collision ,  spee d an d directio n ar e 
maintained .  Rul e 2  show s a  head-o n 

-  collisio n wit h a  non-movin g bal l  wher e 
momentum i s transferre d fro m on e bal l  t o 
th e other .  Rule s 3  an d 4  sho w ho w 
momentum i s transferre d a s a  movin g bal l 
strike s a  non-movin g bal l  a t  differen t 
angles .  Rule s 5  an d 6  sho w typica l 
interaction s whe n bot h ball s ar e moving . 
Thes e rule s summariz e one' s loca l 
knowledg e abou t  ho w billiar d ball s 
interact . 

From these local interaction rules, 
one ca n deriv e certai n globa l  propertie s 
of  ho w a  containe r  ful l  o f  molecule s wil l 
behave .  Tha t  i s w e ca n construc t  a n 
aggregat e mode l  o f  molecula r  interactio n 
(Steven s &  Steinberg ,  1981 )  base d o n th e 
mechanica l  mode l  o f  billiard-bal l 
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interaction .  Th e mos t  importan t 
propertie s o f  thi s aggregat e mode l  ar e 
tha t  ther e i s variabilit y  o f  spee d an d 
directio n o f  th e molecules .  Thi s produce s 
randomnes s o £ motion s o f  th e molecules , 
wit h som e goin g towar d th e surface ,  som e 
not .  Ther e i s elasticit y o f  interactio n 
so tha t  energ y ca n b e transferre d fro m 
molecul e t o molecule ,  bu t  no t  lost . 
Finally ,  ther e i s n o chang e i n directio n 
or  velocit y withou t  a  collision .  I n ou r 
view ,  peopl e ca n eithe r  imagin e molecule s 
movin g i n thi s aggregat e fashio n (lik e 
seein g dus t  particle s movin g i n th e 
sunlight )  o r  b y followin g a  singl e 
molecul e movin g aroun d an d encounterin g 
othe r  molecule s accordin g t o th e loca l 
interactio n rule s show n i n Figur e 1 . Q- o-

does no t  mi x completel y (dependin g o n 
winds) ,  the n wate r  molecule s may 
accumulat e i n th e ai r  alon g th e water' s 
surfac e an d n o ne w molecule s ca n ge t  in , 
eve n thoug h th e ai r  mas s i s no t  filled . 
I f  a  crowde d ai r  mas s i s cooled ,  th e wate r 
molecule s may b e squeeze d ou t  fo r  lac k o f 
space .  Thes e behaviora l  propertie s 
reflec t  th e wa y ai r  masse s actuall y 
behave ,  eve n thoug h th e mode l  i s 
essentiall y  incorrect . 
In an earlier paper (Stevens & 
Collins ,  1980 )  we describe d th e kin d o f 
inferentia l  powe r  tha t  runnabl e model s 
provid e fo r  answerin g nove l  question s 
abou t  th e world .  I n orde r  t o se e ho w 
subject s us e models ,  we conducte d a n 
experimen t  wher e we aske d subject s t o 
reaso n abou t  suc h questions . 
Exper  imen t  o n Menta l  Model s 
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Pl9ur a I .  So« « Lntaractlo n rula s fo r  p«rfactl y alttsti c  billiar d 
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The rocket-shi p metapho r  give s a 
simpl e thre e stat e descriptio n o f  behavio r 
of  molecule s nea r  th e surface .  I f  the y 
hav e an y downwar d componen t  o f  velocity , 
the y d o no t  escape .  I f  the y ar e heade d 
straigh t  up ,  ther e i s  som e minimu m initia l 
velocit y the y nee d t o escape .  I f  the y ar e 
heade d u p a t  a n angl e t o th e surface ,  th e 
smalle r  th e angl e th e greate r  th e initia l 
velocit y the y nee d t o escap e (becaus e o f 
th e attractio n o f  th e surfac e ove r  a 
large r  par t  o f  th e tra jectory) .  Thi s 
thre e stat e mode l  summarize s wha t  th e 
rocket-shi p metapho r  implie s abou t  th e 
effect s o f  th e water' s surface . 
The crowded-room metaphor, like the 
bill iard-bal l  metaphor ,  lead s t o 
constructio n o f  a n aggregat e mode l  a t  th e 
microscopi c level .  Th e mode l  ha s th e 
followin g behavior .  Th e warme r  th e ai r 
mass,  th e large r  th e roo m is .  A s wate r 
evaporate s int o th e ai r  mass ,  i t  fill s u p 
wit h molecules .  Col d ai r  masse s tak e les s 
tim e t o fil l  u p wit h molecules .  Whe n th e 
ai r  mas s i s  filled ,  the n n o mor e wate r 
molecule s ca n ge t  in .  I f  th e ai r  mas s 

Fou r  subject s wer e aske d eigh t 
question s abou t  evaporat ion .  The y wer e 
aske d t o explai n thei r  reasonin g o n eac h 
quest ion .  Al l  wer e reasonabl y 
intel l igent ,  bu t  wer e novice s abou t 
evaporatio n processes .  Ou r  analysi s wil l 
cente r  o n on e subject ,  whos e mode l  o f 
evaporatio n processe s wa s ver y muc h lik e 
th e mode l  w e constructe d fro m th e thre e 
metaphors ,  i f  no t  exactl y th e sam e model . 
Hi s vie w include s notion s o f  th e energ y 
neede d fo r  molecule s t o escap e fro m a  bod y 
o f  wate r  an d th e diff icult y o f  wate r 
molecule s enterin g a  col d ai r  mas s becaus e 
o f  th e highe r  density .  Nowher e doe s h e 
mentio n attract iv e force s betwee n 
molecules ,  whic h suggest s tha t  thi s notio n 
i s no t  par t  o f  hi s  model .  H e seem s t o 
shar e a  common misconceptio n tha t  visibl e 
cloud s (suc h a s on e see s comin g ou t  o f  a 
boilin g kettle )  ar e mad e u p o f  wate r  vapo r 
rathe r  recondense d liqui d water .  Thi s 
misconceptio n force d hi m int o severa l 
wron g explanat ions . 
We will present the portions of his 
response s t o thre e o f  th e quest ion s tha t 
illustrat e hi s us e o f  th e menta l  mode l 
describe d eibove . 
Q2: On a cold day you can see your 

breath .  Why ? 
S: I think again this is function of the 

wate r  conten t  o f  you r  breat h tha t  yo u 
ar e breathin g out .  O n a  colde r  da y 
i t  make s wha t  woul d normall y b e a n 
invisibl e gaseou s expansio n o f  you r 
breat h (whatever) ,  i t  make s i t  mor e 
dense .  Th e col d temperatur e cause s 
th e wate r  molecule s t o b e mor e dens e 
and tha t  in  tur n make s i t  visibl e 
relativ e t o th e surroundin g gase s o r 
relativ e t o wha t  you r  breat h woul d b e 
on a  warme r  day ,  whe n yo u don' t  ge t 
tha t  col d effec t  causin g th e wate r 
conten t  t o b e mor e dens e .  .  . 

Q4:  Whic h wil l  evaporat e faster ,  a  pa n o f 
ho t  wate r  place d i n th e refrigerato r 
or  th e sam e pa n lef t  a t  roo m 
temperature ? Why ? 
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S:  When I  firs t  rea d tha t  question ,  my 
initia l  impression ,  tha t  puttin g a 
pan o f  ho t  wate r  i n th e refrigerato r 
you suddenl y hav e thes e cloud s o f 
vapo r  i n it ,  thre w me of f  fo r  a 
second .  I  wa s thinkin g i n term s o f 
ther e i s a  lo t  evaporation .  Wel l  I 
guess ,  a s I  though t  throug h i t  more , 
I  wa s thinkin g tha t  i t  wa s a n 
indicatio n o f  mor e evaporation ,  bu t 
i t  wa s jus t  (le t  u s say )  th e sam e 
evaporation .  Immediatel y whe n yo u 
put  i t  i n anyway ,  i t  wa s mor e 
visible .  Ahmm,  a s I  thin k throug h i t 
now,  ray  belie f  i s  tha t  i t  woul d 
evaporat e les s tha n th e sam e pa n lef t 
standin g a t  roo m temperatur e an d my 
reasonin g ther e i s tha t  th e ai r  i n 
th e refrigerato r  i s goin g t o b e 
relativel y dens e relativ e t o th e roo m 
temperatur e air ,  becaus e a t  a  colde r 
temperatur e agai n it s molecule s ar e 
close r  togethe r  (wha t  not) ,  an d tha t 
i n effec t  leave s les s roo m t o allo w 
th e molecule s fro m th e ho t  wate r  t o 
joi n th e air .  .  .  . 

ships ,  an d crowde d rooms ,  h e mus t  hav e 
draw n upo n som e suc h object s i n orde r  t o 
creat e th e mode l  h e wa s using .  Base d o n 
thi s model ,  h e wa s abl e t o dea l  quit e 
successfull y wit h th e questions ,  eve n 
thoug h hi s mode l  wa s incorrec t  i n severa l 
ways. 
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Q5:  Doe s evaporatio n affec t  wate r 
temperature ? I f  so ,  i n wha t  way ,  an d 
why? 

S: I guess those water molecules that do 
leav e th e surfac e o f  th e wate r  ar e 
thos e tha t  hav e th e highes t  amount s 
of  energy .  I  mea n the y ca n actuall y 
brea k fre e o f  th e res t  o f  th e wate r 
molecule s an d g o ou t  int o th e air . 
Now i f  the y hav e a ,  i f  the y ar e th e 
ones wit h th e mos t  energy ,  I  gues s 
generall y hea t  i s wha t  wil l  energiz e 
molecules ,  the n tha t  woul d lea d me t o 
believ e tha t  maybe ,  althoug h i t  may 
not  b e measurable ,  mayb e wit h 
sophisticate d instrument s i t  is ,  bu t 
maybe i t  woul d b e measurabl e afte r 
you r  mos t  energeti c molecule s hav e 
lef t  th e greate r  bod y o f  water . 
Thos e tha t  remai n ar e les s energeti c 
and therefor e thei r  temperatur e 
perhap s less . The subject' s firs t  tw o answer s 

manifes t  th e crowde d roo m model :  Th e 
particle s i n col d ai r  ar e crowde d 
together ,  whic h act s t o mak e one' s breat h 
more visibl e an d t o mak e i t  mor e difficul t 
fo r  wate r  molecule s fro m a  ho t  pa n t o ge t 
in .  Th e las t  answe r  manifest s th e rocke t 
shi p an d billiar d bal l  models :  Th e 
particle s mov e aroun d an d thos e tha t 
escap e ar e th e hig h energ y particles , 
leavin g th e lo w energ y particle s behin d 
and henc e coolin g th e water . 
These excerpts illustrate the 
underlyin g molecula r  mode l  o f  evaporatio n 
tha t  th e subjec t  had ,  an d ho w h e use d i t 
t o fin d answer s t o nove l  questions .  Hi s 
model  i s clos e to ,  i f  no t  th e sam e as ,  th e 
model  we constructe d fro m th e metaphor s i n 
th e previou s section .  Th e '  hypothesi s o f 
th e pape r  i s tha t  thi s subject' s 
underlyin g mode l  wa s constructe d b y 
pastin g togethe r  hi s model s o f  ho w 
familia r  object s behave .  Whil e h e may no t 
hav e draw n upo n billiar d balls ,  rocke t 
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Abstrac t 

Inference can be viewed as a search through a space 
of  inferenc e rules .  Backwar d an d forwar d inferenc e 
diffe r  i n th e directio n o f  th e search :  backwar d 
inferenc e searche s fro m goal s t o groun d assertions ; 
forwar d inferenc e searche s fro m groun d assertion s 
t o goals .  Thi s pape r  describe s a n inferenc e pro -
cedure ,  calle d bi-directiona l  inference ,  whic h 
limit s th e numbe r  o f  inferenc e rule s searched . 
Bi-directiona l  inferenc e result s fro m th e inter -
actio n betwee n forwar d an d backwar d inferenc e an d 
loosel y correspond s t o bi-directiona l  search .  We 
sho w throug h a n exampl e that ,  whe n use d through -
ou t  a  sessio n o f  relate d tasks ,  bi-directiona l 
inferenc e set s u p a  conversationa l  contex t  an d 
prune s th e searc h throug h th e spac e o f  inferenc e 
rule s b y ignorin g rule s whic h ar e no t  relevan t  t o 
tha t  context . 1.  Introductio n 

Bi-directional inference (BDI) combines forward 
inferenc e (FI )  an d backwar d inferenc e (BI )  t o limi t 
th e searc h throug h a  spac e o f  inferenc e rule s b y 
establishin g a  contex t  o n th e basi s o f  a n ongoin g 
session .  We us e th e ter m "bi-directiona l  infer -
ence "  becaus e th e resultin g searc h loosel y corre -
spond s t o bi-directiona l  searc h (Kowalsk i  72 ,  Pohl , 
7 1 ) . 

The benefits of BDI become clear during an 
extende d sessio n i n whic h th e use r  ask s question s 
and add s assertion s al l  o f  whic h ar e related .  BD I 
set s u p a  conversationa l  contex t  an d prune s th e 
spac e o f  inferenc e rule s searche d (eithe r  durin g 
BI  o r  FI )  b y ignorin g rule s whic h ar e no t  relevan t 
t o th e context . 

In BDI there are two sets of inference 
frontiers ,  on e growin g fro m th e assertion s adde d 
i n F I  an d th e othe r  growin g durin g B I  fro m th e 
question s asked .  Wheneve r  tw o frontier s mee t  som e 
answer s ar e produced . 
BDI has been implemented in SNIP, the SNePS 
Inferenc e Package .  We presen t  example s o f  BD I  an d 
compar e th e result s obtaine d usin g BD I  wit h th e 
result s obtaine d usin g B I  o r  F I  only .  Althoug h 
SNI P ha s a  muc h riche r  rul e synta x tha n use d i n 
thes e example s (Shapiro ,  79a ,  79b )  the y suffic e t o 
illustrat e BDI . 

Basi c notion s o f  SNI P 

SNI P relie s o n a  declarativ e representatio n o f 

inferenc e rule s (SNeP S semanti c networ k (Shapiro , 
79a) .  Ever y rul e ma y b e use d bot h i n F I  an d BI . 
When a  rul e i s used ,  i t  i s  activated ,  remainin g 
tha t  wa y unti l  explicitl y  de-activate d b y th e user . 
The activate d rule s ar e assemble d int o a n activ e 
connectio n grap h (acg )  (McKa y an d Shapiro ,  81 )  , 
a collectio n o f  tiULT I  processe s (McKa y an d Shapi -
ro ,  80 )  whic h carr y ou t  th e inference .  Th e ac g 
als o store s al l  th e result s generate d b y th e 
activate d rules .  I f  durin g som e deductio n SNI P 
need s som e o f  th e rule s activate d durin g a  previ -
ou s deduction ,  i t  use s thei r  result s directl y 
instea d o f  rederivin g them .  Th e ac g tha t  i s buil t 
fo r  on e quer y o r  assertio n i s no t  discarde d afte r 
th e quer y ha s bee n answere d o r  th e assertio n 
"fully "  understoo d b y makin g al l  possibl e inferen -
ce s fro m it .  Rule s o f  th e networ k remai n active , 
allowin g a  dynami c contex t  t o b e constructed .  Th e 
dynami c contex t  i s  th e collectio n o f  rule s whic h 
hav e bee n activated .  I n addition ,  th e activ e rule s 
ar e mor e prominent :  whe n searchin g fo r  inferenc e 
rule s t o b e used ,  i f  an y previousl y activate d rule s 
ar e appropriat e the n onl y thos e rule s wil l  b e con -
sidere d an d n o othe r  rule s wi l l  b e activated . 
Henc e rule s apparentl y irrelevan t  t o th e curren t 
dynami c contex t  ar e Ignored . 

3.  Backwar d Inferenc e 

We present an example of BI, explaining very 
briefl y ho w acg' s work .  A  complet e explanatio n ca n 
be foun d i n (McKa y an d Shapiro ,  8 1 ) . 

Suppose that SNIP is being used as a database 
retrieva l  syste m fo r  som e compan y intereste d i n 
recruitin g compute r  scienc e (CS )  majors .  Th e 
recruitin g policie s o f  th e compan y ar e store d a s 
rule s i n th e databas e (Line s 1-4 ,  Fig .  1 ) .  Th e 

V(x,y) |  Pl«inli>9-to-»Uit(x )  4  CS-«joc-.t(y,x )  - > (SaoifnftctW . 
viM.yl l  Tta|>-<clicx>l(i l  i  CS-«joc-«t(y,« l  - > Goocl-i«<Mjnct(y) l 
V(zl (  aaad-Fn*FKt(z l  - > Scnt-Uutitun-tod l  1 
V(z) [  <Soo6-ftofCtU )  i  Cradu>elng(x )  - > larit̂ f(x-intcrriai(x )  ] 
lep-Ktnoi(HIT ) 
lop-«t»ol(aci l 
CS-Mjor-*t(Dan.SDM n 
CS.ajac->t(T«d,a(J ) 
C5-aBjac-«t(«ina,Mx n 
C5-tBjac-«t(Jatn,oa N 

Figure 1 
Initia l  databas e 

company's database also contains a list of top 
school s an d a  lis t  o f  th e C S major s a t  differen t 
school s (Line s 5-10 ,  Fig .  1 ) . 
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Ever y yea r  th e compan y update s It s databas e wit h 
th e name s o f  al l  student s graduatin g i n C S an d al l 
th e school s tha t  th e compan y wi l l  visi t  durin g tha t 
yea r  (Fig .  2 ) .  Th e compan y the n use s SNI P t o fin d 
ou t 

nmliq-eo-nut (SDBn 
Plaming-to-rtmi t  (Ot n 

andi(tlii9(Jotnl 

Figur e 2 
Informatio n updatin g th e databas e 

which CS majors should be invited for interviews, 
whic h one s shoul d b e sen t  th e company' s l i terature , 
etc . 

We now consider the acg describing the reason-
in g o f  SNI P whe n i t  i s  aslce d wh o shoul d b e invite d 
fo r  a n interview . 

An acg is represented as rectangles and 
circles .  Eac h rectangl e represent s a  rul e 
instanc e ( a deductio n rul e togethe r  wit h a  sub -
stitutio n fo r  th e variable s i n th e r u l e ) ;  th e 
antecedent s appea r  t o th e lef t  o f  th e doubl e lin e 
and th e consequent s t o th e right .  Circle s (calle d 
goa l  nodes )  represen t  goal s t o b e proved .  Rul e 
Instance s an d goa l  node s ar e connecte d b y directe d 
edges .  Substitution s flo w throug h th e edges .  Rul e 
instance s an d goa l  node s ca n b e viewe d a s producer s 
of  formula s sen t  ou t  o n th e edge s leavin g the m an d 
as consumer s o f  formula s comin g i n o n th e edge s 
pointin g t o them .  Som e edge s hav e switche s (repre -
sente d b y squar e brackets )  whic h hav e th e effec t 
of  renamin g th e variable s i n th e substitution s 
flowin g throug h them .  Fo r  eas e o f  reference ,  rul e 
instance s hav e label s o f  th e for m A n (wher e n  i s 
an integer) .  Thos e label s ar e use d fo r  notation -
a l  convenienc e onl y an d hav e n o relatio n wi t h th e 
way acg' s work . 
Initially, a request is created which contains 
th e atomi c formul a bein g sought .  Th e rul e instanc e 
labele d A l  i n Figur e 3  represent s th e reques t  t o 1 tortt«-£oc-ljitKTi«»(»liD)  I I 

({T*<V«tiol,IIlon/««>l )  ® 

1 Gao<H>co>pKt(i )  1  Gcaduatlnglx l  1  1  Î ivitc-foc-intervinid l  1 
llDor\/»l,{T»<i/'xl,(«i»i«/x| )  (gl^ _ @ ((T«Vxl,lnon/i).IJ c 

ly/. .  .y / 

1 itop-achoolli l  1  CS-m]ar-«t(y,z l  1 1 Oaat-feofetly )  1 

*n/xl ) 

/  1  nannui9-ca-vlut(i l  1  CS-iiajac-u(y,z )  1  1  Gaod-pn'P*ct(y l  1 
'  (a){(sDMt/i(,iafVill J 

(ISDMC/'i.am/'yl ,  laa/M.ttO/y} ,  Wn/i.Mmv'y) .  loaJVM,Joln̂ y| ) 

Figur e 3 
ac g fo r  backwar d inferenc e 

deduce all Instances of the atomic formula Invite-
for- interview(who) .  Th e nex t  ste p i s t o creat e a 
goa l  nod e fo r  th e atomi c fomiula .  A  goa l  nod e 
(Gl )  i s  adde d belo w th e instanc e bein g sought .  On e 
of  th e job s o f  th e goa l  nod e i s t o natc h it s atomi c 
formul a agains t  th e networ k t o fin d al l  formula s 
whic h unif y wit h it .  I f  ther e ar e groun d instance s 

th e goa l  nod e produce s the n Immediately .  Fo r  ever y 
matchin g formul a i n consequen t  posit io n o f  som e 
rule ,  a  ne w rul e instanc e i s adde d t o th e acg .  Th e 
othe r  Jo b o f  th e goa l  nod e I s t o remembe r  al l  sub -
stitution s i t  receive s (thes e substitut ion s ar e 
represente d enclose d i n curl y bracket s nex t  t o th e 
goa l  n o d e ) .  Whe n a  goa l  nod e receive s a  ne w sub -
sti tut ion ,  i t  send s i t  t o al l  rul e instance s t o 
whic h i t  points .  I n thi s case ,  G l  can' t  fin d an y 
groun d instance s o f  Invite-for- interview(who )  bu t 
th e rul e V(x )  [Good-prospect(x )  &  Graduating(x )  -< • 
Invlte-for-interview(x) ]  ma y b e use d t o der iv e suc h 
instances .  Rul e instanc e A 2 i s thu s create d b y G l 
(Fig .  3 ) .  Notic e tha t  th e var iabl e 'x '  i n A 2 
shoul d b e boun d t o 'who '  i n A l  whe n a n answe r  i s 
produce d b y A 2 .  Fo r  thi s reaso n a  switc h ([x/who] ) 
i s  inserte d i n th e l in k betwee n A 2 an d G l  an d ha s 
th e effec t  o f  translatin g betwee n variabl e con -
texts .  Switche s ar e compute d b y th e networ k 
matchin g functio n (Shapiro ,  77 )  whic h wa s use d b y 
Gl .  Fo r  detai l s o f  ho w thi s I s don e se e (McKa y an d 
Shapiro ,  8 1 ) . 
Goal nodes G2 and G3 are created for the ante-
cedent s o f  A2 .  G 2 find s tw o rule s whic h ca n pro -
duc e instance s o f  Good-prospect(x )  an d create s th e 
correspondin g rul e instance s (A 3 an d A 4 ,  Fig .  3 ) . 
G3 find s thre e groun d Instance s o f  Graduat ing(x) , 
namel y Graduat ing(Ted) ,  Graduatin g (Don )  an d 
Graduat ing(John) .  Th e substitution s ( T e d / x ) , 
{Don/x }  an d (John/x )  ar e store d b y G 3 an d sen t  t o 
it s consume r  (A2) . 
Goal nodes are created for the antecedents of 
A3 an d A4 .  G 4 find s tw o to p school s (MI T an d C M U ) , 
and send s th e substitution s t o A3 .  G 5 find s th e 
CS major s a t  differen t  schools .  Informin g bot h 
A3 an d A 4 .  A 3 deduce s tha t  bot h Te d an d Ann a ar e 
goo d prospects .  A 4 deduce s tha t  bot h Do n an d Te d 
ar e goo d prospect s afte r  receivin g fro m 0 6 th e 
informatio n tha t  SUNY an d CMU wi l l  b e visi ted . 
The Information about good prospects flows 
throug h th e ac g reachin g A 2 whic h deduce s tha t  bot h 
Ted an d Do n (goo d prospect s wh o ar e graduating ) 
shoul d b e invite d fo r  interview s an d th e answe r  i s 
finall y produce d b y A l . 
Notice that BI tries to get each answer in all 
possibl e ways ,  an d s o th e sam e answe r  ca n b e pro -
duce d severa l  times .  I n thi s particula r  cas e th e 
answe r  Good-prospect(Ted )  wa s produce d twice ,  b y 
rul e instance s A 3 an d A 4 . 

4.  Forwar d Inferenc e 

In this section we discuss the results obtained 
i f  th e compan y choose s t o us e F I .  We wi l l  assum e 
tha t  th e informatio n represente d i n Figur e I  i s 
store d i n th e databas e an d tha t  F I  i s  don e wi t h th e 
informatio n represente d i n Figur e 2 . 
Doing FI with Planning-to-visit(SUNY) generates 
th e ac g o f  Fig .  4 :  rul e instanc e A l  i s  create d 
alon g wit h goa l  node s fo r  It s antecedent s (G l  an d 
G 2 ) .  G l  i s  immediatel y satisf ied ,  an d G 2 find s 
CS-major-at(Don ,  S U N Y ) ,  sendin g t o A l  th e subst i -
tutio n {Don/y} .  Notic e tha t  G 2 i s performin g som e 
amount  o f  BI ,  reflectin g a  characterist i c o f  SNI P 
i n whic h B I  an d F I  ar e closel y interconnected .  A l 
deduce s Good-prospect(Don) ,  creatin g rul e instance s 
A2 an d A 3 t o d o furthe r  FI .  A 2 deduce s it s conse -
quen t  bu t  A 3 doesn' t  sinc e Graduat ing(Don )  i s no t 
i n th e databas e yet . 
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Good-pco>P*̂ 'Î °'̂ > 1 '  Send-litecBtuxe-to(Don ) 

A3 
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Figure 4 
ac g fo r  forwar d Inferenc e 

After entering all the information of Figure 2, 
SNI P ha s deduce d (ac g no t  shovra )  tha t  Don ,  Te d an d 
Anna shoul d b e sen t  l i teratur e an d tha t  Do n an d Te d 
shoul d b e invite d fo r  interviews .  I n othe r  words , 
al l  possibl e inference s wer e made ,  eve n i f  th e use r 
was onl y intereste d i n som e o f  them .  F I  doe s no t 
tak e th e user' s interest s int o accoun t  fi l l in g th e 
databas e wit h assert ion s whic h ma y neve r  b e used . 

5.  Bi-direct iona l  Inferenc e 

In this section, we introduce BDI and show that 
i t  establishe s conversat iona l  contexts ,  focusin g 
snip' s inference s wi th i n thos e context s an d thereb y 
limitin g th e spac e o f  rule s searched .  BD I  result s 
fro m th e interactio n o f  F I  an d B I  an d ca n b e 
obtaine d eithe r  b y doin g B I  followin g F I  o r  b y 
doin g F I  followin g BI .  We conside r  eac h o f  thes e 
case s i n turn . 

5.1 . Backwar d Inferenc e Followin g Forwar d 
Inferenc e 

Suppos e tha t  th e use r  say s " I  a m plannin g t o 
visi t  SUNY,  wh o shal l  I  invit e fo r  a n interview?" . 
I n thi s context ,  b y askin g 'Invite-for-lntervie w 
(who)? '  th e use r  want s t o conside r  onl y th e C S 
major s fro m SUNY.  U e sho w ho w F I  ca n b e use d t o 
se t  u p th e 'SUN Y context '  whic h i s the n use d t o 
answe r  th e user' s query .  I n a  pur e B I  system , 
findin g th e C S major s fro m SUNY wh o shoul d b e Invi -
te d fo r  a n intervie w require s findin g th e inter -
sectio n betwee n al l  C S major s fro m SUNY an d a l l 
person s wh o shoul d b e invite d fo r  a n intervie w 
(or ,  i n som e sys tems ,  generatin g al l  o f  on e an d 
testin g eac h t o se e i f  i t  satisfie s th e o t h e r ) . 

The user begins by doing a small amount of FI 
wi t h P lannlng- to-v is i t (SUNY) .  Th e amoun t  o f 
inferenc e ca n b e define d b y th e numbe r  o f  networ k 
patter n matche s performed .  Le t  u s assume ,  fo r  th e 
sak e o f  argument ,  tha t  b y "smal l  amoun t  o f  F I "  w e 
mean tha t  F I  i s  onl y allowe d tw o networ k matches . 
Th e firs t  matc h f ind s th e rul e V(x,y) [Planning-to -
v i3 i t (x )  &  CS-major-at(y,x )  *  Good-prospect (x ) ] , 
settin g u p th e rul e instanc e A l  (Fig .  5 )  an d th e 
secon d matc h i s use d b y G 2 t o loo k fo r  instance s o f 
u 

I  ln»ite-fac-mt«tvl€w(»ho )  11 

({Don/xhol l 

li/«t» l 

Goo<J-pco«pect(x )  I  Gcadu»tinq(i l  I I  Invite-for-lnt»rvie»(x )  I 
(iTsViLiDorv/iKIJotm/il l 

ly/x l 

Planunq-to-%asit(SUOT l  1  CS-im]oc-at(y,SUNi n M Good-prospec t  (y )  I 
@ @ llDon/yl) 

Figure 5 
ac g fo r  bi-direct iona l  inferenc e 

CS-major -a t (y ,SUNY) ,  findin g CS-maJor-at (Don,SUNY) . 
Thi s i s enoug h t o deduc e Good-prospect(Don )  bu t 
nothin g ca n b e don e wit h thi s becaus e findin g 
unactlvate d rule s require s a  match .  Therefore ,  th e 
inferenc e stops ,  leavin g behin d th e act iv e rul e 
instanc e A l  (Fig .  5 ) . 
If the user now asks the question 'Invlte-
for- interview(who)? '  rul e instance s (A 2 an d 
A3)  an d goa l  node s (G3 ,  G 4 an d G5 )  ar e create d 
(Fig .  5 )  a s discusse d i n sectio n 3 .  Here ,  however , 
goa l  nod e G 4 find s tha t  ther e I s a n activ e rul e 
tha t  ca n produc e instance s o f  Good-prospect(x) , 
namel y A l .  Instea d o f  doin g a  networ k patter n 
matc h t o fin d addit iona l  ru les ,  i t  use s rul e 
Instanc e A l  limnediately .  Th e substitutio n {Don/y } 
flow s throug h th e ac g producin g th e answe r  Invlte -
for- interv iew(Don) .  I n thi s cas e th e C S major s 
fro m othe r  school s wer e no t  eve n considere d sinc e 
SNI P ha d se t  u p th e "SUN Y context" . 
Suppose that CS-major-at(Don,SUNY) were not in 
th e networ k an d thu s rul e instanc e A l  coul d no t 
produc e an y answe r  eve n thoug h instance s o f  Invite -
for- interview(who )  coul d hav e bee n derive d fo r 
CS major s o f  othe r  schools .  Followin g th e quer y 
' lnvite-for- interview(who)?' ,  SNI P woul d retur n a n 
" I  don' t  know "  answer .  Th is ,  a t  firs t  glance , 
seems t o b e wrong .  However ,  takin g int o accoun t 
tha t  th e use r  onl y want s t o conside r  th e C S major s 
fro m SUNY thi s make s perfec t  sense ,  showin g a 
featur e o f  BD I  i n whic h derivabl e instance s whic h 
ar e Irrelevan t  t o th e contex t  ar e effectivel y 
ignore d b y SNIP . 5.2 . Forwar d Inferenc e Followin g Backwar d 

Inferenc e 

Suppos e tha t  th e databas e containe d th e infor -
mat io n o f  Figur e 1  an d th e use r  aske d wh o shoul d b e 
Invite d fo r  a n interview .  SNI P bui ld s a n ac g a s 
show n i n Figur e 3 ,  excep t  tha t  goa l  node s G 3 an d 
G6 hav e n o store d data .  Th e ac g produce s n o 
answer s sinc e th e informatio n i n th e databas e i s 
insuff ic ient .  I f  th e use r  no w doe s F I  wit h an y 
of  th e proposit ion s o f  Figur e 2 ,  th e wait in g goa l 
node s ar e found .  Wheneve r  a  ne w assert io n i s pro -
duce d fo r  F I .  an d a  goa l  nod e alread y exist s tha t 
want s i t ,  n o networ k matc h i s don e t o fin d addi -
tiona l  relevan t  rules .  Fo r  example ,  i f  Graduatin g 
(Ted )  i s entered ,  SNI P tell s th e use r  t o invit e 
Ted fo r  a n interview ,  an d Ignore s tha t  Send -
l l terature-to(Ted )  coul d als o hav e bee n derived , 
sinc e presumabl y th e use r  wa s no t  Intereste d i n 
thi s latte r  proposit ion .  Aga in ,  BD I  take s int o 
accoun t  th e conversationa l  context ,  ignorin g th e 
rule s irrelevan t  t o th e act iv e context . 6.  Conclusion s 

We presented an overview of BDI, pointing out 
th e tw o characterist ic s require d b y a  syste m t o 
make th e BD I  behavio r  possible : 

1. Every rule may be used both in FI and BI. 
2 .  Ther e i s a  dist inct io n betwee n rule s whic h 

hav e bee n activate d an d rule s whic h haven't . 

Relying on these two characteristics, when SNIP 
( a syste m whic h use s BDI )  searche s fo r  rule s t o b e 
used ,  i t  look s fo r  activate d rule s firs t  an d jus t 
i n cas e o f  failin g t o fin d an y activate d rule , 
non-activate d rule s ar e considered .  I n addit ion , 
as a  matte r  o f  eff iciency ,  activate d rule s remem -
be r  a l l  th e result s produced ,  no t  solvin g th e sam e 
proble m twice .  Th e resultin g inferenc e loosel y 
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correspond s t o a  bi-directiona l  search .  We sa y 
'loosel y corresponds '  becaus e no t  onl y may ther e 
be severa l  bi-directiona l  searche s goin g o n i n 
paralle l  (on e fo r  eac h questio n asked )  whic h ca n 
intersec t  eac h other ,  bu t  also  ther e ar e tw o level s 
of  search ,  th e firs t  throug h th e activate d rules , 
and th e second ,  whic h i s trie d onl y afte r  failur e 
of  th e first ,  throug h th e non-activate d rules . 
The example presented, although very small and 
simplistic ,  show s tha t  BDI  effectivel y prune s th e 
searc h throug h th e spac e o f  inferenc e rule s b y 
focusin g th e system' s attentio n toward s th e 
interest s o f  th e user . 
In BDI, some of the disadvantages of pure FI 
and pur e B I  d o no t  exist .  On e o f  th e disadvanta -
ges o f  pur e F I  i s  tha t  i t  may fil l  th e databas e 
wit h derive d proposition s whic h may neve r  b e used . 
We showe d tha t  BDI  ignore s som e derivation s whic h 
do no t  interes t  th e user .  On e o f  th e disadvanta -
ges o f  B I  i s  tha t  al l  apparentl y relevan t  rule s 
ar e Cried ,  regardles s o f  th e actua l  data .  We 
showed cha t  BDI  Ignore s inactiv e rule s i n favo r 
of  rule s activate d b y previou s (forwar d o r  back -
ward )  deduction . 
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A C T I V E L Y L E A R N I N G T O U S E A  W O RD P R O C E S S OR 

John M. Carroll and Robert Mack 
I B M Thoma s Watso n Researc h Cente r 
Yorktow n Heights ,  N e w Yor k 1059 8 

Learnin g t o us e a  wor d processo r  provide s a  stud y o f  rea l 
comple x huma n learnin g tha t  i s  fundamentall y "active" ,  drive n b y 
th e initiative s o f  th e learner .  Peopl e lear n b y activel y tryin g 
thing s out ,  b y reasoning ,  an d b y referrin g t o prio r  knowledge . 
Our  vie w i s tha t  thes e ar e natura l  ~  albei t  demandin g — strategie s 
fo r  peopl e t o adop t  whe n confronte d b y a  learnin g tas k o f  non -
trivia l  complexity .  Wha t  i s especiall y noteworth y i n th e presen t 
cas e i s tha t  th e learner s w e hav e studie d ar e almos t  entirel y inno -
cen t  wit h respec t  t o compute r  technology .  I n th e contex t  o f 
learne r  innocence ,  w e argue ,  thes e "natural "  strategie s entrai n 
sever e an d wid e rangin g learnin g problems .  Analysi s o f  thes e 
problems ,  i n turn ,  suggest s researc h direction s fo r  th e analysi s o f 
rea l  huma n learnin g withi n Cognitiv e Scienc e an d practica l  direc -
tion s I n whic h compute r  wor d processin g systems ,  an d th e educa -
tiona l  technologie s tha t  suppor t  thei r  trainin g an d use ,  migh t 
evolve . 

I n thi s researc h project ,  te n offic e temporarie s spen t  fou r 
half-day s learnin g t o us e on e o f  tw o possibl e wor d processin g 
system s i n ou r  laboratory .  Thes e peopl e wer e highl y experience d 
i n routin e offic e work ,  bu t  quit e naiv e wit h respec t  t o computer s 
i n genera l  an d wor d processin g i n particular .  W e aske d the m t o 
Imagin e a  scenari o i n whic h a  wor d processin g syste m ha d recent -
l y bee n introduce d t o thei r  offic e an d the y ha d bee n aske d t o b e 
th e firs t  t o lear n i t  (t o the n pas s thi s knowledg e o n t o colleagues) . 
The poin t  wa s tha t  the y wer e t o lear n t o us e th e syste m usin g th e 
trainin g material s tha t  accompan y i t  a s thei r  onl y resource . 

Our  metho d involve d promptin g learner s t o "thin k aloud "  a s 
the y worke d throug h th e trainin g materials .  The y wer e t o repor t 
question s tha t  wer e raise d i n thei r  minds ,  plan s an d strategie s the y 
fel t  the y migh t  b e considerin g o r  followin g out .  an d inference s 
and knowledg e tha t  migh t  hav e bee n brough t  t o awarenes s b y 
on-goin g experiences .  W e remaine d wit h th e learners ,  t o kee p 
the m talkin g an d t o interven e i f  a t  an y tim e i t  appeare d tha t  a 
proble m wa s s o grav e tha t  a  learne r  migh t  leav e th e experimen t  i f 
we di d no t  hel p out .  O u r  promptin g remaine d non-directive ,  an d 
indee d onc e learner s go t  goin g w e neede d t o promp t  ver y infre -
quently .  Ou r  analysi s consiste d firs t  o f  a n enumeratio n o f 
'critica l  incidents" ,  constraine d b y th e consensu s o f  th e experi -

menters ,  whic h wer e cataloge d an d classifie d i n variou s ways . 
The chie f  goa l  o f  thi s wa s t o for m a  pictur e o f  th e typica l  experi -
enc e o f  a  learner ,  an d i t  i s  thi s induce d "prototype "  learnin g 
experienc e t o whic h w e wil l  refe r  i n wha t  follows . 
Learning by doing. 

Our  learner s relentlessl y wante d t o lear n b y tryin g thing s ou t 
rathe r  tha n b y readin g abou t  h o w t o d o them .  Hal f  o f  ou r  lear -
ner s trie d t o sig n o n t o th e wor d processo r  befor e readin g h o w t o 
d o so .  I n par t  thi s wa s impatience :  the y wer e reluctan t  t o rea d a 
lo t  o f  explanatio n o r  ge t  bogge d d o w n followin g meticulou s direc -
tions .  Bu t  I t  als o devolve d fro m mismatche d goals :  Learner s 
wante d t o discove r  ho w t o d o specifi c  thing s a t  particula r  times . 
and thi s di d no t  alway s accor d wit h th e sequenc e i n whic h topic s 
wer e treate d i n th e manual . 

Learnin g b y tryin g thing s ou t  accordin g t o a  persona l  agend a 
of  need s an d goal s i s no t  merel y a  preference .  Learner s w h o tr y 
t o follo w ou t  manua l  instruction s ar e ofte n unabl e t o d o so .  Th e 
instructio n sequence s ar e fragil e i n th e sens e tha t  i t  i s  eas y t o ge t 
side-tracke d an d ther e i s n o provisio n i n the m fo r  recovery .  O n e 
exampl e i s a  learne r  w h o inadvertentl y paginate d (reformatted )  a 
documen t  a t  th e beginnin g o f  a n exercis e o n revisin g documents . 
Thi s no t  onl y rearrange d th e line s i n th e fil e t o mak e right  mar -
gin s even ,  i t  als o store d th e documen t  away .  Th e learne r  ha d no t 
yet  learne d ho w t o retriev e document s an d th e manua l  itsel f 
provide d n o recover y informatio n fo r  thi s (o r  an y other )  typ e o f 
error .  Accordingly ,  sh e wa s force d t o tr y t o discove r  h o w t o 
retriev e th e documen t  o n he r  own . 

Once th e documen t  wa s restored ,  sh e wa s face d wit h a n 
equall y staggerin g problem :  th e paginatio n operatio n ha d rear -
range d th e line s o f  he r  fil e s o tha t  th e revisin g instruction s di d no t refe r  t o th e sam e document .  A n experience d use r  w h o under -

stoo d reformattin g coul d hav e reinterprete d th e instruction s an d 
adapte d the m t o thi s rearrange d text .  Bu t  thi s learne r  ha d n o ide a 
what  sh e ha d done ,  an d thu s wa s puzzle d b y th e fac t  tha t  th e 
Instruction s seeme d t o b e wrong .  Th e fragilit y  o f  instructio n 
sequences ,  couple d wit h th e propensit y o f  learner s t o tr y t o re -
cove r  b y Initiatin g explorator y forays ,  ca n resul t  I n proble m tan -
gles :  Learners ,  w h o ma y no t  eve n full y understan d th e individua l 
operations ,  hav e littl e basi s fo r  appreciatin g th e subtl e interdepen -
denc e o f  cluster s o f  wor d processo r  operations .  The y fin d them -
selve s i n distorte d o r  eve n unrecognizabl e proble m situations . 

W h en learner s d o not .  o r  cannot ,  follo w direction s th e prob -
lem s tha t  aris e ca n resul t  i n thei r  losin g trac k o f  wha t  the y ar e 
tryin g t o do .  I t  i s  likely ,  o f  course ,  tha t  thi s los s o f  tas k orienta -
tio n contribute s t o th e overal l  failur e o f  learnin g — a s indicate d b y 
th e troubl e al l  learner s ha d applyin g thei r  learnin g experience s t o 
th e routin e typin g "transfe r  task "  afte r  training .  Non e o f  th e 
learner s wer e abl e t o type ,  revise ,  an d prin t  a  simpl e on e pag e 
lette r  withou t  som e troubl e wit h eac h o f  thes e basi c skills . 

What  I s mor e surprisin g perhap s i s tha t  eve n whe n learner s 
wer e abl e t o successfull y follo w instructio n sequence s out .  the y 
stil l  seeme d t o experienc e a  los s o f  tas k orientation ,  a s evidence d 
by comment s like :  "Wha t  di d w e do?" ,  " I  kno w I  di d something , 
but  I  don' t  kno w wha t  i t  is! "  o r  "I' m gettin g confuse d becaus e I' m 
not  actuall y doin g anythin g excep t  followin g thes e directions. " 
For  thes e subjects ,  th e overal l  orientatio n towar d accomplishin g 
meaningfu l  task s (e.g. ,  typ e a  letter ,  prin t  somethin g out )  ha s 
bee n subverte d b y a  narrowe r  orientatio n towar d followin g ou t  a 
sequenc e o f  instructions . 
Learning bj thinking. 

Jus t  a s learner s tak e th e initiativ e t o tr y thing s o n thei r  own , 
so als o ar e the y activ e i n tryin g t o mak e sens e o f  thei r  experienc e 
wit h th e wor d processor .  Learnin g passivel y b y rot e assimilatio n 
of  informatio n i s atypical .  Rather ,  learner s activel y tr y t o develo p 
hypothese s abou t  wh y i t  0|>erate s th e wa y i t  does .  Thes e quest s 
afte r  meanin g ca n b e triggere d b y ne w an d salien t  facts .  The y 
ca n b e force d b y discrepancie s betwee n wha t  i s expecte d an d 
what  actuall y happens .  The y ca n b e structure d b y th e learner' s 
persona l  agend a o f  goal s an d queries ,  referre d t o a s ne w problem s 
arise .  I n eac h case ,  learners '  lac k o f  knowledg e abou t  wor d proc -
essin g make s i t  difficul t  fo r  the m t o reaso n ou t  coheren t  solution s 
tha t  accuratel y represen t  th e objectiv e operatio n o f  th e system . 

For  example ,  learner s hav e n o basi s fo r  recognizin g an d 
rulin g ou t  irrelevan t  connections :  thei r  interpretation s o f  wor d 
processin g system s ar e ofte n influence d b y spuriou s connection s 
betwee n wha t  the y thin k the y nee d an d wha t  the y perceive .  I n 
one case ,  a  learne r  trie d t o decid e i f  a  "File "  c o m m a n d ha d store d 
a documen t  fil e away .  I t  wa s no t  store d becaus e th e comman d 
was entere d i n a  tex t  inpu t  mod e wher e al l  type d string s ar e inter -
prete d a s text ,  an d no t  execute d a s commands .  Bu t  sh e assume d 
tha t  th e fil e ha d bee n stored ,  an d adduce d evidenc e t o confir m 
thi s premise .  Fo r  example ,  a t  on e poin t  sh e notice s a  statu s 
message " INPU T M O D E 1  F I L E "  whic h indicate s tha t  sh e i s i n 
th e tex t  inpu t  mode .  However ,  th e wor d "file "  matche d he r  fil e 
command,  an d thi s wa s enoug h t o sugges t  som e kin d o f  feedbac k 
tha t  he r  "File "  (a s i n stor e document )  c o m m a n d ha d worked . 

I n suc h cases ,  reasonin g appear s t o consis t  i n adducin g factu -
al  suppor t  t o a  premis e th e learne r  woul d lik e t o hol d a s true . 
The learne r  abov e bega n wit h th e hypothesi s tha t  sh e ha d store d 
th e documen t  fil e away ,  an d sough t  evidenc e t o confir m tha t  thi s 
was th e case .  He r  adductio n her e wa s incorrec t  becaus e sh e di d 
not  kno w whic h fact s wer e relevan t  t o verifyin g th e premise .  I n 
othe r  cases ,  reasonin g appear s t o consis t  i n abducin g a  hypothesi s 
when it ,  togethe r  wit h othe r  assumption s th e learne r  ma y alread y 
hold ,  i s  consisten t  wit h som e fac t  o r  observation .  O n e learne r 
trie d t o mov e th e curso r  I n a  protecte d are a o f  th e display .  W h e n 
thi s locke d th e keyboard ,  sh e hypothesize d tha t  thi s fac t  mean t 
tha t  sh e wa s a t  th e right  plac e o n th e scree n t o d o wha t  sh e se t 
out  t o do . 
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Learner s als o se t  goal s whic h the y activel y pursu e b y tryin g 
t o solv e problems .  The y ar e hampere d i n thi s b y thei r  Innocenc e 
of  th e appropriat e proble m space ,  o r  domai n o f  possibl e action s 
and interpretation s relevan t  t o accomplishin g goal s an d addressin g 
queries .  Accordingly ,  thei r  strategie s ar e ofte n loca l  an d fragmen -
tary ;  the y hav e difficult y integratin g informatio n o r  othe r  experi -
ences ,  an d i n formulatin g thei r  concern s i n way s tha t  m a p trans -
parentl y ont o syste m functions .  W h e n learner s canno t  solv e 
problem s o r  answe r  questions ,  the y ad d the m t o a  persona l  agend a 
of  goal s an d querie s a s the y g o along .  A s ne w opportunitie s arise , 
learner s retur n t o thes e standin g querie s an d tr y t o resolv e them . 
Learning by knowing. 

To thi s point ,  w e hav e argue d tha t  a  ne w use r  o f  a  wor d 
processin g syste m relie s o n activ e exploratio n an d a d ho c reason -
in g a s learnin g strategies .  However ,  no t  al l  possibilitie s ar e ex -
plore d an d no t  al l  hypothese s tha t  coul d b e reache d ar e reached . 
What  constrain s thes e strategie s i s a  sens e o f  wha t  coul d b e ap -
propriat e ~  an d thi s devolve s fro m prio r  knowledg e o n th e pa n o f 
th e learner :  knowledg e abou t  device s "like "  wor d processor s (e.g. , 
typewriters) ,  knowledg e abou t  offic e routin e an d wor k i n general , 
eve n knowledg e culle d fro m interactin g wit h th e wor d processo r 
up t o tha t  poin t  I n time . 

Our  learner s wer e unabl e t o resis t  referrin g t o thei r  prio r 
knowledg e abou t  typewriter s a s a  basi s fo r  interpretin g an d pre -
dictin g experienc e wit h wor d processors .  O n e cam e t o a  hal t  a s 
she rea d a n instructio n i n th e manua l  whic h sai d "Backspac e t o 
erase. "  I t  seeme d tha t  sh e coul d no t  interpre t  thi s instructio n for . 
as sh e pointe d out .  B A C K S P A CE doe s no t  eras e anything .  Sh e 
had irresistibl y availe d hersel f  o f  he r  knowledg e o f  h o w backspac -
in g work s o n a  typewriter ,  unabl e t o eve n conside r  tha t  thi s 
knowledg e migh t  b e inappropriat e fo r  th e presen t  case .  Othe r 
learner s trie d t o us e S P A C E an d R E T U R N key s t o mov e th e 
curso r  ~  whic h inser t  space s an d blan k line s ~  bu t  merel y mov e 
th e typin g poin t  o n a  typewriter . 

Our  learner s wer e experience d wit h conventiona l  offic e work : 
typin g letters ,  filing ,  etc .  Thei r  knowledg e abou t  h o w thes e rou -
tin e task s ar e organize d i n th e offic e create s expectation s i n the m 
abou t  ho w analogou s task s ough t  t o b e performe d i n th e "offic e 
of  th e future "  (a s represente d b y th e wor d processo r  i n ou r  labo -
ratory) .  Thus ,  on e respons e t o revisin g a  lette r  tas k i s t o retype . 
Thi s i s  strikin g sinc e i t  i s  th e capabilit y  o f  th e wor d processo r  t o 
stor e an d retriev e document s ~  fo r  revision ,  amon g othe r  thing s — 
tha t  i s it s fundamenta l  advanc e ove r  previou s offic e technologies . 

As a  learnin g experienc e progresses ,  th e learne r  i s  acquirin g 
and organizin g ne w bit s o f  knowledge .  Th e ultimat e goa l  — an d 

th e fina l  measur e o f  succes s i n th e learnin g situatio n — i s tha t  o f 
assemblin g thes e piece s int o a  coheren t  fabric ,  a n understandin g 
of  th e wor d processor .  Alon g th e way ,  an y prio r  bi t  o f  knowledg e 
i s availabl e fo r  us e a s a  basi s fo r  expectation s concernin g succes -
siv e interaction s wit h th e system .  O n e syste m w e studie d seeme d 
t o flaun t  Inconsistenc y i n simila r  operations .  Thus ,  t o delet e a 
word ,  on e position s th e curso r  unde r  th e word' s initia l  characte r 
and keypresse s W O RD D E L E T E .  However ,  t o underscor e a 
word ,  on e position s th e curso r  unde r  th e fina l  characte r  o f  a  wor d 
and keypresse s W O RD U N D .  Thi s inconsistenc y cause d on e 
learne r  t o misexecut e on e an d the n th e othe r  o f  thes e tw o opera -
tion s i n a  disma l  cycl e o f  negativ e transfer . 
Summary. 

Perhap s th e mos t  ap t  discussio n o f  th e worl d o f  th e ne w use r 
of  a  wor d processin g syste m i s tha t  ofte n quote d phras e o f  Wil -
lia m James :  ' a bloomin '  buzzin '  confusion "  Peopl e i n thi s situa -
tio n se e man y thing s goin g on ,  bu t  the y d o no t  k n o w whic h o f 
thes e ar e relevan t  t o thei r  curren t  concerns .  Indeed ,  the y d o no t 
kno w I f  thei r  curren t  concern s ar e th e appropriat e concern s fo r 
the m t o have .  Th e learne r  read s somethin g i n th e manual ;  see s 
somethin g o n th e display :  an d mus t  tr y t o connec t  th e two ,  t o 
integrate ,  t o interpret .  I t  woul d b e unsurprisin g t o fin d tha t  peo -
pl e i n suc h a  situatio n suffe r  conceptua l  — o r  eve n physica l  — 
paralysis .  The y hav e s o littl e basi s o n whic h t o act . 

A nd ye t  peopl e d o act .  Indeed ,  perhap s th e mos t  pervasiv e 
tendenc y w e hav e observe d i s tha t  peopl e simpl y strik e ou t  int o 
th e unknown .  I f  th e rich  an d divers e source s o f  availabl e infor -
matio n canno t  b e interpreted ,  the n som e o f  thes e wil l  b e ignored . 
I f  somethin g ca n b e interprete d (n o matte r  h o w speciou s th e basi s 
fo r  thi s interpretation) ,  the n i t  wil l  b e interpreted .  A d ho c theo -
ries  ar e hastil y  assemble d ou t  thes e odd s an d end s o f  paniail y 
relevan t  an d partiall y  extraneou s generalization .  A n d thes e 
"theories "  ar e use d fo r  furthe r  prediction .  Whateve r  initia l  con -
fusion s ge t  int o suc h a  process ,  i t  i s  eas y t o se e tha t  the y ar e a t 
th e merc y o f  a n a t  leas t  partiall y  negativ e feedbac k loop :  thing s 
quit e ofte n ge t  wors e befor e the y ge t  better . 

What' s wrong ? W e woul d argu e tha t  th e learnin g practice s 
peopl e adop t  her e ar e typical ,  an d i n man y situation s adaptive . 
Th e proble m i n thi s particula r  learnin g situatio n i s tha t  ne w lear -
ner s o f  wor d processor s ar e innocen t  i n th e extreme .  "Wor d 
processor" ,  s o fa r  a s w e know ,  i s no t  a  natura l  concept .  Peopl e 
w ho d o no t  kno w abou t  wor d processor s hav e little ,  possibl y 
nothing ,  t o refe r  t o i n tryin g t o activel y lear n t o us e suc h things . 
Innocenc e turn s reasonabl e learnin g strategie s int o learnin g prob -
lems . 
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Abstrac t 

In this paper, we discuss the use of examples 
i n th e law ,  i n particula r  "hypotheticals "  i n 
contrac t  law .  We presen t  a  framewor k fo r 
representin g examples ,  sho w ho w thi s ca n b e 
use d t o generat e ne w hypotheticals ,  an d discus s 
thei r  rol e i n th e dialecti c o f  refinin g o r 
learnin g lega l  doctrine . 

1.  Introductio n 

Oplnlona .  Link s t o othe r  cases .  Link s t o lega l 
doctrine/rules/statutes .  A  slo t  ca n hav e a 
simpl e filler ,  a s I n th e Title ,  Citatio n o r 
Dat e slots ,  o r  a  comple x on e a s i n th e Opinion s 
whic h ca n b e structure d int o main ,  concurring , 
and dissentin g opinions .  Link s t o othe r  case s 
Includ e "procedura l  history "  links ,  lik e 
affirmed ,  reversed ,  amended ,  an d "substance " 
links ,  lik e criticised ,  distinguished , 
explained ,  harmonized ,  etc. ,  whic h describ e ho w 
th e court s throug h thei r  opinion s relate d th e 
cases . Example s ar e importan t  i n man y discipline s lik e 

mathematics ,  la w an d linguistics .  The y ar e 
centra l  t o reasonin g an d learnin g processe s 
suc h a s induction ,  concep t  formation ,  rul e 
refinemen t  an d theor y formatio n [Hawkin s 1980 ; 
Kuhn 1970 :  Lakato s 1976 ;  Lena t  1977 ;  Poly a 
1965 ;  1968 ;  Rlsslan d 1978 .  1982 ;  Solowa y 
1978 ;  Winsto n 1975] . 

In the law, where much reasoning is done by 
exampl e [Lev i  19'»9 ]  an d analog y [Berna n 1968] , 
example s — i.e. ,  case s — ar e indispensable . 
Example s forc e on e t o conside r  possibilitie s 
and nuances .  I n teachin g a  lega l  doctrine , 
the y ar e use d t o poin t  ou t  it s  "gaps ,  conflict s 
and ambiguities "  [Kenned y 1980] .  The y ar e use d 
i n restatement s o f  th e law ,  whic h ar e compendi a 
of  lega l  doctrin e i n th e for m o f  principles , 
example s an d references ,  e.g. ,  Restatement , 
Second .  Contract s [1981] .  The y ar e critica l  t o 
th e "realis t  number "  whic h show s bot h tha t  th e 
la w i s muc h mor e tha n a  se t  o f  clearcu t 
concept s an d rule s [Llewelly n 1931] ,  a s th e 
formalist s o f  thi s centur y an d befor e ha d 
hoped . 2.  Epistenologica l  Consideration s 

The examples in the law that we consider are of 
tw o types :  (1 )  "real "  cases ,  i.e. ,  oase s 
actuall y litigated ;  an d (2 )  "hypothetical " 
case s ("hypotheticals "  o r  "hypos") .  Bot h type s 
can b e represente d b y a  frane-lik e dat a 
structur e [Mlnsk y 1975 ]  an d th e frame s ca n b e 
linke d togethe r  b y variou s type s o f  relations . 
I n describin g frame s fo r  cases ,  w e ar e layin g 
out  a  conceptua l  framewor k t o represen t  th e 
knowledg e use d b y student s an d teacher s o f  th e 
law . 
The frame for a real case- includes the 
followin g slots :  Title ,  Citation ,  Date ,  Fac t 
Situation .  Proces s H i  story/Outcomes ,  Arguments , 

•Supporte d i n par t  b y th e Nationa l  Scienc e 
Foundatio n unde r  gran t  IST-80-173t3 .  Opinion s 
expresse d i n thi s repor t  ar e thos e o f  th e 
autho r  an d d o no t  necessaril y  reflec t  view s o f 
th e U.S .  Government . 

Hypothetical s ca n als o b e represente d b y a 
frame .  Th e mos t  importan t  feature s o f  a  hyp o 
ar e th e Fac t  Situation ,  th e Argument s tha t 
interpre t  th e fac t  situatio n wit h respec t  t o 
particula r  lega l  doctrines ,  an d th e link s t o 
othe r  hypo s an d rea l  cases .  Thu s th e fram e fo r 
a hyp o i s lik e tha t  fo r  a  rea l  case .  Th e link s 
betwee n a  hyp o an d a  rea l  cas e includ e 
"abstracte d from" .  "particularize d from" . 
"general1ze d from" . 
One can also make a taxonomy of cases in the 
law ,  muc h a s i n mathematic s [Rlsslan d 1978] . 
Such a  taxonom y i s no t  explore d here ,  bu t  th e 
categorie s migh t  include : 
1. standard oases (typically found in the 

casebooks) ; 
2.  landmar k case s tha t  hav e fa r  reachin g 

effects ; 
3.  firs t  impressio n case s tha t  brin g u p 

an issu e fo r  th e firs t  time ; 
4.  counte r  case s tha t  sho w th e limit s o f 

or  th e invalidit y o f  a  rul e o r 
doctrine ; 

5.  anomalou s case s tha t  don' t  see m t o fi t 
in . 

Whil e w e hav e use d som e o f  th e lin k type s use d 
i n LEXI S [Sprow l  1976 ]  an d lega l  digest s an d 
cas e citator s lik e Shepard' s Citations ,  th e 
framewor k an d taxonom y w e hav e describe d coul d 
be use d t o desig n a  lega l  dat a bas e tha t 
reflect s mor e o f  th e structur e o f  th e la w tha n 
thos e currentl y i n use . 

3.  Hypothetical s i n Contrac t  La w 

In contract law, one master question is "Which 
promise s shoul d th e la w enforce?" ,  wher e 
enforcemen t  mean s eithe r  makin g th e promiso r 
fulfil l  hi s promis e t o th e promise e (i.e. , 
"specifi c  performance" )  o r  mak e th e promiso r 
pay "damages "  t o th e promise e fo r  hi s breac h 
[Fulle r  an d Elsenber g 1981 ;  Knap p 1976] . 
There are several ways of dealing with this 
question .  Th e "gift-consideration "  distinctio n 
trie s t o relat e enforceabilit y  wit h th e 
"consideration "  give n b y th e promise e i n retur n 
fo r  th e promis e [Sectio n 17 ,  Restatement . 
Second ,  Contracts] : 
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"...th e formatio n o f  a  contrac t  require s a 
bargai n i n whic h ther e is...consideration... " 

Another approach is that of "reliance" in which 
th e (typicall y injurious )  relianc e o f  th e 
promise e upo n th e promis e i s highlighte d 
[Sectio n 90 ,  Restatement .  Second ,  Contracts] . 
A thir d i s th e us e o f  "formalities "  lik e th e 
lega l  sea l  [Sectio n 96] .  Eac h o f  thes e way s o f 
lookin g a t  th e maste r  questio n emphasize s 
differen t  aspect s o f  a  promis e an d eac h ha s it s 
own stengths ,  weaknesses ,  inconsistencie s an d 
ambiguities . 

The following is a set of hypos (actually just 
th e fac t  situations )  typica l  o f  thos e use d i n 
la w schoo l  to :  (1 )  poin t  ou t  th e 
gift-consideratio n distinction ;  (2 )  sho w 
doctrina l  weaknesse s an d ambiguities ;  an d (3 ) 
sho w possibl e conflict s betwee n doctrine s suc h 
as consideratio n an d reliance .  Th e hypo s ar e 
reall y caricature s o f  th e rea l  cas e o f 
Doughert y v .  Salt ,  decide d b y th e N .  Y . 
Cour t  o f  Appeal s I n 1919 ,  whic h i s a  standar d 
cas e i n firs t  yea r  Contrac t  La w (e.g. ,  se e 
[Fulle r  an d Eisenber g 1981]) . 

In each of the hypos, one is to ask, "Is this 
promis e enforceable? "  I n othe r  words ,  i f  th e 
promiso r  breaches ,  ough t  th e promise e b e 
awarde d damage s o r  performance ? 

Hypol: 
Facts :  Aun t  Tllll e says ,  "Charlie ,  yo u ar e 
suc h a  nic e boy ;  I  promis e t o giv e yo u 
$10,000. " Hypo2; 
Facts :  Same a s Hypo l  wit h th e additio n tha t 
Charli e says ,  "Dea r  Aun t  Tillie ,  I  can' t  tak e 
somethin g fo r  nothing ,  le t  me giv e yo u my thir d 
grad e painting. " 

Facts :  Same a s Hypo 2 excep t  Charli e offer s t o 
mow T i m e ' s lawn . 

Hypo«: 
Facts :  Same a s Hypo 2 excep t  tha t  Charlie' s 
las t  nam e I s Picasso . 

Hypo5 introduce s a n emotiona l  "hear t  rendering " 
aspec t  t o sho w ther e ar e limit s an d exception s 
t o consideratio n doctrine ,  suc h a s duress . 
Hypo6 introduce s a n elemen t  o f  relianc e whic h 
lead s t o conflictin g outcome s fro m relianc e an d 
consideratio n argumentation . 
U. A Frame for Promise Hypos 

In applying the framework of Section 2 for the 
domai n o f  contrac t  law ,  w e use d th e followin g 
facet s i n th e sub-fram e fo r  th e fac t  situatio n 
of  a  "promise "  case : 

1. the status of the PROMISOR 
2.  th e subjec t  matte r  o f  th e PROMISE 
3.  th e statu s o f  th e PROMISEE 
H.  th e RETURN ACTIO N b y th e promise e 
5.  th e RELATIO N betwee n th e promiso r  an d 

promise e 

The ful l  fram e o f  th e cas e woul d als o include : 

1. ARGUMENTS for various outcomes of the 
hyp o accordin g t o variou s doctrines : 

2.  furthe r  NOTES/DISCUSSION o f  th e hypo . 
suc h a s historica l  significance ; 

3.  REUTIONS t o othe r  case s (rea l  an d 
hypothetical) . 

Each o f  thes e majo r  sub-block s ha s facets ; 
thos e fo r  th e PROMISOR an d PROMISEE ar e 
similar ;  thos e fo r  PROMISE an d RETURN somewha t 
so .  Th e PROMISOR an d PROMISEE ca n b e furthe r 
describe d b y suc h attribute s a s PERSONAL 
STATUS,  INTENTION S an d BARGAININ G POWER,  whic h 
can b e furthe r  broke n down .  Fo r  instance , 
PERSONAL STATUS include s SEX.  AGE.  MARITA L 
STATUS (thes e ar e fo r  largel y traditional . 
historica l  an d common la w reason s relate d t o 
th e onc e unequa l  statu s o f  women unde r  th e 
law) . 
The description of the PROMISE Includes the 
subjec t  matte r  o f  th e promis e an d condition s o n 
it .  Th e RETURN actio n o f  th e promise e ca n be : 
(1 )  n o action ;  (2 )  forbearanc e (i.e. . 
refrainin g fro m doin g a n act ,  lik e suing) ;  (3 ) 
an action .  A n actio n Itsel f  ha s aspect s like : 
(1 )  th e actio n benefit s o r  doe s no t  benefi t  th e 
promisor ;  (2 )  th e actio n leave s th e promiso r 
wors e off/bette r  off/th e same . 

Hypo5: 
Facts :  Same a s Hypo l  wit h th e additio n Aun t 
T i m e ' s asset s ar e i n rui n an d tha t  keepin g 
her  promis e t o Nephe w Charli e mean s he r  ow n 
childre n starve . 

One ca n als o structur e th e RELATIO N face t  o f 
th e promis e situatio n fo r  instanc e accordin g t o 
whethe r  i t  i s  familia l  (e.g. .  father-daughter ) 
or  non-familia l  (e.g. ,  debtor-creditor ,  friend s 
or  neighbors) . 

Hypo6: 
Facts :  Same a s Hypo l  wit h th e additio n tha t 
Charli e make s a n unreturnabl e deposi t  o n a  ne w 
car . 

I f  on e argue s fro m th e standpoin t  o f 
consideratio n doctrine ,  Hypo l  i s  a  paradigmati c 
exampl e o f  a  pur e gift ,  " a gratuitou s promise" . 
whic h woul d no t  b e enforceable .  Hypo 2 i s a n 
attemp t  t o mak e Hypo l  loo k enforceabl e unde r 
consideratio n doctrine .  Hypo 3 i s anothe r 
attemp t  t o alte r  Hypo l  int o a n enforceabl e 
promise .  Hypo 4 i s use d t o poin t  ou t  tha t  on e 
i s makin g valu e Judgement s o n th e consideratio n 
per  contr a th e doctrin e tha t  on e shoul d no t 
inquir e int o th e adequac y o f  th e consideration . 

'Th e followin g i s a  fac t  situatio n sub-fram e 
instantiate d fo r  th e firs t  Aun t  Tilli e -  Nephe w 
Charli e hypo : 

PROMISOR: Aunt Tlllle 
PERSONAL STATUS:  female ,  elderly ,  wido w 
PERSONAL ATTRIBUTES:  kind ,  ric h 
INTENTIONS:  th e bes t 

PROMISE:  $10,00 0 
CONDITIONS:  non e 

PROMISEE:  Charli e 
STATUS:  male ,  youn g 

RETURN:  non e 
REUTION: 

FAMILIAL :  Aunt-Nephe w 
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5.  Generatin g Hypothetical s 

It is apparent that one can generate new 
hypothetical s — tha t  i s thei r  frame s — b y 
changing  slo t  filler s i n a  hypothetica l  frame . 
Sinc e th e possibl e filler s fo r  a  slo t  ca n ofte n 
be arrange d i n hierarchies ,  man y modification s 
can b e describe d i n term s o f  super ,  su b an d 
siblin g nod e substitutio n an d thu s lea d t o 
modification s affectin g generalit y an d 
specifity .  Fo r  instance ,  generalizin g Tilli e 
and Charli e t o abstrac t  individual s A  an d B 
result s i n th e following : 
Hypol': A promises B $10,000. 
Making another change gives: 

Hypol": "JR" promises B $10,000. 

In the last, knowing that "JR" (as in Ewing) 
ofte n ha s ba d intention s create s a  hyp o ver y 
differen t  i n "feeling "  fro m th e "Aun t  Tlll e -
Nephew Charlie "  o r  " A promise s B "  hypos ;  th e 
"JR "  hyp o introduce s question s o f  "good/ba d 
faith" . 
Elaborating the description of any of the 
element s o f  th e fac t  situatio n i s anothe r  wa y a 
creatin g a  ne w hypo .  Fo r  instance ,  elaboratin g 
"Aun t  Tille "  t o "old ,  senil e Aun t  Tillie "  an d 
"Charlie "  t o "manipulative ,  black-sheep-of -
the-famil y Charlie "  give s a  ver y differen t 
characte r  t o th e hypo . 

6.  Computer-generate d hypo s 

We are currently investigating the generation 
of  hypothetical s usin g th e CEG (Constraine d 
Exampl e Generation )  metho d o f  "retrieva l  plu s 
modification" .  i n whic h a  ne w exampl e i s 
generate d b y retrievin g a  know n exampl e (tha t 
comes clos e t o wha t  i s wanted )  an d the n 
modifyin g i t  t o mee t  th e curren t  requirement s 
[Risslan d an d Solowa y 1980 .  Rlsslan d 1982] .  S o 
far ,  w e hav e bee n dealin g onl y wit h constraint s 
suc h a s "more/les s general/specific "  "differen t 
but  o f  th e sam e class "  (e.g. .  familial) . 
Highe r  leve l  constraint s ar e "hear t  rendering" , 
"more/les s surprising "  (e.g. ,  agains t  one' s 
defaul t  assumptions) . 
We are experimenting with ways to generate 
thre e o r  fou r  sentenc e lon g hypo s simila r  t o 
thos e foun d a s exercise s i n casebook s an d a s 
illustration s i n the  Restatements .  T o produc e 
th e Englis h tex t  fro m th e frame ,  w e ar e 
currentl y usin g sterotypica l  precanne d tex t 
template s an d the n fillin g i n th e template s 
wit h informatio n fro m th e hyp o frame .  A n 
exampl e o f  suc h a  templat e fille d i n th e mos t 
genera l  wa y is : 
" A promises B X in return for Y ." 
More sophisticated — longer and subtler — 
hypo s wil l  nee d mor e sophisticate d tex t 
generatio n suc h a s McDonald' s MUMBLE [McDonal d 
1981] . 

7.  Summary an d Conclusion s 

We have been studying the structure of legal 
knowledge ,  specificall y rea l  an d hypothetica l 
cases ,  usin g a  structura l  approac h o f  frame s 
and relation s an d ho w on e generate s 

hypotheticals ;  w e hav e actuall y experimente d 
wit h ou r  idea s i n th e domai n o f  Contrac t  Law , 
we fee l  tha t  thes e method s ar e easil y 
transferabl e t o othe r  domain s suc h a s Propert y 
and Torts . 
We feel our work contributes to: (1) a better 
understandin g o f  th e use .  structur e an d 
generatio n o f  example s i n genera l  an d lega l 
hypothetical s i n particular :  (2 ) 
epistemologica l  analysi s o f  lega l  domains ;  (3 ) 
lega l  dat a bas e design ;  (U )  hypothetica l 
generatio n fo r  teachin g an d ICA I  (Intelligen t 
Compute r  Assiste d Instruction )  systems . 
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I n t roduc t i o n 

Recursion is a recurrent ttieme in human thinking. It has been 
aroun d to r  a  lon g tim e i n som e field s relate d t o cognitiv e science : 
fo r  instance ,  i t  ha s take n plac e i n information-processin g model s 
of  cognition ,  i n th e theor y o f  computation ,  i n cognitiv e an d 
developmenta l  psychology ,  o r  i n teachin g compute r  progrsunmin g 
t o novices . 

Intuitively ,  recursiv e formulatio n ma y lea d t o understandin g o f 
potentiall y  infinit e phenomen a I n compact ,  finit e terms .  O n th e 
othe r  hand ,  sinc e recursiv e definitio n involve s top-down ,  tightl y 
connecte d organizatio n o f  knowledge ,  i t  ma y no t  b e eas y t o learn , 
or  t o b e applie d t o formulatio n o f  comple x problems .  Thes e 
expectations ,  however ,  ar e les s wel l  examine d experimentally . 
Besides ,  ther e ar e som e othe r  point s suc h a s memor y loa d fo r 
executin g recursiv e procedures ,  th e firml y establishe d characte r 
of  recursiv e function s i n th e theor y o f  mathematics ,  o r  practica l 
applicatio n t o teachin g compute r  programming ,  whic h mak e 
recursio n a n interestin g them e fo r  cognitiv e science .  A s on e topi c 
relate d t o recursion ,  thi s pape r  discusse s th e questio n o f  whethe r 
recursiv e procedure s ar e cognitivel y difficul t  t o learn ,  base d o n a 
rul e inductio n experimen t  conducte d o n middleschoo l  children .  I t 
conclude s tha t  racursiv e procedure s ma y b e acquire d base d o n 
learnin g o f  th e correspondin g Iterativ e procedures . 

Learning Recursive Procedures 

A recursive function treated here is simply a function whose 
definitio n include s th e functio n itself .  A s a  simpl e bu t 
representativ e example ,  w e us e exclusivel y i n thi s pape r  th e 
factoria l  functio n 'tact "  define d o n N ,  th e se t  o f  positiv e integers , 
as follows : 

factin )  =  fact(n•̂ )  x  n  fo r  an y ntN ,  ̂ >^ ,  an d /acf(1 )  »  1 . 

The abov e definitio n i s recursive ,  bu t  o f  cours e tac t  ca n b e 
define d itcrativoly : 

lact{n )  =  1  X  2  X  .  . .  x  n  fo r  an y neN . 

The abov e tw o kind s o f  definition s ar e functionall y equivalent , 
but  hav e man y cognitivcl y differen t  points .  Le t  u s conside r  belo w 
onl y th e poin t  relevan t  here :  ho w peopl e acquir e th e recursiv e 
procadur e fo r  computin g factorials ,  base d o n exampl e data .  First , 
suppos e tha t  a  studen t  i s give n a n iterativ e sequenc e o f  dat a fo r 
factorieils : 

fact{-> )  =  1  lact(2 )  =  1 x 2 lact{3 )  =  1 x 2 x 3 . 
It  ma y b e eas y fo r  hi m t o generaliz e th e abov e simpl e patterne d 

sequence ,  an d t o obtai n th e genera l  iterativ e definition , 
/acr(r7 )  =  lx2x...x n (niN) .  Not e tha t  th e induce d definitio n itsel f 
ca n easil y b e interprete d t o provid e procedure s (multiplications ) 
fo r  actua l  computation . 

On th e othe r  hand ,  suppos e tha t  th e studen t  trie s t o induc e th e 
factoria l  functio n base d o n th e followin g recursivel y generate d 
data : 

/acf(3 )  -/acf(2 )  X  3  tact(2 )  =  tact{^)x 2 /acf(1 )  -  1 . 

I n thi s case ,  althoug h th e data ,  i f  regarde d declarative ,  ca n b e 
generalize d formall y t o generat e /acr(n)«/ac/(n-1)x n (neA/) ,  th e 
studen t  need s t o conside r  al l  th e subformulas ,  tacHk )  -  lact{k-\)x k 
(k> 2 n-1) ,  t o actuall y comput e tact{n) :  th e dat a allo w direc t 
generalizatio n b y converting ,  fo r  example ,  3  t o i  an d 2  t o n-1 ,  bu t 
he i s necessar y t o organiz e th e give n segment s o f  dat a t o acquir e 
th e recursiv e computationa l  procedure .  I t  ma y b e muc h mor e 
difficul t  tha n i n th e iterativ e case . 

However ,  w e ca n advanc e ou r  speculatio n on e mor e step .  Th e 
student ,  whil e h e i s engage d i n th e tas k o f  inducin g th e factoria l 
fro m th e iterativ e data ,  migh t  notic e th e regularit y o f  embedde d 
patter n i n th e data .  Th e lef t  colum n o f  Fig .  1  illustrate s i t  fo r  a n 
iterativ e dat a set .  I f  thi s kin d o f  structura l  emtieddin g wa s 
discovered ,  acquisitio n o f  th e iterativ e definitio n o f  th e factoria l 
may resul t  I n learnin g th e neste d procedura l  structur e o f  th e 
factorial .  Then ,  i f  th e neste d structur e a s show n i n th e lef t  o f  Rg .  1 
reside s i n memory ,  an d i f  recursiv e dat a ar e presented ,  th e dat a 
may matc h th e neste d structur e fairi y  eatsil y a s show n i n Fig .  1 . 
Thus ,  th e recursiv e procedur e ma y b e learne d b y th e successiv e 
presentatio n o f  th e iterativ e an d recursiv e dat a set s i n thi s order . 
'1 

iact(\}x 2 

f=^tact{2}A3 

Thank s ar e du e t o Joh n Anderson ,  Robi n Jeffrie s an d Herber t 
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correspondenc e t o Yuichir o Anzai ,  Facult y o f  Scienc e an d 
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Japan . 

Neste d structur e emtiedde d i n a n iterativ e dat a se t 
and it s relatio n t o th e correspondin g recursiv e dat a se t 

The preceding simple discussion gives us the hypothesis that if 
a studen t  kne w non e o f  th e factoria l  function ,  o r  th e concep t  o f 
recursion ,  h e find s i t  easie r  t o lear n th e iterativ e procedur e fo r  th e 
factoria l  rathe r  tha n th e recursiv e one ,  bu t  afte r  h e learne d it ,  h e 
must  alread y b e read y t o assimilat e th e recursiv e procedure .  I n 
th e follovyin g rul e inductio n experiment ,  w e examin e thi s 
hypothesi s b y usin g middleschoo l  children . 

Experiment 

Subjects and procedure 

88 middleschool children (age about 14) participated in the 
experiment .  Th e rul e t o b e induce d wa s th e numerica l  functio n fo r 
computin g factorial s  o f  positiv e integers .  Tw o kind s o f  format s fo r 
exampl e dat a wer e considered .  O n e wa s th e iterativ e format ,  an d 
th e correspondin g to-be-induce d functio n wa s calle d WHIT E i n 
th e experiment .  Th e othe r  wa s th e recursiv e format ,  an d th e 
correspondin g functio n wa s name d BLACK . 

For  eac h format ,  a  sequenc e o f  thre e dat a set s wa s prepared . 
The firs t  dat a set s fo r  W H I T E an d B L A C K wer e give n a s follows : 

Firs t  dat a se t  fo r  W H I T E 
Let  u s thin k abou t  th e followin g computatio n fo r  a 

give n number .  Th e answe r  t o th e computatio n i s calle d 
"WHITE"  Fo r  example ,  "WHIT E o f  2 "  i s compute d a s 
follows : 

(1 )  Star t  wit h 1 . 

(2 )  Multipl y 1  b y 2 .  Th e resul t  i s  2 . 
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••WHITeof2"isZ . 

Now,  comput e 'WHIT S o f  <" .  (Writ e th e 
computatio n an d th e answer. ) 

Firs t  dat a se t  fo r  B L A C K 

Let  u s thin k abou t  th e followin g computatio n lo r  a 
give n number .  Th e answe r  t o th e compulatio n i s calle d 
'BLACK '  Fo r  example .  "BLAC K o f  2 "  i s  compute d a s 

followa : 
(1 )  'BLAC K o f  2 '  i s  "BLAC K o f  T  multiplie d b y 2 . 

(2)'BLAC K o f  r i s  1 . 

"BLACK o f  2-i s  Z 

Now.  comput e 'BLAC K o f  4' . 
computatio n an d th e answer. ) 

(Writ e th e 

I n eac h o f  th e abov e dat a sets ,  tw o segment s o f  information ,  (1 ) 
and (2) .  fo r  th e factoria l  o f  2 ,  an d th e valu e o f  i t  wer e supplied . 
Ther e wa s provide d a  proble m a t  th e las t  line ,  whic h wa s t o 
comput e th e factoria l  o f  4 .  I f  a  subjec t  gav e th e correc t  answe r  t o 
th e problem ,  the n h e wa s considere d t o hav e acquire d a  factorial -
computin g procedure ,  iterativ e o r  recursive ,  dependin g o n whic h 
dat a set ,  WHIT E o r  BLACK ,  wa s presente d t o him . 
The second data sets for WHITE and BLACK included three 
segment s o f  information ,  an d wer e designe d a s show n below : 

Secon d dat a se t  fo r  W H I T E 

Let  u s thin k abou t  th e followin g computatio n fo r  a 
give n number .  Th e answe r  t o th e computatio n i s calle d 
"WHITE"  Fo r  example .  "WHIT E o f  3 "  i s  compute d a s 
follows : 

(1 )  Star t  wit h 1 . 

(2 )  Multipl y 1  b y 2 .  Th e resul t  i s  2 . 

(3 )  Multipl y 2  b y 3 .  Th e resul t  i s  6 . 

"WHIT E o f  3'i s  6 . 

Now.  comput e "WHIT E o f  5" .  (Writ e th e 
computatio n an d th e answer. ) 

Second data set for BLACK 

Let  u s thin k abou t  th e followin g computatio n fo r  a 
give n number .  Th e answe r  t o th e computatio n i s calle d 
"BLACK' .  Fo r  example ,  'BLAC K o f  3 '  i s  compute d a s 
follows : 

(1 )  'BLAC K o f  3 "  i s  "BLAC K o f  2 '  multiplie d b y 3 . 

(2 )  'BLAC K o f  2 "  i s  "BLAC K o f  1 '  multiplie d b y 2 . 

(3 )  "BLAC K o f  1 "  i s  1 . 

"BLACK o f  3'i s  6 . 

Now,  comput e "BLAC K o f  S "  (Writ e th e 
computatio n an d th e answer. ) 

The thir d dat a sets ,  eac h o f  whic h containe d fou r  segment s o f 
information ,  wer e define d i n a  simila r  manner . 

The subject s wer e divide d int o tw o group s calle d G 1 (n 3 4S ) 
and G 2 ( n s43) .  Th e grou p G 1 wa s give n th e dat a i n th e orde r  o f 
W-l ,  W-2 .  W-3 .  B-1 ,  B- 2 an d B-3 .  wher e W- i  an d B- /  denot e th e /-t h 
dat a se t  fo r  WHIT E an d BLAC K respectively .  O n th e othe r  hand , 
G2 wa s give n th e dat a i n th e orde r  o f  B-1 ,  B-2 ,  B-3 ,  W-1 .  W- 2 an d 
W-3.  Bot h group s wer e give n five  minute s fo r  eac h dat a set ,  whic h 
wer e ampl e enoug h fo r  middleschoo l  children .  Th e dat a sheet s 
wer e collecte d fro m th e subject s fo r  eac h dat a set ,  an d n o direc t 
feedbac k o f  answer s wa s given . 
Results and discussion 

The results are tabulated in Table 1. The more data sets 
presented ,  th e greate r  numbe r  o f  subject s wh o answere d 
correctly ,  bot h fo r  WHIT E an d BLACK .  Th e percen t  correc t  wa s 
large r  fo r  Gl' s WHIT E (60 % fo r  th e thir d set )  tha n fo r  G2' s BLAC K 
(33 % fo r  th e thir d set) ,  bu t  eve n th e latte r  gav e fairl y goo d 

performance .  Also ,  i f  th e dat a fo r  B L A C K wer e presente d afte r 
WHITE a s fo r  th e grou p Gl ,  th e performanc e wa s bette r  tha n it s 
opposite :  G 1 fo r  B L A C K gav e 16% ,  2 9 % an d 6 4 % o f  percen t 
correc t  fo r  th e dat a set s wit h two ,  thre e an d fou r  segment s o f 
information ,  bu t  G 2 fo r  B L A C K provide d 0% ,  1 4 % an d 33% ,  whic h 
wer e relativel y smaller .  O n th e othe r  hand ,  th e performac e fo r 
WHITE wa s simila r  fo r  th e tw o groups ,  regardles s o f  th e orde r  o f 
presentation . 

The resul t  i s  ttiu s generall y i n agre e wit h ou r  expectations .  I t 
was easie r  fo r  th e childre n t o hav e worke d o n th e iterativel y 
generate d dat a sets ,  bu t  acquisitio n o f  th e recursiv e procedur e 
was facilitate d b y learnin g th e iterativ e one . 

Also ,  not e tha t  th e WHIT E dat a fo r  G l  an d G 2 sho w a  simila r 
tendency ,  an d th e B L A C K dat a fo r  th e tw o group s provid e a 
differen t  sor t  o f  simila r  tendency :  th e ral e o f  increas e o f  th e 
percen t  correc t  decrease d fo r  th e WHIT E dat a wit h respec t  t o th e 
number  o f  presente d dat a sets ,  whil e i t  increase d fo r  tti e B L A C K 
data .  Thi s particula r  tren d ma y hav e reflecte d th e subjects ' 
relativ e difficult y i n discoverin g regularit y i n a  smal l  numbe r  o f 
informatio n segment s i n a  recursiv e dat a set . 

Tabl e 1 
Percen t  correc t  fo r  th e inductio n experimen t 

Gl 
Dat a sa t  no .  WHIT E BLAC K 

62 
BLACK VIHIT E 

1 
2 
3 

11(« ) 
42 
80 

18 
29 
84 

0 
14 
33 

9 
30 
47 

No.  o f  subject s 46 43 

(Fo r  almos t  al l  th e subjects ,  i f  a  subjec t  gav e th e 
correc t  answe r  fo r  th e /-t h dat a set ,  h e wa s als o correc t 
fo r  al l  th e i-t b sets ,  wher e 1< ,  /</. ) 

Thus ,  w e thin k tha t  recursiv e computatio n ma y b e apparentl y 
difficul t  fo r  childre n t o learn ,  bu t  als o tha t  i t  ma y ti e acquire d b y 
inducin g th e neste d structure ,  an d interpretin g i t  a s a  procedure , 
base d o n th e recursiv e data .  Le t  u s provid e on e possibl e 
mechanis m tha t  generate s th e gros s characteristic s o f  th e 
experimenta l  results ,  whic h i s essentiall y  simila r  t o th e on e briefl y 
describe d i n th e previou s section .  Suppos e tha t  th e thir d dat a 
set s fo r  WHIT E an d B L A C K give n i n th e experimen t  wer e 
represente d a s follow K 

WHITE BLACK 

(equa l  (time s 1  2 )  2 )  (equa l  (blac k 4 ) 
(time s (blac k 3 )  4 ) ) 

(equal (times 2 3) 6) (equal (black 3) 
(time s (blac k 2 )  3) ) 

(equal (times 8 4) 24) (equal (black Z) 
(time s (blac k 1 )  2) ) 

(equal (white 4) 24) (equal (black 1) 1). 

Assume that successively emtsedding the segments in the 
WHITE dat a set ,  w e obtaine d th e neste d formula : 

(equa l  (whit e 4 )  (time s (time s (time s 1  2 )  3 )  4)) . 

Not e tha t  i f  w e identif y (time s (time s 1  2 )  3 )  wit h (blac k 3) .  an d 
als o identif y "white "  wit h "black" ,  the n th e formul a matche s th e 
firs t  segmen t  I n th e abov e B L A C K set : 

(equa l  (blac k 4 )  (time s (blac k 3 )  4)) . 

This kind of correspondence holds also for the first and second 
dat a sets .  Generalizatio n a t  thi s point ,  whic h yield s th e 
correspondenc e betwee n (time s (time s (.. .  (time s (time s 1  2 )  3)... ) 
n-1 )  n )  an d (blac k n) ,  provide s th e procedura l  basi s fo r  th e 
recursiv e definitio n o f  th e factoria l  function ,  whic h i s base d o n 
neste d arithmeti c calculation . 
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D i s c u s s i o n 

The relation between conceptual and procedural understanding 
i n proble m solvin g ha s raise d man y issue s comple x bu t  centra l  fo r 
cognitiv e science .  A t  som e deepe r  leve l  o f  understanding ,  a 
perso n ca n bot h handl e wit h knowledg e procedurally ,  an d 
appreciat e i t  declaratively .  Recursio n provide s a  simpl e exampl e 
fo r  thi s matte r  sinc e i t  i s  usuall y formulate d i n a  compac t  fortn ,  it s 
declarativ e representatio n ma y b e simple r  tha n th e correspondin g 
iterativ e form .  Bu t  suc h declarativ e representatio n mus t  b e 
accompanie d b y procedura l  knowledg e fo r  actua l  computation , 
an d thi s knowledg e migh t  b e cognitivel y complex .  Th e argumen t 
presente d i n thi s pape r  suggest s tha t  suc h knowledg e ca n b e 
acquire d no t  directly ,  bu t  b y workin g o n iterativ e data . 

An exampl e o f  th e proces s o f  learnin g a  recursiv e strateg y b y 
discoverin g a  neste d structur e i n knowledg e o f  result s obtaine d b y 
weaker ,  nonrecursiv e strategie s wa s presente d i n Anza i  &  Simo n 
(1979) .  Th e strateg y acquisitio n proces s reporte d ther e i s 
essentiall y  simila r  t o th e recursio n learnin g proces s discusse d i n 
thi s pape r  th e thesi s share d b y th e tw o studie s i s tha t  comple x 
recursiv e procedure s fo r  solvin g a  proble m m a y b e acquire d b y 
workin g o n th e problem ,  usin g alread y available ,  nonrecursiv e 
knowledge . 

Whic h wa y o f  learning ,  b y discover y o r  b y instruction ,  I s bette r 
has lon g bee n a  controversia l  proble m i n instructiona l  psychology . 
Learnin g b y doing ,  whic h i s alon g th e lin e discusse d her e an d i n 
Anzai  &  Simon ,  i s basicall y a  proces s o f  learnin g b y discovery .  I n 
thi s regard ,  a s suggeste d i n thi s paper ,  recursiv e procedure s ma y 
be learne d b y discovery .  Recursiv e computatio n ma y b e 
intrinsicall y mor e difficul t  tha n iterativ e one ,  sinc e executio n o f 
recursiv e procedure s ma y requir e mor e memor y resources .  Bu t  i t 
doe s no t  mea n tha t  the y ca n no t  b e acquire d b y discovery . 

However ,  o f  cours e w e d o no t  den y th e possibilit y  o f  learnin g 
recursiv e procedure s b y top-dow n instruction .  Th e tw o way s o f 
learnin g ar e actuall y complementar y i n th e rea l  world ,  an d bot h 
ways ma y pla y importan t  an d intertwine d roles .  Also ,  w e shoul d 
be cautiou s whe n w e tr y t o exten d th e consideratio n t o mor e 
comple x domain s suc h a s compute r  programming .  I t  i s  becaus e a 
comple x tas k necessaril y  involve s man y differen t  cognitiv e 
subprocesses ,  an d i t  i s  no t  alway s eas y t o extrac t  fro m the m onl y 
th e par t  playe d b y recursion . 

Reference * 
Anzai, Y. 4 Simon, H. A. 1979 The theory of learning by doing. 

Psychologica l  Review ,  86,124-140 . 
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Prio r  Knowledg e Occupie s Cognitiv e Capacit y i n 
Chess Proble m Solving ,  Reading ,  an d Thinkin g 

By Bruc e K .  Britto n an d Abraha m Tesse r 

Abstrac t 

Prior knowledge was varied in problem solving, 
thinking ,  an d readin g task s i n thre e experiments . 
The hypothesi s wa s tha t  th e prio r  knowledg e use d i n 
a cognitiv e tas k use s capacit y i n th e sam e limite d 
capacit y activ e processin g syste m tha t  i s use d t o 
proces s th e ongoin g task .  I n a  readin g experiment , 
prio r  knowledg e abou t  a  targe t  pag e wa s manipulate d 
by controllin g th e precedin g pages .  I n a n experi -
ment  dealin g wit h proble m solvin g i n th e contex t  o f 
a ches s game ,  prio r  knowledg e wa s controlle d b y com -
parin g expert s wit h novices .  I n a  thir d stud y sub -
ject s though t  abou t  personalit y description s o f 
person s an d groups ,  an d abou t  women' s fashion s an d 
footbal l  plays ;  i t  wa s assume d tha t  person s hav e 
more prio r  knowledg e concernin g th e personalit y o f 
person s tha n th e personalit y o f  groups ,  tha t  women 
hav e mor e prio r  knowledg e abou t  women' s fashions , 
and tha t  men hav e mor e prio r  knowledg e abou t  foot -
ball .  I n al l  experiments ,  us e o f  cognitiv e capac -
it y i n tas k performanc e wa s observe d wit h a  second -
ar y tas k technique . 

The result s o f  al l  thre e experiment s wer e con -
sisten t  wit h th e hypothesi s tha t  prio r  knowledg e 
use s capacit y i n th e activ e processin g system .  Th e 
prio r  knowledg e hypothesi s i s consisten t  wit h som e 
aspect s o f  curren t  cognitiv e theor y bu t  no t  con -
sisten t  wit h others .  Th e result s als o sugges t  a 
fundamenta l  an d unexpecte d limi t  o n th e cognitiv e 
processin g o f  experts . 
Information processing theories of cognitive 
processin g ofte n assum e tha t  memorie s o f  prio r  ex -
perienc e ar e store d ove r  th e lon g ter m i n a  rela -
tivel y inactiv e state .  The y als o assum e tha t  th e 
cognitiv e tas k tha t  i s  undergoin g processin g a t  a 
particula r  tim e i s bein g processe d i n a n activ e 
processin g system ,  whic h som e model s identif y a s a 
workin g memor y o r  shor t  ter m memor y store .  When 
store d prio r  knowledg e i s t o b e use d i n th e perfor -
mance o f  a  particula r  cognitiv e task ,  th e prio r 
knowledg e i s brough t  fro m th e inactiv e stat e int o 
an activ e state .  I n thi s activ e stat e th e prio r 
knowledg e ca n b e effectivel y use d i n performin g th e 
ongoin g cognitiv e task . 

I n th e standar d mode l  (e.g. ,  Atkinso n & 
Shiffrin ,  1968 )  thi s chang e o f  stat e o f  prio r  know -
ledg e i s usuall y represente d i n a  flo w char t  a s a n 
arro w leadin g fro m a  lon g ter m memor y stor e (th e 
inactiv e memory )  t o a  shor t  ter m o r  workin g memor y 
(th e activ e processin g system) .  Othe r  model s o f 
cognitiv e processin g includ e a  simila r  assumption ; 
althoug h th e metapho r  o f  a  spatia l  transfe r  o f  in -
formatio n i s no t  alway s used ,  som e chang e i n th e 
stat e o f  activatio n o f  th e prio r  knowledg e i s ex -
presse d wit h othe r  metaphors . 

The activ e processin g syste m i s widel y be -
lieve d t o b e limite d i n capacit y (Broadbent ,  1958 , 
1971 ;  Navo n &  Gopher ,  1979 ;  Norma n &  Bobrow ,  1975 ; 
Posner ,  1978) .  I f  th e activ e syste m i s limite d i n 
capacity ,  the n i t  i s  plausibl e t o deduc e tha t  an y 
prio r  knowledg e tha t  i s activ e i n i t  wil l  us e som e 
of  th e limite d capacity .  Thi s pape r  report s thre e 
test s o f  th e hypothesi s tha t  th e prio r  knowledg e 
use d i n a n ongoin g tas k use s cognitiv e capacit y i n 
th e sam e activ e processin g syste m tha t  i s use d t o 
perfor m th e ongoin g task .  Thi s wil l  b e referre d t o 
as th e prio r  knowledg e hypothesis . 

The prio r  knowledg e hypothesi s ha s no t  bee n 
include d conventionall y amon g th e explici t  assump -
tion s o f  cognitiv e processin g models .  Perhap s thi s i s becaus e th e standar d mode l  an d relate d model s hav e traditionall y assume d a  smal l  limi t  o n th e ca -

pacit y o f  shor t  ter m memory ,  wit h estimate s rangin g 
fro m 2  chunk s u p t o 2 0 (Lachman ,  Lachma n &  Butter -
field ,  1978) .  I t  appear s tha t  wit h eve n a  2 0 uni t 
limit ,  a  bod y o f  prio r  knowledg e o f  a  siz e o r  com -
plexit y tha t  approache d tha t  limi t  ~  fo r  example , 
th e ches s knowledg e o f  a n exper t  ches s playe r  — i f 
transferre d t o a  shor t  ter m store ,  woul d occup y s o 
much o f  i t  tha t  littl e o r  n o capacit y woul d b e lef t 
ove r  fo r  performin g th e ongoin g cognitiv e task . 
The resul t  woul d b e error ,  dela y o r  failur e o n th e 
task .  Cognitiv e psychologist s may hav e believe d 
tha t  thi s outcom e di d no t  see m likel y t o occur ,  an d 
so th e prio r  knowledg e hypothesi s ma y no t  hav e 
seemed easil y compatibl e wit h model s tha t  includ e 
a smal l  limi t  o n th e capacit y o f  th e activ e pro -
cessin g system .  Othe r  cognitiv e model s ar e les s 
explici t  abou t  th e capacit y o f  th e activ e process -
in g system ,  s o evidenc e tha t  larg e bodie s o f  acti -
vate d prio r  knowledg e us e capacit y woul d b e les s 
critica l  fo r  them . 

Becaus e th e hypothesi s tha t  prio r  knowledg e 
use s capacit y i n th e activ e processin g syste m ha s 
not  bee n prominen t  i n cognitiv e theory ,  th e conse -
quence s o f  i t  hav e no t  bee n thoroughl y worke d out , 
and som e o f  the m tur n ou t  t o b e interesting .  On e 
se t  o f  consequence s i s relate d t o th e us e o f  cog -
nitiv e capacit y b y person s wh o d o o r  d o no t  hav e 
prio r  knowledg e abou t  a  particula r  cognitiv e task , 
i.e. ,  expert s an d novices .  Th e cognitiv e program s 
of  expert s an d novice s hav e bee n investigate d b y 
protoco l  analysi s technique s (e.g. ,  Ericsso n & 
Simon ,  1980) ,  bu t  thes e technique s d o no t  provid e 
dat a o n capacit y usage .  I n th e presen t  experi -
ment s th e secondar y tas k techniqu e wa s used .  Thi s 
techniqu e wa s designe d t o provid e dat a o n capacit y 
usage .  Th e predictio n o f  th e prio r  knowledg e hy -
pothesi s i s tha t  expert s wil l  us e mor e capacit y 
tha n novice s whe n the y ar e performin g cognitiv e 
task s fo r  whic h th e expert s hav e activate d larg e 
amount s o f  prio r  knowledge .  Apparentl y thi s pre -
dictio n ha s no t  bee n teste d previously .  T o test 
thi s predictio n o f  th e prio r  knowledg e hypothesis , 
i n tw o o f  th e experiment s reporte d here ,  'experts ' 
on chess ,  an d o n football ,  women' s fashion s an d 
implici t  personalit y theor y wer e observe d a s the y 
processe d problem s i n thei r  specia l  topic s an d i n 
topic s i n whic h the y wer e no t  experts .  Us e o f  cog -
nitiv e capacit y wa s measure d wit h a  secondar y tas k 
technique .  I n a  thir d experiment ,  difference s i n 
prio r  knowledg e abou t  a  tex t  topi c wer e induce d i n 
reader s an d th e us e o f  capacit y wa s observe d i n 
readin g late r  part s o f  th e text . 

Anothe r  interestin g consequenc e o f  th e prio r 
knowledg e hypothesi s i s tha t  i t  suggest s th e exis -
tenc e o f  a  potentia l  limitatio n o n th e cognitiv e 
processin g o f  experts .  I f  a n exper t  ha s a n ex -
tremel y larg e amoun t  o f  activate d prio r  knowledg e 
fo r  a  particula r  task ,  th e knowledg e wil l  presum -
abl y us e a  correspondingl y larg e amoun t  o f  capac -
ity .  I f  th e prio r  knowledg e use s enoug h capacity , 
th e capacit y availabl e fo r  th e ongoin g cognitiv e 
tas k wil l  b e reduced :  thi s follow s fro m th e as -
sumptio n o f  a  limite d capacity ,  A  straightforwar d 
predictio n i s tha t  th e ongoin g tas k wil l  b e per -
forme d mor e slowl y b y suc h a n exper t  wit h a  ver y 
larg e amoun t  o f  prio r  knowledg e tha n b y a  perso n 
wit h les s prio r  knowledg e (assumin g th e prio r 
knowledg e i s adequat e t o perfor m th e task) .  I n 
extrem e case s o f  prio r  knowledge ,  s o muc h activ e 
capacit y may b e occupie d tha t  th e exper t  ma y no t  b e abl e t o complet e th e cognitiv e tas k a t  all .  Suc h an hypothesi s coul d b e use d t o accoun t  for :  (1 ) th e lon g period s o f  tim e take n b y extremel y know -
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ledgeabl e expert s t o solv e problem s tha t  ar e solv -
abl e i n les s tim e b y somewha t  les s knowledgeabl e 
experts ,  (2 )  th e decrease s i n scholarl y productiv -
it y tha t  ar e sometime s reporte d anecdotall y whe n 
scholar s reac h extremel y hig h level s o f  exper t 
knowledg e abou t  thei r  specia l  subject ,  (3 )  th e In -
cubatio n effec t  i n proble m solving ,  i n whic h prob -
le m solver s wh o tak e tim e of f  fro m a  thoroughl y 
studie d problem ,  presumabl y allowin g som e prio r 
knowledg e t o b e deactivated ,  repor t  tha t  whe n the y 
retur n t o th e problem ,  the y hav e a n increase d 
chanc e o f  solution ,  (4 )  th e reductio n o f  usabl e 
cognitiv e capacit y tha t  may b e associate d wit h 
agin g individuals ,  wh o presumabl y hav e larg e 
amount s o f  prio r  knowledge .  A  possibl e qualifica -
tio n o f  thi s extensio n o f  th e prio r  knowledg e hy -
pothesi s i s tha t  expert s see m likel y t o b e abl e t o 
chun k thei r  knowledg e mor e efficientl y tha n nov -
ices ,  an d chunk s woul d presumabl y occup y les s ca -
pacity .  Bu t  i n a  ver y hig h leve l  chunk ,  th e usabl e 
informatio n may no t  b e visibl e o n th e surface .  I n 
orde r  t o reac h a  leve l  o f  informatio n tha t  act -
uall y ca n b e use d i n th e performanc e o f  th e ongoin g 
task ,  th e chun k may hav e t o b e unpacke d t o th e 
poin t  wher e usabl e informatio n 1 s reveale d (Estes , 
1972 ;  Johnson ,  1972) .  Th e unpackin g proces s may 
us e additiona l  capacity  tha t  th e les s exper t  ca n 
avoid .  I t  shoul d b e note d tha t  suc h extrem e case s 
of  prio r  knowledg e wer e no t  include d i n th e pres -
ent  studies .  Th e level s o f  prio r  knowledg e use d i n 
th e presen t  studie s may b e regarde d a s intermediat e 
i n siz e betwee n th e level s o f  novice s an d thos e o f 
hig h leve l  experts ,  an d decrease s i n performanc e o f 
th e ongoin g tas k wer e no t  expected . 

I t  i s  wel l  t o stat e a t  th e outse t  wha t  conclu -
sion s ca n b e draw n fro m th e variou s possibl e out -
comes o f  th e test s propose d here .  I f  th e prio r 
knowledg e i s no t  show n t o us e capacity ,  tha t  I s 
consisten t  wit h th e hypothesi s tha t  th e cognitiv e 
tas k I s performe d i n on e activ e system ,  an d th e 
prio r  knowledg e i s activ e i n a  quit e differen t  sys -
te m tha t  doe s no t  shar e capacit y wit h th e first . 
I f  prio r  knowledg e i s show n t o us e capacity ,  tha t 
i s  consisten t  wit h th e hypothesi s tha t  bot h th e 
cognitiv e tas k an d th e prio r  knowledg e ar e usin g 
capacit y i n th e sam e activ e processin g system . 

The result s o f  al l  thre e experiment s wer e tha t 
subject s too k longe r  t o reac t  t o secondar y tas k 
probe s i n th e hig h prio r  knowledg e conditions . 
Thus ,  th e result s o f  thes e experiment s wer e al l 
consisten t  wit h th e hypothesi s tha t  th e prio r  know -
ledg e tha t  I s use d i n a n ongoin g cognitiv e tas k 
occupie s capacit y i n th e sam e limite d capacity  sys -
te m tha t  i s use d t o perfor m th e cognitiv e task . 
Ther e ar e severa l  aspect s o f  th e cognitiv e handlin g 
of  prio r  knowledg e tha t  may mak e us e o f  capacity . 
First ,  th e retrieva l  o f  th e bodie s o f  knowledg e 
fro m inactiv e memor y may us e capacity .  Th e re -
trieva l  proces s presumabl y include s bot h searc h an d 
decisio n components .  Suc h a  retrieva l  proces s may 
onl y occu r  once ,  a t  th e beginnin g o f  th e involve -
ment  o f  prio r  knowledg e i n th e ongoin g task ,  o r  i t 
may b e goin g o n mor e o r  les s continuousl y durin g 
performanc e o f  th e task .  Multipl e retrieval s woul d 
use capacit y ove r  a  longe r  spa n o f  tim e tha n woul d 
a singl e retrieva l  episode . 

Second ,  onc e a  particula r  bod y o f  knowledg e 
has bee n confidentl y located ,  it s chang e o f  stat e 
fro m a n inactiv e t o a n activ e statu s may us e capac -
ity .  Third ,  onc e tha t  activatio n ha s occurred ,  th e 
maintenanc e o f  th e activate d stat e may b e neces -

sary ,  a t  leas t  i f  th e activ e stat e ha s rapi d deca y 
propertie s lik e thos e o f  conventiona l  shor t  ter m 
stores .  Th e maintenanc e may b e continuous ,  i t  may 
be periodic ,  a s i f  th e activatio n i s regularl y 
'refreshed, '  o r  i t  may b e intermitten t  an d depen -
dent  o n th e tim e cours e o f  us e o f  th e knowledg e i n 
th e task .  Fourth ,  th e element s o f  th e activate d 
body o f  knowledg e themselve s ar e likel y t o occup y 
capacity ,  an d th e mor e extensiv e th e knowledg e is , 
th e mor e element s i t  has ,  an d th e mor e capacit y i t 
can b e expecte d t o occupy . 

Finally ,  th e us e o f  prio r  knowledg e i n th e 
performanc e o f  th e cognitiv e tas k may requir e addi -
tiona l  cognitiv e operation s tha t  us e capacity . 
Thes e may involv e th e unpackin g o f  chunks ,  searche s 
throug h them ,  an d decisio n processe s associate d wit h 
thei r  us e i n th e ongoin g task .  Or  th e prio r  know -
ledg e may b e i n th e for m o f  program s o f  cognitiv e 
operation s tha t  ar e t o b e carrie d ou t  a s par t  o f 
th e cognitiv e task .  Suc h program s enabl e addi -
tiona l  operations ,  an d thes e may us e capacity . 

The result s reporte d her e clarif y th e inter -
pretatio n o f  som e previou s researc h o n th e us e o f 
cognitiv e capacit y i n reading .  I n a  serie s o f  in -
vestigation s o f  th e influenc e o f  tex t  characteris -
tic s o n th e us e o f  cognitiv e capacit y i n reading , 
i t  wa s foun d tha t  eas y passage s use d mor e capacit y 
tha n difficul t  one s (Britton ,  Westbrook ,  &  Hold -
redge ,  1978) ,  wher e eas e an d difficult y wer e de -
fine d b y cloz e test s an d ratings .  Thi s findin g ha s 
been replicate d (Britton ,  1980 ;  Britton ,  Zeigler . 
& Westbrook ,  1980) .  I t  ha s bee n pointe d ou t  b y 
Anderso n an d Armbuste r  (i n press )  tha t  th e eas y 
passage s use d i n thos e studie s wer e abou t  topic s 
fo r  whic h reader s ar e "mor e ap t  t o hav e availabl e 
schemat a o r  perspective s .  .  .  tha n ar e thos e fro m 
th e difficul t  passages. "  (p .  IS) .  Thi s interpre -
tatio n i s simila r  t o th e notion ,  base d q n th e pres -
ent  results ,  tha t  th e reader s ha d prio r  knowledg e 
abou t  th e eas y passages .  Th e result s o f  Britton , 
Graesser ,  Glynn ,  Hamilton ,  an d Penlan d (i n press ) 
on genr e difference s ca n b e interprete d alon g th e 
same lines ,  a s ca n th e result s o f  Britton ,  Westbrook , 
Holdredg e an d Curr y (1979 )  tha t  passage s wit h mor e 
discours e leve l  meanin g (bu t  identica l  t o passage s 
wit h les s discours e leve l  meaning )  use d mor e capac -
ity . 

Some limitation s o f  thes e conclusion s shoul d 
be noted .  First ,  the y may onl y appl y t o comple x 
bodie s o f  prio r  knowledge ,  an d probabl y no t  t o iso -
late d individua l  units .  Fo r  suc h units ,  th e re -
trieval ,  activation ,  maintenanc e an d us e o f  th e 
knowledg e ma y requir e s o fe w cognitiv e operation s 
tha t  n o observabl e capacit y i s used .  Also ,  i f  th e 
use o f  th e prio r  knowledg e i s ver y highl y prac -
tice d i t  may us e les s capacit y (Shiffri n &  Sch -
neider .  1977 ;  Schneide r  &  Shiffrin ,  1977) . 

Second ,  ther e appear s t o b e a  specia l  cas e o f 
combination s o f  prio r  knowledg e an d cognitiv e tas k 
fo r  whic h prio r  knowledg e wil l  probabl y reduc e us e 
of  capacity .  Thes e ar e task s fo r  whic h th e com -
plete d solutio n o f  th e tas k i s alread y store d i n 
memory an d i s easil y accessible .  Fo r  example ,  i f 
th e subjec t  i s  aske d t o multipl y 3 7 x  8 ,  man y men -
ta l  operation s wil l  b e carrie d ou t  t o arriv e a t  th e 
correc t  answe r  o f  296 .  Bu t  i f  th e subjec t  i s  im -
mediatel y aske d agai n t o multipl y 3 7 x  8 ,  th e prio r 
knowledgeo f  th e answe r  wil l  b e retrieve d fro m 
memory,  an d th e effec t  wil l  b e t o reduc e th e num -
ber  o f  menta l  operation s an d s o th e us e o f  capac -
ity . 
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Abstrac t 

The problem addressed In this paper is heurist-
Ically-guide d learnin g o f  finit e automat a fro m 
examples .  Give n positiv e sampl e string s an d nega -
tiv e sampl e strings ,  a  finit e automato n i s  genera -
te d an d incrementall y refine d t o accep t  al l  posi -
tiv e sample s bu t  n o negativ e samples .  Thi s pape r 
describe s som e experiment s i n applyin g hil l -
cllmbln g t o modif y finit e automat a t o accep t  a 
desire d regula r  language .  We sho w tha t  man y prob -
lem s ca n b e solve d b y thi s simpl e method . 

We restric t  ou r  proble m domai n t o b e onl y ove r 
{1,0}* .  Furthermore ,  sinc e ever y non-deterministi c 
finit e automato n ha s a n equivalen t  deterministi c 
finit e automato n (se e [7 ] ) ,  w e dea l  onl y wit h 
deterministi c finit e automata ,  tha t  Is ,  ther e i s  a t 
most  on e 1-arro w an d on e 0-arro w fro m eac h state . 
Thus ,  i n thi s paper ,  th e term s "finit e automaton" , 
"automaton "  o r  "machine "  al l  mea n "deterministi c 
finit e automaton" .  Give n a  strin g s ,  i f  ther e i s 
a transitio n fro m th e Initia l  stat e t o an y o f  th e 
fina l  states ,  the n s  i s  accepte d b y th e machine , 
otherwis e s  i s  rejected .  Fo r  example ,  th e machin e 
of  th e sampl e proble m I s show n i n figur e 1 . 1.  Introductio n 

Consider the following problem: 

Describe the property that all strings in the 
right-lis t  hav e bu t  n o strin g i n th e wrong-lis t 
has .  Doe s a  strin g ( 1 1 0 1 )  hav e thi s property ? 
You ma y answe r  th e questio n b y usin g an y o f  th e 
following :  English ,  a  regula r  expression ,  o r  a 
finit e automaton. ^ 

0 
(1) 
(0) 
(01 ) 
(11 ) 
( 0 0 ) 
(100 ) 
(110 ) 
(111 ) 
(000 ) 
(100100 ) 
(1 100000 1 1  100001 ) 

wrona-lig t 
(10 ) 
(101 ) 
(010 ) 
(1010 ) 
(1110 ) 
(1011 ) 
(10001 ) 
(111010 ) 
(1001000 ) 
(1 1  1  1  1000 ) 
(0 1 1  100 1 101 ) 
(1101 1 100 1 10 ) 

(11110 1 1 0 0 0 1 0 0 1 1  100 ) 

I t  migh t  b e possibl e t o construc t  th e machin e b y a 
"typical "  schema-fillin g metho d (i.e. ,  findin g 
roug h propert y i n th e sample s first ,  comparin g 
thes e string s carefully) .  However ,  i n thi s paper , 
^The answer is strings over (1 + 0)* without 
odd numbe r  o f  consecutiv e O' s AFTE R od d numbe r  o f 
consecutiv e I's .  Therefor e ( 1 1 0 1 )  ha s th e 
property . 
we try to construct the machine directly by search-
in g i n th e proble m spac e (i.e. ,  a  se t  o f  al l  finit e 
automata )  usin g hill-climbing ,  rathe r  tha n b y ana -
lyzin g th e sample s carefully . 
One of the biggest advantages of blll-climblng 
i s it s simplicity ,  tha t  is ,  w e d o no t  hav e t o kno w 
our  proble m spac e well ,  whil e a  "typical "  schema -
fillin g metho d require s u s t o provid e al l  possibl e 
schemas ,  an d therefor e t o kno w everythin g abou t 
our  proble m space . 
We shall see that hill-climbing works much bet-
te r  tha n expecte d i n ou r  proble m space ,  an d i n fac t 
solve d mos t  o f  th e problems . 

1.1 .  Th e finit e automat a use d i n thi s pape r 

Fig u r « 1 :  Th e machin e o f  th e sampl e proble m 

{  (g )  smfina l ) 

Each machin e wit h n  state s i s denote d b y th e followin g form : 

((A,.B,.F,)(A2.ayF2)....(A„.B„.F^). 

Each (Aĵ ,  Bĵ ,  Fĵ )  correspond s t o th e stat e 1 ,  an d 
A^  an d Bj ^  indicat e th e destinatio n state s o f  th e 
0-arro w an d th e 1-arro w fro m th e stat e 1 ,  respect -
ively .  I f  Aj ^  o r  B ^  i s  zero ,  the n ther e i s  n o 
0-arxo w o r  1-arro w fro m th e stat e 1 ,  respectively . 
F^  indicate s whethe r  stat e 1  i s  on e o f  th e fina l 
state s o r  not .  I f  Tj _ i s  equa l  t o 1 ,  th e stat e 1 
i s on e o f  th e fina l  states .  Th e initia l  stat e i s 
alway s stat e 1 .  Fo r  instance ,  figur e 1  i s  repre -
sente d a s follows : 

(( 1 2  1)( 3 1  1)( 4 0  0)( 3 4  D ) . 
1. 2 Th e proble m 

We now are ready to describe the problem pre-
cisely .  Give n a  right-lis t  ( a se t  o f  positiv e 
sampl e strings )  an d a  wrong-lis t  ( a se t  o f  nega -

.tiv e sampl e strings) ,  w e ca n thin k o f  th e follow -
in g thre e tasks : 

To fin d a  machin e tha t  accept s al l  string s 
i n th e right-lis t  bu t  non e i n th e wrong -
list . 
To find a machine with n states that 
accept s al l  string s i n th e right-lis t  bu t 
none i n th e wrong-list . 
To find the machine with fewest states 
(simples t  machine )  tha t  accept s al l 
string s i n th e right-lis t  bu t  non e i n 
th e wrong-list . 

The firs t  tas k i s  trivia l  becaus e on e ca n easil y 
construc t  a  trivia l  machin e tha t  accept s exactl y 
al l  string s i n th e right-lis t  bu t  nothin g else .  We 

1. 

2. 

3. 
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ca l l  th e secon d cas k c o n a c r u c d o n o f  f in i t e au to -
m a t a ,  an d th e thir d tas k s imp l i f i ca t io n o f  f in i t e 
au tomata . 

1.3 .  Sampl e Prob lem s 

Throughout this paper, we consider the parti-
cu la r  seve n prob lem s show n i n f igur e 2 . 
Figure 2: Sample Problems 

Ppobl« « 1 

(• > 
I  > ) 

(t  1  I I 
I I  1 
(1 

1 0 

1 1 
I ) 

I  I  I ) 
1111 ) 
1 I  1 1  I ) 
1 1 1 1 1 1 ) 

Probl M : 

U^ HI 
{  ' ) 
(1 0  1  0 1 
(1 »  1  «  1  1 ) 
(1 0  1  0  1  t  t  0 ) 
(1 «  1  t  1 0  1  0  1  «  1  0  1  0 1 

nf idi u 
0) 
1 1 
g 0 
0 1 
1 0  J ) 
1 0  o ( 

(1 0 0  1 0 10 ) 
110 110 ) 
(11 0 1 0 1 0 10 ) 

4.  an y strin g withou t  mor e tha n 2  consecutiv e O's . 

5. any string of even length which, making pairs, 
has a n od d numbe r  o f  ( 0 1 )  o r  ( 1 0)'s . 

6.  an y strin g suc h that  th e differenc e betwee n th e 
number s o f  I' s  an d O' s i s 3n . 

7. 0*1*0*1*. 

We also consider the Inverse problem of those In 
figur e 2 .  Th e invers e problem s ar e create d b y 
exchangin g th e right-lis t  an d th e wrong-list .  We 
us e thes e U  problem s I n ou r  experiment s an d refe r 
t o th e invers e proble m o f  proble m 1  a s 1- . 

2.  Constructio n o f  Finit e Automat a 

In this section, we describe an experiment In 
constructin g a  finit e automato n wit h n  state s fro m 
a give n right-lis t  an d a  wrong-list ,  usin g th e 
hlll-cllmbing .  I n particular ,  w e le t  n  equa l  8 . 
We shal l  se e tha t  eac h o f  th e 1 4 problem s ca n b e 
solve d I n a t  mos t  a  fe w thousand s steps . 

2.1 .  Algorith m 

Probl M 3 
(T M prMl M • •  l>tr<d«c« < t t  tI M Mtlii«la« l 

Problw i  4 

The hlll-cllmbin g algorith m o f  thi s experimen t 
I s show n I n figur e 3 . 

i n 
01 
1 01 
0 i ! 

(0 0 ) 
(1 0 0  1 0 0 ) 
(0 0  1  1  1  1 1 I  0  1  0  « ) 
(0 t  0  0  1 0  0  1  0  • ) 
l l  I  1  0  0 ) 
1» I  0 ) 

" - " n 

(1 I  0  0  0 ) 
(0 0 0  I I 
(0 0 0 0 0 0 0 0 0 ) 
j l  1  1  1  I  0 0  0 0  1  1 ) 
( I I O I O I O O O O O I O I 
(1 0 1 0 0  1 0 0  0  1 ) 
(• 0 0  0 ) 
(•  0  0  «  • ) 

R gu r e 3 :  Rowchar t  o f  th e HlllCllmbin g 

Probl M S 

1) 
0) 
0 0  1 ) 
1 0  1 ) 
0 1  0 1 
0 0  0  1  1 1  1  0  I I 
0 0  11 0 0  9 0  1 1 
1 1 1 1 1 ) 
0 0  0 1 

(01 
I I  I  l l 
10 1  0 ) 
(O 0 0 0 0 0 0 0 0 ) 
(1 0 0  0 ) 
10 1 ) 
I I  0 1 
1111 0 0  1 0 1 0 0 ) 
10 1  0  1  1  1  1  1  1  I  1  0 1 
0 0  0  1 ) 
« 11 ) 

ProblM i  9 

IJ? ! 
I I  I  0  0 | 
(1 0 1 0 10 ) 
(1 1  n 
(000000 ) 
M 0  1  1  I I 
10 1  1  1  1  0  1  1  1  n 
11 0  0  1  0  0  1  0  0 | 

'r7"i-i' n 

1 0  0  1 | 
1 I  l l 
0 0  0 0  0 0  0 ) 
I  0  1  1  11 
0 1  1  1 I 9  1  1  1  1 | 
0 0  1  0  0  1  0  0  11 

M :  3  remdo m 

M' :  =1 mutate(M ) 

M : > M 

Probl M 7 

(I  I  I 1  1 ) 
I f  g  I  I  0  0  I  I ) 
i t  1  •  I I 
( f O O O l O O O O t l l l 
(0 «  1  0  0 ) 
t  1  1  1  1  1  0  1  1  1 1  1 ) 
•  • ) 

Vil . rrr -  . 
(0 0  I  1  0  0  1  t  0  0  0 ) 
0 1 0 1 0 1 0 1 0 1 ) 
10 11 0 10 ) 
1 0  1  0  11 
0 1 0 1 0 0 ) 
I  0  I  0  0  1 ) 
1 9 0 1 0 0 1 1 0 1 0 1 ) 

We f i rs t  construc t  a  rando m mach in e w i t h 8  s ta tes . 
We nex t  mak e a  cop y o f  thi s mach ine ,  wher e th e cop y 
i s s l ight l y a l tere d f ro m th e or ig ina l  b y a n opera -
to r  mu ta te .  W e compar e th e ne w mach in e w i t h th e 
or ig ina l  b y a n eva lua t io n funct io n E .  T h e bette r 
mach in e i s  cal le d cur ren t  genera t io n an d w e mak e a 
cop y o f  th i s m a c h i n e ,  an d s o for th .  T h e wors e 
m a c h i n e I s s impl y d i sca rded .  T h e opera to r  muta t e 
an d th e eva lua t io n func t io n Z  a r e def ine d mor e 
prec ise l y i n th e fo l low ing . 

T h e so lu t i o n o f  thes e p rob lem s a r e : 

1. 1* 

2. (1 0)* 

any strin g withou t  a n od d numbe r  o f  consecu -
tiv e O' s AFTE R a n od d numbe r  o f  consecutiv e 
I's . 

Operato r  mutate :  Takin g a  machin e ((Ai,Bi,Fi ) 
.  .  .(Ag,Bg,Fg) )  a s It s argument ,  th e operato r 
mutat e choose s on e digi t  randomly ,  an d replace s i t 
by anothe r  digit .  Tha t  is ,  th e mutatio n i n ou r 
algorith m i s randoml y on e o f  th e following :  delet e 
an arrow .  Inser t  a n arrow ,  chang e th e destinatio n 
of  a n arro w t o anothe r  destination ,  mak e a  non -
fina l  stat e a  fina l  state ,  an d mak e a  fina l  stat e 
Int o a  non-fina l  state . 
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Evaluat io n Func t io n E :  Th e evaluat io n funct io n 
Z take s a  mach in e a s i t s  argumen t  an d return s r  -
w,  wher e £  i s th e numbe r  o f  s t r ing s i n th e r igh t -
l is t  accepte d b y th e mach ine ,  an d w  I s th e numbe r 
of  str ing s I n th e wrong- l i s t  accepte d b y th e 
mach ine .  I f  r  -  w  <  0  the n I t  return s 0 . 

2.2 .  Resul t 

We show In this section the result of our 
exper iments .  We f i rs t  sho v I n f igur e U  th e trac e 
of  th e exper imen t  o f  proble m 3 ,  t o se e ho w ou r 
algori th m gradual l y re f ine s a  rando m mach in e int o 
th e desire d mach ine . 

Figur e 6 :  Th e Resul t  o f  Constructio n 

I  . < A .  .<a; 0 .<a ,  ><8:and 0 .<f .  .<1 . 

R g u r e 4 :  Sampl e Trac e o f  Proble m 3 

((( 1 •  oii a 1 1X 1 0 0)1 0 0 9 01( 4 1 l)( 3 !  1 ) 
11( 3 !  1 
11( 3 !  1 
01( 3 t  1 ) 
01( 3 <  D ) 
01( 3 4  1) 1 
)( 3 !  1 
(3 !  1 

0)( 3 !  1 
)( 3 !  1 ) 
1(3 !  1 
li 3 !  1 

01( 3 !  1 
01( 3 2  I ) 
01( 3 !  1 ) 
01( 3 !  1 
01( 3 ; 

111 4  OKt 0 0)( 0 0 0 01( 0 0 11( 4 I 0 OHO 0 1( 4 1 I d 4  OHO 0 OHO 0 11( 1 
1111 

J ni l 

1 4 1 1 1H 4 0 OHO 0 •  11( 4 1 111 4  ou t 3 11( 4 0 OHO 0 0 OHO 0 I I  4  1 •((( 1 <  Oil ! 0 OHO 0 (1 4  111 6 3 1H 4 0 01( 0 0 II I  4  11( 6 1 1H 4 0 OHO 0 1)1 4 0 ni l  4  i)( s 3 11( 4 0 01( 0 0 1 1( 4 0 1(1 1 
1(1 1 
ni l 
((I I 
(11 1 
(11 1 
(11 1 4  1)( 0 
((I I  4  11( 0 
(11 1 4  11( 1 
ni l  <  ni l 
III !  4  11( 1 

t  4  1)( 1 
11( 1 4  1) 1 
ni l  4  1)( | 
((( 1 4  D d 

0 OHO 0 3 1)1 4 1 11( 4 0 OHO 1)( 4 5 0 OHO 11( 4 5 0 OHO 0 1 1 4 3 IH O 0 01( 0 3 !  1 ) 
3 !  1 ) 
3 !  1 | 

( 3 I  I ) 
0113 2 
01( 3 2  1 
01( 3 2  1 ) 
01( 3 i  1 
01 2  i 
0|( I  !  I 
»)( » 2  1 

1 1 )  4 0 01( 0 1 111 4 5 1)1 0 
1)1 0 
110 
)| 0 

1)1 0 
1)1 0 

3 11( 0 
3 111 0 
3 1)1 0 

0 OHO 1 1)1 4 S 0 01( 0 0 O H 1( 0 S 1( 0 5 1 1 0 S 0 0) 0 6 0 0)1 0 5 9 1 0 6 0)1 0 0 9 1 0 2 0  ( 0 I 

[( 0 1  l)| Z 9  1)1 7 4  1H 9 0  0)( 7 I  11( 1 S  0)( 7 7  0)( 8 9  0 1 
1( 0 9  1)( 4 0  0)1 2 9  0)1 9 0  1)1 1 6  0)1 2 2  0)( 1 4  l)(f i  9  1 ) 
1( 4 1  1)1 3 1  1)1 1 2  0)( 7 I  1)1 6 0  1)( 4 0  0)( 0 3  1|( 1 2  1 ) 
1( 6 3  1)1 5 4  11( 9 1  011 1 6  0)( 0 1  01( 1 7  0|( 6 7  0)1 3 6  0 ) 
(( » !  111 6 9  1)1 1 9  011 7 9  011 4 I  oil s  7  1)( 8 3  11( 4 1  0 ) 
1( 1 6  111 0 0  1)1 2 4  1)1 3 7  0)( 0 5  111 )  6  1)1 7 9  1|( 4 2  1 ) 
1( 3 6  OHO 3  011 3 7  1)( 3 4  111 0 3  111 7 1  OHO 4  11( 0 0  0 | 
119 9  011 2 3  11( 2 0  01( 2 9  11( 1 5  11( 1 «  1)( 0 4  0)( 4 2  1 ) 
1( 3 6  0)| 4 i  1)( 1 4  0)1 2 4  a|( 6 I  1|( 2 1  01( 0 6  1)1 0 0  0 ) 
1( 4 7  0)| 2 2  1)1 2 6  0)1 9 1  011 7 5  01( 7 <  11( 1 )  0)( 2 0  0 ) 
(( 9 3  0)1 6 6  0)1 6 2  1)1 1 7  11( 1 1  1)1 5 9  1)( 5 4  0)( 1 6  1 ) 
1( 2 7  0)( 7 I  1)1 3 2  0)( 5 1  1|( 0 3  01( 3 7  01( 1 9  1)( 3 1  1 ) 
1( 7 9  0)( 4 2  01( 4 2  1)( 4 3  1)( 9 2  01( 2 0  0)( I  S  0|( 9 0  l | 

»• 
134 
442 
179* 
277 
209 
300 
8« 
19 J » 
249 
1944 
9M 
32l i 

2.3 .  Discussio n 

To see how effectively our hlll-cllmblng 
algorith m ha s performed ,  w e compar e ou r  metho d wi t h 
an exhaustiv e search .  Ther e ar e ( 9 x  9  x  2) 8 « 
abou t  5  X  10^ 7 machine s i n ou r  proble m space .  We 
no w wan t  t o kno w th e numbe r  o f  th e desire d machine s 
i n ou r  proble m space ,  s o tha t  w e ca n calculat e th e 
expecte d numbe r  o f  step s unti l  th e exhaustiv e 
algorith m find s th e firs t  desire d machine .  Thi s 
ca n b e don e b y th e followin g "sampling "  method : 
tak e on e machin e I n th e proble m spac e randomly ,  an d 
tes t  i f  thi s machin e i s th e desire d machine ; 
repea t  thi s procedur e 10000 0 times . 
We show the expected number of steps using 
th e exhaustiv e searc h calculate d b y thi s proce -
dur e i n figur e 7 .  Althoug h th e exhaustiv e searc h 
work s bette r  o n "easy "  problems .  I t  i s  obviou s 
i n genera l  tha t  ou r  hlll-cllmbln g work s muc h 
bette r  tha n th e exhaustiv e search . 

Figur a 7 :  Th e numbe r  o f  Step s t o ge t  tti e desire d machin e 

ni l  9  1)1 5 0  0)( 4 B  1)( 0 0  0H 2 1  1|( 2 0  01( 9 7  1)( 9 0  1) )  12 20 M 
(11 1 5  1)1 5 0  01( 4 6  11( 0 0  0H 2 1  1)( 2 4  0|( 8 7  1)( 5 0  11 )  12 204 9 
(111 5  1)1 5 0  01( 4 6  11( 4 0  0H 2 1  l)( 2 4  0)( 9 7  I|( 5 0  ij )  12 209 0 
(1( 1 5  1)1 5 0  oi( 4 6  11( 4 0  0H 2 1  1)1 2 4  01( 2 7  1)( 9 0  1) )  12 209 1 
(11 1 5  1)| 7 0  01( 4 6  l)( 4 0  01( 2 1  1)( 2 4  0)( 2 f  1)( 5 0  1} )  13 209 2 

toti l  rwit1a » 12I.0U00 *  I K 

Eac h lin e correspoml s t o th e curren t  generatio n 
M.  Th e colum n E  indicate s E ( M ) ,  an d G  indicate s 
th e cumulativ e numbe r  o f  steps .  Th e fina l  machin e 
of  thi s trac e accept s al l  string s i n th e right -
lis t  bu t  non e i n th e wrong-lis t  o f  proble m 3 
(figur e 5 ) . 

Problo n 

PI 
Pi 
P3 
P« 
P« 
P8 
P7 
Pl-
n-
n-
P4-
P5-
p«-
P7-

Hin-Cllmbln g 

98 
134 

2052 
442 

1768 
277 
208 
300 
39 

1939 
246 

1844 
888 

3726 

Exhaustivs-Saarc h 

33 
316 

> 5000 0 
12600 
> 5000 0 
SOOOO 
90000 

187 
1862 

> SOOOO 
> 5000 0 
> 5000 0 
> 5000 0 
> 5000 0 

Figur e 5 :  Th e fina l  machin e o f  proble m 3 

3.  Simplificatio n o f  Finit e Automat a 

In the previous section, we saw that our hlll-
cllmbln g metho d successfull y produce d a  machin e 
tha t  accept s al l  positiv e sampl e string s bu t  n o 
negativ e sampl e strings .  However ,  th e fina l 
machin e o f  th e resul t  o f  proble m 2 ,  fo r  example , 
doe s no t  accep t  ou r  desire d regula r  se t  ( 1 0 ) * . 
For  instance .  I t  doe s accep t  a  strin g ( 1 1  0  0 ) , 
whic h i s no t  i n ( 1 0 ) * .  We therefor e wan t  th e 
machin e t o b e "generalized "  s o tha t  i t  accept s 
exactl y  ( 1 0 ) * .  I n fact ,  th e fina l  machine s o f  al l 
problem s excep t  proble m 1 ,  3  an d 7 ,  nee d t o b e 
generalized . We sho w th e resul t  o f  th e 1 3 othe r  probl e 

figur e 6 ,  onl y b y thei r  fina l  machines . 
i n 

We defin e th e generalit y o f  a  machin e I n term s 
of  it s  simplicity .  Th e simplicit y o f  a  machin e 
i s determine d b y th e numbe r  o f  state s th e machin e 
has ,  an d I f  tw o machine s hav e th e sam e numbe r  o f 
states ,  a  machin e wit h fewe r  arrow s an d fina l 
state s i s simpler . 

Our  tas k i s t o simplif y th e machine s w e hav e 
obtaine d i n th e previou s section,-s o tha t  th e 
machine s becom e th e simples t  o r  th e mos t  general . 
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We cal l  thi s cask ,  simplificatio n o f  finit e auto -
mata ,  an d I t  ca n b e als o don e b y usin g th e hil l -
clljnbln g metho d a s i n th e previou s section . 

3.1 .  Algorith m 

The algorithm of the simplification is essen-
tiall y  th e sam e a s th e algorith m describe d i n th e 
previou s section .  Th e majo r  difference s ar e a s 
follows :  th e evaluatio n functio n E(M )  return s a 
highe r  valu e i f  th e machin e M i s simpler ;  i f  M doe s 
no t  accep t  sem e string s i n th e right-list ,  o r  doe s 
accep t  som e string s i n th e wrong-list ,  E(M )  return s 
minu s Infinity ;  th e algorith m start s wit h th e 
resul t  o f  th e previou s experimen t  instea d o f  a 
rando m macliine . 
3.2. Result 

Le t  n  b e th e numbe r  o f  state s o f  th e desire d 
simples t  machine .  The n th e expecte d numbe r  o f  th e 
step s S q Is : 

*n'f^.lio».i"|l*(''„'(a»<"-')')J-
wher e U j  i s th e numbe r  o f  al l  possibl e machine s 
wit h j  states ,  tha t  is , 

^Tha number of steps using hill-climbing in 
thi s figur e i s th e su m o f  th e numbe r  o f  step s t o 
construc t  th e 8  stat e machin e an d th e numbe r  o f 
step s t o simplif y i t  int o th e simples t  machine . 

Although our problem domain has been regular 
languages ,  w e migh t  b e abl e t o exten d i t  t o 
context-fre e language s b y constructin g Push-Dow n 
automat a (finit e automat a wit h stack ,  se e [7 J 
usin g a  simila r  method . 

The fina l  machine s o f  thes e experiment s ar e 
shown i n figur e 8 . 
Figures: The Result of Simplification 

'I t 

:p4-
P5-

'P7 -

({ 0 2  1)( 1 
(( 2 1  1)( 3 
(( 4 3  1)( 3 
(( 3 2  1)( 1 
(( 2 1  0)( 2 
(( 2 3  0)( 2 
(( 1 5  0)( 3 

5 0)( 2 

(( 3 

0) )  7 
l)( 0 I  1) )  6 8 
0)( 2 1  0)( 1 2  0) ) 
0)( 2 1  0) )  17 4 
1) )  14 6 
1)( 1 2  I) )  97 1 

0)( 2 4  1)( 2 
0)( 2 0  0)( 1 

42 

l)( 2 3 
1)( 4 1 

1 0) )  36 3 
10) )  <MOr-SIMPlEST > 

(( 4 3  0j( 6 6  Oj( 6 2  lj( l  S  1)( 3 I  1)( 5 4  1) )  <IIOT-SIMPLEST > 
(( 2 3  0)( 3 1  1)( 1 2  1) )  4 4 
(( 1 5  0)( 4 6  a)( 4 2  l)( 4 3  1)( 5 2  0)( 4 0  0) )  <IK)T-SIMPLEST > 

3.3 .  Discussio n 

We compare our method with an exhaustive 
search .  Th e exhaustiv e searc h generate s al l 
machine s i n th e orde r  o f  simplicity ,  an d th e firs t 
machin e tha t  accept s al l  string s i n th e right-lis t 
bu t  non e i n th e wrong-lis t  i s  considere d th e 
simples t  machine .  Thu s w e ca n calculat e th e 
expecte d numbe r  o f  step s unti l  th e exhaustiv e 
searc h find s th e desire d machine^ .  Th e resul t  i s 
shown i n figur e 9.^  Th e symbo l  "  "  indicate s 
tha t  th e algorith m fail s t o fin d th e simples t 
machine .  Thi s ca n happe n whe n th e hill-climbin g 
algorith m climb s a  "loca l  hill" . 
Fi9u re 9: The Number of Steps to obtain the simplest machine 
Problen 
PI 

P2 
P3 
P4 
PS 
P6 
P7 
Pl -
P2-
P3-
P4-
P5-
P«-
P7-

4.  Concludin g Remar k 

Our new approach to construction of finite 
automat a fro m give n example s ha s bee n show n t o wor k 
successfully ,  althoug h I t  coul d no t  fin d th e 
simples t  machine s fo r  som e problems .  T o avoi d 
climbin g a  "loca l  hill" ,  i t  migh t  b e possibl e t o 
appl y adaptiv e searc h ([6] ,  [2J )  Instea d o f  ou r 
simpl e hill-climbing . 

Hin-Clinmin g 
98 

141 2052 
510 

1810 
451 
206 
445 

1060 
2302 
-- -
-- -
930 

Eihaustlv a 
4 

170 SS3933 
5624 

55393 3 
8524 

56393 3 
170 

8624 
4659388 4 

55393 3 
55393 3 

8624 
4669388 4 
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RETRIEVING MEMORIES 

OF PERSONAL EXPERIENCES 

Brian J. Reiser 
J o h n B .  Blac k 

Rober t  P .  Abelao n 
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Yal e Universit y 

An importan t  upec t  o f  bot h comprehensio n an d 
learnin g i s th e utilizatio n o f  one' s ow n pas t  experience s t o 
understan d a  curren t  situation .  I n fact ,  bein g reminde d 
of  a n experienc e ofte n occur s i n th e proces s o f  retrievin g 
generalization s fro m memory ,  suggestin g tha t  memorie s 
of  persona l  experience s shoul d b e encode d i n term s o f  th e 
generi c knowledg e structure s tha t  ar e utilize d i n 
comprehension.  Retrieva l  o f  thes e memorie s shoul d 
therefor e reflec t  th e organizatio n o f  generi c knowledg e 
(Schank ,  1982) .  Thi s pape r  explore s th e us e o f  on e suc h 
knowledg e structur e i n th e recal l  o f  pas t  experiences . 

Schan k (1982 )  propose d tha t  M a n o r y Organizatio n 
Paeket B (MOPs )  represen t  knowledg e abou t  c o m m o n 
activities .  A  M O P i s  represente d a s a  sequenc e o f 
generalize d aeenet ,  eac h o f  whic h consist s o f  action s t o 
accomplis h a  subgoa l  o f  th e activity .  Fo r  example ,  th e 
R E S T A U R A NT M O P woul d contai n th e scene s 
Being-aeated ,  Ordering ,  Eating ,  an d Paying . 
Generalize d scene s ca n b e reference d b y mor e tha n on e 
M O P.  T h e generalize d Payin g scen e contain s th e 
informatio n tha t  i s tru e o f  payin g i n general ,  regardles s o f 
context .  Eac h M O P consist s o f  th e generalize d scene s 
tha t  occu r  i n tha t  context ,  augmente d b y eontext-tpeeifi e 
knowledge ,  a  specificatio n o f  ho w thos e scene s ar e 
modifie d (eolored )  fo r  th e particula r  situation .  Eac h o f 
th e M O Ps tha t  refe r  t o th e Payin g scen e (e.g. ,  MOVIE , 
G R O C E R Y - S T O R E,  R E S T A U R A N T)  mus t  contai n th e 
informatio n necessar y t o construc t  a  specifi c  colore d 
versio n o f  tha t  scene . 

An experienc e typicall y contain s man y difference s 
fro m th e generalization s store d i n generi c knowledg e 
structures .  Schan k (1982 )  argue d tha t  thes e deviation s 
connec t  th e contextualizin g knowledg e structur e an d 
memory fo r  th e individua l  experience .  Th e (!i>nnectio n 
serve s a s a  retrieva l  inde x fo r  th e experienc e (Kolodner , 
1980 ;  Schank ,  1982) . 

We propose that retrieval of an experience involves 
tw o type s o f  processing :  (1 )  Eetabliehin g th e context : 
Th e contex t  necessar y fo r  retrieva l  wil l  b e provide d b y 
th e specifi c  knowledg e structure s tha t  wer e utilize d t o 
guid e behavio r  i n th e experience .  (2 )  Findin g a n index : 
A retrieva l  inde x describin g th e deviatio n fro m th e 
generi c structur e provide s a  lin k t o a n indhridna l 
experience .  Fo r  example ,  th e concep t  restavran t  plu s th e 
inde x /  at e to o mttc A latagn a an d fel t  sic k migh t  retriev e 
a particula r  restauran t  experience . 

Th e importanc e o f  a  searc h contex t  ha s bee n 
suggeste d b y previou s researcher s (Norma n &  Bobrow , 
1079 ;  William s &  HoUan ,  1981) ,  bu t  i s  necessar y t o 
examin e whethe r  ther e ar e an y functiona l  difference s 
betwee n classe s o f  knowledg e structure s i n memor y 

retrieva l  (Reise r  &  Black ,  1982) .  Ou r  hypothesi s i s  tha t 
establishmen t  o f  a  M O P a s th e contex t  wil l  flgure  mor e 
importantl y i n th e searc h proces s tha n othe r  type s o f 
structures ,  suc h a s generalize d scenes .  T h e uniqa e 
aspect s o f  adults '  experience s ar e mor e likel y t o b e 
deviation s fro m context-specifi c  knowledg e (specifie d b y a 
M O P ),  tha n fro m th e mor e abstrac t  knowledg e 
represente d i n generalize d scenes .  Furthermore ,  retrieva l 
of  eve n thos e experience s whic h ar e store d a s scene -
deviation s wil l  requir e th e utilizatio n o f  a  M O P t o 
reconstruc t  th e context-specifi c  aspect s o f  th e experience . 
For  example ,  on e migh t  remembe r  no t  bein g abl e t o find 
th e right  credi t  car d whil e payin g a t  a  cas h register ,  bu t 
initiall y  fai l  t o recal l  wher e th e inciden t  occurred ,  wha t 
was bein g pai d for ,  etc .  I f  a  contex t  suc h a a 
D E P A R T M E N T - S T O RE o r  R E S T A U R A NT coul d b e 
retrieved ,  i t  woul d provid e cue s fo r  reconstmctin g othe r 
aspect s o f  th e experience .  Ou r  vie w m a y b e contraste d 
wit h th e positio n tha t  experience s ar e store d a s arbitrar y 
association s betwee n conc^t s i n networks ,  wit h n o 
functiona l  difference s betwee n differen t  type s o f  concept s 
i n memor y retrieva l 

We examine d th e role s o f  M O Ps an d generalize d scene s 
i n memor y retrieva l  i n tw o autobiographica l  memor y 
experiments .  I f  i t  b  generall y necessar y t o retriev e a 
M OP structur e t o acces s a  memory ,  the n retrieva l  cue s 
whic h d o no t  specif y a  M O P shoul d b e inferior .  I f  on e i s 
aske d t o remembe r  a  reataurant-payin g experience , 
retrieva l  woul d b e mor e eflicien t  i f  th e processin g begin s 
wit h th e R E S T A U R A NT M O P,  rathe r  tha n th e generalize d 
Payin g scene .  I n addition ,  specificatio n o f  th e M O P 
containin g a  scen e shoul d lea d t o faste r  retrieva l  tha n 
specificatio n solel y o f  th e scene . 

Experiment 1 

Subjects saw a pair of phrases separated by a 5 second 
delay ,  the n recalle d a  persona l  experienc e tha t  fit  th e tw o 
phrases .  O n e o f  th e phrase s name d a  M O P,  an d th e othe r 
phras e referre d t o a  scene ;  th e orde r  o f  presentatio n o f 
th e phrase s wa s varied .  T h e M O P cu e name d a  c o m m o n 
activit y {too k a  ride  o n a  train ,  wen t  ou t  drinking) .  H i e 
scen e cu e describe d a n actio n sequenc e tha t  coul d occu r 
i n a  numbe r  o f  differen t  contexts .  T w o type s o f  Scen e 
phrase s wer e used .  Regula r  Scen e cue s describe d action s 
tha t  ar e a  normativ e componen t  o f  a n activit y {picke d 
out  wha t  yo u wanted ,  pai d a t  th e cas h register) ,  whil e 
Failur e Scen e cue s describe d th e failur e o f  som e goa l  o f  a 
scen e {didn' t  ge t  wha t  yo u aake d for ,  couldn' t  fin d a 
seat) .  Al l  scen e cue s wer e carefull y worde d s o a s no t  t o 
revea l  an y particula r  context . 

Fort y M O P an d scen e combination s wer e constructe d 
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fro m twent y M O P,  te n Failur e Scene ,  an d te n Regula r 
Scen e phrases .  Eac h M O P wa s paire d wit h bot h a 
Regula r  Scen e an d a  Failur e Scen e cue ;  an d eac h scen e 
was paire d wit h tw o M O P s: 

la. MOP -t- Failure Scene: went oat drinkiar. 
didn' t  ge t  wha t  yo n aake d fo r 

lb .  M O P +  Regula r  Scene :  wen t  ou t  drinking ; 
pai d a t  th e cas h registe r 

2a.  M O P - K Failur e Scene :  ha d you r  hai r  eat ; 
didn' t  ge t  wha t  yo n aske d fo r 

2b.  M O P +  Regnla r  Scene :  ha d yoo r  hai r  cut ; 
pai d a t  th e cas h registe r 

Each subject receiyed ten combinations involving each 
typ e o f  scen e cue ,  s o tha t  th e M O P phras e wa s presente d 
firs t  fo r  hal f  o f  th e trial s fo r  eac h typ e o f  combination . 
Eac h M O P an d scen e wer e use d onl y onc e fo r  a  gire n 
subject .  (Fo r  example ,  a  subjec t  receive d item s l a an d 
2b ,  o r  item s l b an d 2a. ) 

Subject s wer e instructe d t o recal l  a n experienc e tha t 
nt  th e combinatio n o f  th e tw o phrase s presente d o n eac h 
trial ,  an d indicat e whethe r  the y coul d remembe r  suc h a n 
experienc e b y pressin g eithe r  th e Ye » o r  N o key .  W e 
emphasize d tha t  th e memor y b e a  tpeeifi e experience , 
bu t  tha t  i t  wa s no t  necessar y t o recal l  al l  o f  th e detail s o f 
th e experienc e befor e responding .  Afte r  eac h Y u 
response ,  subject s wrot e a  brie f  descriptio n o f  th e 
experience .  Retrieva l  time s wer e measure d fro m th e 
presentatio n o f  th e secon d phras e unti l  th e butto n press . 

Tabl e 1  present s th e mea n retrieva l  time s fo r  th e Ye a 
response s fo r  3 2 Yal e undergraduates .  Subject s recalle d 
experience s mor e quickl y whe n th e M O P cu e appeare d 
firs t  [mit t  F'(1,U )  =  7 9 8 ,  p  <  .01] .  Secondly ,  Regula r 
Scen e trial s yielde d faste r  retrieva l  time s tha n Failur e 
Scen e trial s [ m m /"(1,4S )  =  9.48 ,  p  <  .05] .  T h e orde r  o f 
presoitatio n equall y affecte d th e tw o scen e type s 
[interactio n F  <  Ij . 

NOP Firs t  Scen e Firs t 

NOP *  Regula r  Scen e 4.20 3 
NOP *  Failur e Scen e 5.98 6 

8.4S 2 
8.39 4 

Nean 

S.348 
7.12 0 

Neen 5.09 4 7.44 3 6.26 9 

Table 1: Retrieral Times (in seconds) for Exp. 1 

T h e faste r  retrieva l  time s whe n th e M O P cu e wa s 
presente d firs t  confir m th e predictio n tha t  a  M O P 
structur e provide s th e contex t  aecessar y t o retriev e a n 
experience .  W h e n th e scen e cu e appear s Hrst ,  extr a 
processin g i s require d t o reconstruc t  a  M O P context , 
slowin g retrieva l  A n alternativ e explanatio n i s tha t 
when th e scen e cu e i s first ,  a n episod e i s retrieved ,  bu t  i t 
m ay no t  matc h th e M O P tha t  i s presente d later .  I n 
contrast ,  whe n th e M O P i s firs t  an d a  memor y i s 
retrieved ,  i t  i s  muc h mor e likel y t o matc h th e scen e cue . 
Hence ,  th e scen e firs t  trial s woul d b e slower ,  becaus e 
sometime s th e retrieve d episode s mus t  b e discarde d an d 
memory search ,  resumed .  However ,  thi s alternativ e 
explanatio n fai b t o accoun t  fo r  th e Failur e Scen e results . 
I t  assume s tha t  memorie s retrieve d wit h M O Ps ar e likel y 
t o fi t  th e scenes ,  whil e memorie s retrieve d wit h scene s 

m ay no t  fi t  th e M O P s.  Thi s i s tru e fo r  th e Regula r 
Scenes ,  sinc e restauran t  experience s typicall y contai n a 
Payin g scene ,  bu t  payin g i s experience d i n context s othe r 
tha n restaurants .  However ,  thi s i s no t  tru e fo r  Failur e 
Scenes ,  sinc e a n episod e retrieve d fro m a  M O P cu e woul d 
not  b e particularl y likel y t o fi t  th e give n Failur e Scen e 
description .  Thus ,  th e result s ar e bette r  explaine d b y a 
model  i n whic h retrieva l  o f  th e M O P i s a n essentia l  stag e 
i n rememberin g a n individua l  experience . 

Sinc e th e M O P provide s th e contex t  fo r  retrieval ,  th e 
scen e cu e provide s a  constrain t  o n th e us e o f  th e 
experience s tha t  ar e store d wit h th e M O P.  Eac h M O P 
contain s a  poo l  o f  availabl e indice s tha t  specif y ver y 
salien t  experience s i n tha t  context .  Subject s searc h tha t 
poo l  o f  indice s t o discove r  whethe r  an y o f  thos e 
experience s coul d flt  th e scen e cue .  Fo r  th e Regula r 
Scen e trials ,  th e subjec t  i s  relativel y fre e i n drawin g fro m 
thi s poo l  o f  indice s — on e mus t  b e sur e onl y tha t  th e 
experienc e tha t  i s retrieve d ca n b e reconstructe d t o 
includ e th e necessar y scene .  However ,  whe n a  Failur e 
Scen e b  presented ,  th e us e o f  availabl e indice s i s severel y 
constrained ,  sinc e a n inde x mus t  b e foun d tha t  retrieve s 
an experienc e containin g th e particula r  typ e o f  goal -
failur e tha t  b  describe d i n th e scen e cue .  Thi s require s 
carefu l  consideratio n o f  th e poo l  o f  indices ,  an d perhap s 
some inferencin g abou t  th e reason s tha t  suc h a  goa l 
failur e woul d arise ,  thu s addin g extr a processin g t o th e 
memory retrieval .  Therefore ,  subject a ar e slow « t o 
remember  a n experienc e fo r  thos e trial s involvin g Failur e 
Scen e cues . 

Experiment i 

If constraining the target experience to a particular 
M OP contex t  facilitate s retrieva l  o f  a n experience ,  the n 
subject s shoul d fin d i t  easie r  t o remembe r  a n experienc e 
when give n bot h a  M O P an d a  scen e (presente d 
simultaneously )  tha n whe n presente d wit h a  scen e alon e 
However ,  i f  activatio n o f  a  contex t  i s  a  simpl e matte r  o f 
retrievin g association s o f  a  scene ,  the n ther e shoul d b e 
littl e differenc e betwee n presentatio n o f  a  M O P an d scen e 
combinatio n an d th e scen e i n isolation . 

T h e facilitativ e natur e o f  th e M O P wa s teste d i n a 
secon d experimen t  b y comparin g retrieva l  time s fo r  thre e 
type s o f  cues :  (1 )  Scen e alone ,  (2 )  M O P alone ,  (3 )  M O P + 
Scen e combination .  Al l  M O P +  Scen e combination s fro m 
Experimen t  1  wer e used ;  i n addition ,  eac h M O P an d eac h 
scen e phras e wa s presente d alone .  Eac h subjec t  receive d 
10 trial s o f  eac h cu e type .  (Thes e trial s w w e blocke d b y 
condition ,  t o guar d agains t  th e M O P o f  on e tria l 
facilitatin g th e scen e o f  th e nex t  triaL )  T h e instruction s 
differe d slightl y fro m Experimen t  1 .  Subject s wer e tol d 
t o recal l  a n experienc e tha t  fi t  th e presente d descriptio n 
consistin g o f  on e o r  tw o phrases .  Sinc e th e material s i n 
th e thre e condition s necessaril y  differe d i n length ,  bot h 
readin g an d respons e time s wer e collecte d fo r  eac h tria l 
Subject s firs t  indicate d whe n the y ha d rea d th e cue ,  an d 
the n responde d t o indicat e whethe r  the y remembere d a n 
experienc e tha t  fit  th e cue .  Retrieva l  time s wer e 
measure d fro m th e subject' s readin g tim e butto n pres s 
unti l  th e memor y retrieva l  response . 

Tabl e 2  present s th e mea n retrieva l  time s fo r  Yt a 
response s i n th e thre e condition s fo r  3 6 Yal e 
undergraduates .  A s predicted ,  subject s wer e abl e t o 
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retriev e a n experienc e mor e quickl y whe n bot h a  M O P 
and scen e wer e presented ,  tha n whe n th e scen e wa s 
presente d alon e [mi n f'(1,42 )  =  3.53 ,  p  <  .10 ;  f\l,3i )  = 
8.43 ,  p  <  .0 1 fo r  subjecU ;  f[l,l8 )  =  8.08 ,  p  <  .0 5 fo r 
itemsj .  Subject s wer e faste r  t o respon d t o Regula r  tha n 
Failur e Scenes ,  bu t  thi s differenc e wa s onl y marfinall y 
signiHcan t  [/Jl,35 )  =  3.08 ,  p  <  .1 0 fo r  subjects ;  n « fo r 
items) . 

Sctn *  A  Ion *  NOP *  Scan *  NOP Alon e 
Sctn i  T/p i 

fttgultr  Scan * 
Ftilur e Sctfl * 

5.2S 0 
5.29 2 

3.38 3 
4.30 7 

Mean 5.29 4 3.84 6 2.15 4 

Table  2: Retrieral Times (in second*) for Exp. 2 

Sinc e th e M O P provide s a  bette r  searc h contex t  tha n 
th e generalize d scene ,  th e combinatio n i s a  bette r 
retrieva l  cu e tha n th e scen e alone .  Subject s ar e slowe r  t o 
respon d t o th e combination s tha n t o th e M O Ps alone , 
becaus e th e scen e cu e provide s a n extr a constrain t  o n th e 
use o f  th e indice s tha t  ar e store d wit h th e M O P.  T h e 
subjec t  mus t  b e sur e tha t  th e recalle d experienc e include s 
th e specifie d scen e o f  th e M O P whe n give n a  M O P + 
Scene combination ,  bu t  an y o f  th e indice s ma y b e use d 
when give n th e M O P alone . 

Conelu*i€>nM 

The different structures we hAV« discussed may be 
considere d i n term s o f  th e amoun t  o f  constrain t  the y 
plac e o n th e searc h spac e — Le. ,  th e se t  o f  experience s 
potentiall y  satisfyin g th e cue .  A  M O P constrain s th e se t 
more tha n a  generalize d scene ,  sinc e th e scen e ca n occu r 
i n multipl e contexts .  A  M O P i s somewha t  les s 
constrainin g tha n a  M O P +  Scen e combination ,  sinc e th e 
combinatio n specifle s a  particula r  segmen t  o f  th e even t 
sequence .  I n addition ,  Failur e Scene s ar e mor e 
constrainin g tha n Regula r  Scenes ,  sinc e the y specif y a 
particula r  typ e o f  occurrenc e withi n a  give n scene . 

Our  result s sugges t  tha t  a  M O P constitute s th e 
optima l  leve l  o f  specificit y fo r  a  memor y cue . 
Generalize d scene s ar e no t  constraine d enough ,  sinc e the y 
become bette r  cue s whe n combine d wit h a  M O P,  an d th e 
scen e stow s retrieva l  whe n presente d befor e th e M O P. 
Once a  M O P ha s bee n accessed ,  constraint s o n th e us e o f 

indice s m a y inereaa e retrieva l  time ,  sinc e th e mos t 
accessibl e indice s ma y no t  retriev e experience s tha t 
satisf y th e give n cue .  Thus ,  subject s ar e slowe r  t o 
remember  a n experienc e tha t  satisfie s a  Failur e Scen e cu e 
tha n a  Regula r  Scen e cue ,  an d ar e slowe r  t o recal l  a n 
experienc e tha t  satisfie s bot h a  M O P an d a  scen e cu e 
tha n on e tha t  satisfie s onl y th e M O P cue . 

I n summary ,  w e hav e argue d tha t  knowledg e 
structure s ma y b e functionall y distinguishe d b y thei r 
effectivenes s i n providin g a  searc h context .  Accessin g a 
M OP i s a n essentia l  par t  o f  retrievin g a  pas t  experienc e 
fro m memory ,  sinc e i t  provide s a n optima l  searc h 
context ,  an d ca n generat e context-specifi c  indice s t o 
retriev e memorie s store d wit h a  scene .  Specifyin g th e 
activit y typ e b y namin g a  M O P i s facilitative ,  bu t 
constrainin g th e t]rp e o f  experienc e tha t  occurre d i n tha t 
contex t  m a y requir e extr a processin g t o generat e 
appropriat e indices .  W e sugges t  tha t  researc h o n th e us e 
of  memor y i n naturalisti c task s shoul d focu s o n 
consideration s o f  ho w th e conten t  o f  a  genoi c memor y 
structur e i s utilize d t o find  an d reconstruc t  a  memor y fo r 
a specifl c  experience . 
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The purpos e o f  thi s pape r  i s t o propos e tha t 
human memor y mus t  b e aneilyze d int o thre e basi c 
types :  persona l  memory ,  generi c memory ,  an d skills . 
Thi s analysi s wil l  onl y dea l  wit h productiv e mem-
or y system s an d s o wil l  no t  cove r  recognitio n mem-
ory .  Afte r  th e classificatio n i s presented ,  i t  wil l 
be use d a s a  framewor k t o examin e th e initia l  wor k 
of  Ebbinghau s (1885 )  an d th e episodic-semanti c dis -
tinctio n propose d b y Tulvln g (1972) . 
In order to make the distinction between the 
thre e type s o f  memor y clear ,  conside r  th e followin g 
example :  A n undergraduat e goe s t o Ch e psycholog y 
buildin g fo r  a  psycholog y experiment .  H e find s hi s 
way t o th e correc t  room ,  hesitate s a  minute ,  knock s 
on th e door ,  an d goe s Inside .  H e see s th e experi -
mente r  an d a  memor y dru m i n a  smal l  bar e room .  Af -
te r  som e preliminar y instructions ,  h e i s give n a 
number  o f  trial s o n a  lon g paired-associat e list . 
One o f  th e item s o n th e lis t  i s  th e pai r  DAX—FRIG-
ID .  Afte r  th e experimen t  i s ove r  h e breathe s a 
sig h o f  relie f  an d leave s th e experimenta l  room . 
Thi s on e even t  ca n b e use d Co illustrat e Ch e chre e 
type s o f  memory : 

Personal memory. If, the next day, the under-
graduat e wer e asked ,  "D o yo u remembe r  th e psycholog y 
experimen t  yo u wer e i n yesterday? "  h e migh t  sa y 
somethin g like :  "Sure ,  I  remembe r  walkin g dow n t o 
th e roo m fro m th e elevator .  I  remembe r  feelin g ner -
vou s a s I  stoo d ther e i n fron t  o f  th e door .  I  re -
member  openin g th e doo r  an d seein g th e experimente r 
standin g behin d th e table .  I  remembe r  bein g sur -
prise d sh e wa s a  woman.  Sh e ha d a  whit e laborator y 
coa t  on ,  etc. "  I f  h e wer e asked ,  "Wa s anythin g go -
in g throug h you r  min d whil e yo u wer e tellin g m« al l 
this? "  Ch e undergraduat e migh t  sa y somechln g lik e 
"Tes ,  I  wa s seein g i n my mind' s ey e muc h o f  wha c I 
tol d you .  I  coul d se e th e door ,  th e expressio n o n 
th e experimenter' s fac e whe n I  opene d th e door ,  etc. " 
I t  i s  thi s typ e o f  memor y tha t  wil l  b e calle d per -
sona l  memor y i n thi s paper . 

Generic memory. If, some months later, the 
undergraduat e wer e asked ,  "D o yo u remembe r  cha t  yo u 
wer e i n a  verbal-learnin g experimen t  severa l  month s 
ago? "  h e migh t  say ,  "Yes. "  I f  asked ,  "Wa s any -
Chin g goin g chroug h you r  min d whil e yo u wer e givin g 
me thi s answer? "  h e migh t  say ,  "No ,  I  jus t  kne w tha t 
I  ha d bee n i n th e experiment .  Ther e wer e fou r  ex -
periment s require d fo r  th e course—tw o wer e fillin g 
out  socia l  psycholog y questionnaires ,  on e wa s a  per -
ceptio n experiment ,  an d th e othe r  on e wa s th e ver -
bal-learnin g experiment. "  Thi s I s a n exampl e o f 
th e typ e o f  memor y tha t  wil l  b e calle d generi c mem-
ory . 

Skill. If, some days later, the undergraduate 
wer e asked ,  "Whe n I  giv e yo u a  nonsens e syllabl e 
yo u tel l  me wha t  wor d followed .  DAX?"  ,  h e wil l 
probabl y sa y "FRIGID. "  I f  asked ,  "Wa s anythin g 
goin g throug h you r  min d whe n yo u gav e th e answer? " 
he migh t  say ,  "No ,  I  ha d practice d th e lis t  s o man y 
time s I  jus t  kne w wha t  th e respons e was. "  Thi s I s 
an exampl e o f  rot e memory ,  on e typ e o f  skill . 
This example was intended to provide an intui-
tiv e understandin g o f  th e distinctio n betwee n Ch e 
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Chre e Cype s o f  memory .  Th e nex C secCio n attempt s t o 
giv e a  genera l  descriptio n o f  eac h type .  Thi s ap -
proac h t o huma n memor y i s a n attemp t  t o giv e a  psy -
chologica l  versio n o f  th e relevan t  philosophica l 
work s o n memor y i n Ch e las c 7 0 year s (Bergson ,  1911 ; 
Russell ,  1921 ;  Furlong ,  1951 ;  vo n Leyden ,  1961 ;  Mal -
colm ,  1963 ;  Locke ,  1971) . 

Persona l ry .  A  persona l  memor y i s a  recol -
lectio n o f  a  particula r  episod e I n Ch e pas c o f  a n 
Individual .  Persona l  memor y i s (always? )  exper -
ience d i n term s o f  som e typ e o f  menta l  imagery — 
predominantl y visual .  I c usuall y als o include s non -
Imaglna l  InformaCion .  Th e imag e i s experience d a s 
Che represenCaCio n o f  a  particula r  tim e an d loca -
tion .  Th e persona l  memor y episod e I s accompanie d 
by a  propositlona l  attitud e tha t  'thi s occurre d i n 
th e past '  an d i s accompanie d b y a  belie f  tha t  th e 
remembere d episod e wa s personall y experience d b y 
th e individual .  A  persona l  memor y i s als o frequent -
l y accompanie d b y a  belie f  tha t  i t  i s  a  veridica l 
recor d o f  th e pas c episode .  Persona l  memor y scate -
ment s frequentl y fl C Ch e linguisti c frame :  " I  re -
member  X. "  Thus ,  i n Ch e abov e example :  " I  remembe r 
Che expressio n o n Ch e experimenter' s face. " 
Generic memory. A generic memory is Che recall 
of  som e ite m o f  genera l  knowledge .  Generi c memor y 
i s no c experience d a s havin g occurre d a t  a  particu -
la r  tim e an d locatio n an d i s no t  accompanie d b y a 

belie f  Cha C Ch e InformaCio n wa s personall y exper -
ience d b y Ch e individual .  Generi c memor y state -
ment s frequentl y fi t  Ch e linguisti c frame :  " I  re -
member  Cha C X. "  Thus ,  i n Ch e earlie r  example :  " I 
remember  cha t  I  wa s i n a  verba l  learnin g experi -
ment. "  Semanti c memor y i s th e subclas s o f  generi c 
memory whic h involve s th e memor y fo r  abstrac c prop -
oslciona l  InformaCion—fo r  example :  'goo d i s Ch e 
opposlc e o f  bad '  o r  'ch e spee d o f  ligh c i s a  con -
scanc '  Th e operaclo n o f  semanci c memor y doe s no C 
typicall y carr y alon g wit h i t  a n experienc e o f  men -
ta l  imagery .  Thu s whe n asked ,  "Wha c i s Ch e oppo -
slc e o f  good? "  th e correc t  answe r  I s give n wlchou c 
repor c o f  an y menca l  imagery .  Percepcua l  memor y 
I s Ch e subclas s o f  generi c memor y whic h Involve s 
Che memor y fo r  perceptua l  Information—fo r  exam -
ple :  a  map o f  th e Unite d State s o r  th e Statu e o f 
Liberty .  Th e operatio n o f  generi c perceptua l  mem-
or y doe s typicall y involv e menta l  imagery .  Thus , 
I f  asked ,  "I s Oklahom a t o th e sout h o f  Kansas? "  o r 
"Whic h han d o f  th e SCaCue o f  Liberc y hold s ch e 
corch?" ,  mos c individual s wil l  repor t  a  "generic " 
menta l  Image .  Thes e generi c image s ar e no t  typi -
call y experience d a s Involvin g a  parclcula r  tim e 
and location .  Th e similaritie s an d difference s be -
twee n a  generi c perceptua l  memor y an d a  persona l 
memory ca n b e examine d b y th e followin g exercise . 
Recal l  th e cente r  o f  you r  universit y campu s (1.=. , 
for m a  menta l  map) ;  no w recal l  you r  mos t  recen t 
wal k acros s tha t  campus .  Th e firs t  i s  a  generi c 
perceptua l  memory ;  ch e secon d i s a  persona l  memory . 

Skill. A skill is Che ability to perform a 
give n sequenc e o f  moto r  o r  cognitiv e actions .  A 
practice d skil l  i s  typicall y no c accompanie d b y men -
ta l  imagery .  Ther e ar e a  numbe r  o f  subtype s o f 
skil l  tha t  nee d t o b e distinguished .  Moto r  skill s 
refe r  t o th e abilit y  t o carr y ou t  a  sequenc e o f  mo -



tor -  actlooa .  Thi s typ e o f  memor y underlie s th e a -
billt y  t o rid e a  bik e o r  hi t  a  tenni s ball .  Rot e 
skill s  refe r  t o th e abilit y  t o repea t  a  sequenc e o f 
linguisti c objects .  Thi s typ e o f  memor y underlie s 
th e abilit y  t o repea t  th e alphabe t  o r  giv e one' s so -
cia l  securit y number .  Cognitiv e skill s  refe r  t o th e 
abilit y  t o carr y ou t  som e sequenc e o f  cognitiv e op -
erations .  Thi s typ e o f  memor y underlie s th e abilit y 
t o tak e th e squar e roo t  o f  a  numbe r  o r  Co mak e Ch e 
ver b agre e i n numbe r  wit h th e subjec t  i n a  spoke n 
sentence .  Man y statement s involvin g skill s  fi t  th e 
linguisti c frame :  " I  remembe r  ho w t o d o X. "  Thus , 
" I  remembe r  ho w t o rid e a  bike ,  ho w t o sa y th e al -
phabet ,  ho w t o tak e a  squar e root. "  I n th e nex t 
sectio n o f  th e pape r  th e framewor k develope d abov e 
i s used . 

EbbinghauB. Gbblnghaus' 1885 monograph showed 
tha t  i t  wa s possibl e t o carr y ou t  experiment s o n hu -
man memory .  However ,  I n additio n t o thi s powerfu l 
achievemen t  hi s wor k als o serve d t o limi t  th e exper -
imenta l  Investigatio n o f  memor y t o a  particula r  sub -
clas s o f  memory—tha t  o f  skill .  I n th e initia l 
page s o f  th e 188 5 monograp h Gbblnghau s contrast s 
persona l  memor y wit h skills .  H e apparentl y chos e 
t o focu s o n skil l  memor y fo r  methodologica l  rea -
son s (i.e. ,  n o nee d t o us e Introspectiv e data) .  I n 
fact ,  withi n th e are a o f  rot e skills ,  h e chos e th e 
saving s metho d ove r  th e recal l  procedur e becaus e h e 
fel t  ther e migh t  stil l  b e a n Importan t  phenomena l 
component  t o recal l  tasks ,  wherea s wit h th e saving s 
metho d h e woul d jus t  b e comparin g (behavioral )  per -
formanc e measures .  Thi s initia l  methodologica l  de -
cisio n b y Ebbinghati s ha d a n enormou s impac t  o n psy -
chology—fo r  8 5 year s i n psycholog y th e stud y o f 
memory wa s th e stud y o f  rot e skills . 

Tulving. In the late 1960's a few psycholo-
gist s wer e abl e t o brea k ou t  o f  th e Ebbinghau s fo -
cus o n skill s  an d bega n t o carr y ou t  experiment s o n 
semanti c memor y (e.g. ,  Collin s &  Quillian ,  1969) . 
I n a  semina l  pape r  Tulvin g (1972 )  pointe d ou t  th e 
fundamenta l  differenc e i n thi s typ e o f  experimen t 
and formulate d th e distinctio n betwee n semanti c mem-
or y an d episodi c memory .  Th e definitio n o f  seman -
ti c memor y outline d abov e essentiall y  follow s Tul -
ving' s usage .  However ,  Tulving' s restrictio n o f 
thi s typ e o f  memor y t o linguisti c knowledg e seeme d 
to o narrow ,  s o I  adopte d th e ter m generi c memor y fo r 
th e large r  clas s an d th e ter m semanti c memor y fo r 
th e propositlona l  subclas s (se e Hlntzman ,  1978 ,  an d 
Schonflel d &  Stones ,  1979 ,  fo r  simila r  arguments) . 

The construct of episodic memory, as used by 
Tulving ,  i s  harde r  t o dea l  with .  When i t  i s  define d 
i n abstrac t  terms ,  i t  seem s clos e t o persona l  memor y 
as outline d above .  Thus ,  Tulvin g state s tha t  epi -
sodi c memor y "store s Informatio n abou t  temporall y 
date d episode s o r  event s an d temporal-spatia l  re -
lation s amon g thes e events "  (p .  385 )  an d propose s 
tha t  statement s fro m episodi c memor y refe r  t o " a 
persona l  experienc e tha t  i s remembere d i n it s tem -
poral-spatia l  relatio n t o othe r  suc h experienced ' 
(p .  387) .  However ,  th e example s give n b y Tulvin g 
sugges t  tha t  thing s ar e no t  tha t  simple .  Thus ,  on e 
of  th e 4  example s o f  episodi c memor y wa s th e state -
ment ,  "Las t  year ,  whil e o n my summer  vacation ,  I 
met  a  retire d se a captai n wh o kne w mor e joke s tha n 
any othe r  perso n I  hav e eve r  me t  "  (p .  386) .  Take n 
at  fac e valu e thi s appear s t o b e a n exampl e o f  gen -
eri c memor y a s th e ter m ha s bee n use d i n thi s paper . 
A clea r  exampl e o f  a  persona l  memor y woul d hav e bee n 
a statemen t  suc h as ,  " I  remembe r  sittin g o n th e 
stoo l  a c th e bar ,  drinkin g a  ho t  todd y whil e h e 
tol d th e travelin g sailo r  joke ,  etc. "  On e o f  th e 
othe r  example s suggest s a  mor e fundamenta l  difficul -
ty .  " I  kno w th e wor d tha t  wa s paire d wit h DAX i n thi s lis t  wa s FRIGI D "  (p .  387) .  I n term s o f  th e classificatio n suggeste d abov e thi s i s eithe r  a n 

exampl e o f  generi c memor y (" I  remembe r  tha t  DAX 
was th e wor d paire d wit h FRIGID" )  o r  a n exampl e o f 
a rot e skil l  (give n DAX th e subjec t  say s "FRIG -
ID") .  Th e latter  Interpretatio n I s supporte d b y 
Tulving' s statemen t  tha t  th e typica l  memor y exper -
imen t  I n psycholog y I s a n episodi c memor y tas k (p . 
390) .  Thus ,  th e ter m episodi c memor y a s use d b y 
Tulvin g apparentl y Include s persona l  memory ,  plu s 
semanti c memorie s abou t  autobiographica l  Informa -
tion ,  plu s skills .  I n sum ,  th e analysi s presente d 
her e suggest s tha t  th e distinctio n betwee n semanti c 
and episodi c memor y b e replace d b y th e mor e analyti c 
distinctio n betwee n persona l  memory ,  generi c memory , 
and skill . 
Research on personal memory. The classifica-
tio n o f  memor y int o thre e basi c type s ha s powerfu l 
implication s fo r  empirica l  research .  I t  i s  clea r 
tha t  th e Importan t  topi c o f  persona l  memor y ha s bee n 
littl e studie d b y experimenta l  psychologist s (prob -
abl y becaus e o f  th e residua l  restriction s lef t  b y 
Behaviorism) .  A t  Illinoi s w e ar e currentl y tryin g 
t o as k som e o f  th e relevan t  questions :  What  ar e th e 
basi c parameter s o f  persona l  memory ? (Brewer ,  i n 
preparation )  Ar e persona l  memorie s veridical ? re -
constructed ? (Brewer ,  i n preparation )  Ho w ar e gen -
eri c memorie s derive d fro m persona l  memories ? (Brew -
er  &  Dupree ,  i n preparation )  What  ar e th e phenom -
ena l  propertie s associate d wit h th e differen t  type s 
of  memory ? (Brewe r  &  Pani ,  i n progress) . 
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The Informatio n on e reaember s abou t  th e tim e 
of  a n even t  I s rarel y a s precis e a s on e woul d like . 
For  a  fe w consequentia l  events ,  exac t  date s ca n 
sometime s b e recalled ;  fo r  example ,  on e migh t 
remember  tha t  Joh n Kennedy' s assassinatio n too k 
plac e o n Novembe r  22 ,  196 3 o r  tha t  Pear l  Harbo r  wa s 
attacke d o n Decembe r  7 ,  1911 .  Bu t  asid e fro m thes e 
blockbuste r  event s an d fro m recurren t  event s lik e 
birthday s an d holidays ,  exac t  an d explici t  date s 
ar e usuall y unavailable .  Eve n fairl y Importan t 
events ,  suc h a s Spir o Agnew' s resignatio n o r  th e 
DC-10 cras h i n Chicago ,  whic h coul d hardl y hav e 
escape d ou r  notic e a t  th e tim e o f  thei r  ooourrenoe , 
now ar e difficul t  t o dat e accurately .  Thing s coul d 
be otherwise .  Event s coul d b e logge d i n memor y i n 
th e wa y the y ar e recorde d i n almanacs ,  an d i n thi s 
cas e determinin g whe n a n even t  occurre d woul d 
amount  t o simpl e tabl e lookup .  Bu t  sinc e acces s t o 
specifi c  remembere d date s i s uncommon fo r  ordinar y 
events ,  i t  i s  o f  interes t  t o examin e th e mor e 
indirec t  mean s tha t  peopl e us e i n reckonin g bo w 
lon g ag o suc h event s happened . 
With a few brave exceptions (e.g., Linton, 
1975) ,  previou s researc h o n tempora l  memor y ha s 
been limite d t o th e stud y o f  shor t  interval s (o n 
th e orde r  o f  minute s o r  hours )  an d t o brie f  event s 
(usuall y word s o r  syllables )  presente d t o th e sub -
jec t  i n th e laboratory .  Example s ar e th e "tim e 
perception *  experiment s o f  Fraiss e (1963 )  an d O m-
stei n (1969) ,  an d th e literatur e o n recenc y Judg -
ment s i n lis t  learnin g (e.g. .  Hacker ,  1980) .  Ou r 
investigatio n focuse s o n people' s accurac y i n 
datin g natura l  event s ove r  longe r  intervals .  Lik e 
th e earlie r  research ,  however ,  w e emplo y experi-
menta l  method s t o tes t  iadivlduala '  maaor y fo r  suo h 
facta .  I n thi s respect ,  ou r  studie s paralle l  man y 
curren t  investigation s o f  spatia l  knowledg e an d 
cognitiv e maps . 

nif l  A c tbiUt Y PrlflClBl a 

Conside r  a n even t  suc h a s th e Chicag o DC-1 0 
crash ,  fo r  whic h n o exac t  dat e i s retrievable .  Ho w 
coul d on e g o abou t  estimatin g it s relativ e tim e o f 
occurrence ? On e possibilit y  i s  base d o n th e 
obviou s fac t  that ,  generall y speaking ,  th e longe r 
an even t  i s retaine d i n memory ,  th e les s on e ca n 
remember  abou t  it .  Thus ,  give n event s tha t  ar e 
equivalen t  i n othe r  respects ,  th e even t  abou t  whic h 
one remember s mos t  i s likel y t o b e th e on e tha t 
happene d mos t  recently .  We cal l  thi s rul e th e 
"Accessibilit y  Principle, "  sinc e i t  assert s tha t 
th e mor e accessibl e th e informatio n abou t  a n event , 
th e mor e recen t  tha t  even t  wil l  seem .  Of  course , 
thi s principl e i s hardl y foolproof .  Factor s lik e 
th e initia l  salieno e o f  a n even t  o r  it s similarit y 
t o othe r  event s ca n influenc e th e amoun t  o f  inform -
atio n retaine d abou t  it ,  beyon d an y effec t  o f  shee r 
passag e o f  time .  Ther e i s eve n evidenc e that , 
unde r  certai n conditions ,  recallabl e informatio n 
can actuall y increas e wit h dela y (Erdely i  &  Klein -
bard ,  1978) .  Nevertheless ,  th e Accessibilit y  Prin -
cipl e may stil l  b e usefu l  a s a  roug h guid e t o th e 
tim e o f  a n event ,  eve n thoug h subjec t  t o erro r  fro m 
variable s lik e salienc e (a s w e demonstrat e below) . 
We view the Accessibility Principle as a close 

ki n t o th e Lac k o f  Knowledg e Inference s describe d 
by Collin s (1978 )  an d t o th e AvaUabillt y  Heuristi c 
of  Tversk y an d Kahnema n (1973) .  Th e differenc e I s 
tha t  whil e Lac k o f  Knowledg e an d Availabilit y  ar e 
use d t o dra w conclusion s abou t  frequenc y o r  prob -
ability ,  th e Accessibilit y  Principl e yield s conclu -
sion s abou t  th e ag e o f  uniqu e events .  I n th e 
forme r  case ,  on e reason s tha t  sinc e on e can' t 
remember  th e even t  well ,  i t  probabl y happene d 
infrequentl y o r  no t  a t  all .  I n th e latte r  case , 
one reason s tha t  sinc e on e can' t  remembe r  th e even t 
well ,  i t  probabl y happene d lon g ago . 
SubJMtlTB Ago Qf Palrfld ETMta of tha 1970'a 
A straightforward prediction of the Accessi-
bilit y  Principl e i s tha t  event s tha t  ar e retro -
spectivel y vivi d an d memorabl e shoul d see m mor e 
recen t  tha n event s tha t  ar e no t  (othe r  thing s bein g 
equal) .  Consider ,  fo r  example ,  th e DC-1 0 cras h i n 
Chicag o an d th e DC-1 0 cras h i n Antarctic a o f  abou t 
th e sam e period .  Sinc e th e DC-1 0 cras h i n Chicag o 
i s comparativel y mor e memorabl e tha n th e on e i n 
Antarctica ,  th e Chicag o cras h shoul d b e Judge d mor e 
recent ,  eve n though ,  i n poin t  o f  faot ,  i t  happene d 
si x month s earlie r  (Ma y 25 ,  197 9 vs .  Novembe r  28 , 
1979) . 
We tested this prediction in an experiment 
usin g 1 9 pair s o f  event s lik e th e tw o DC-1 0 crashe s 
tha t  wer e matche d a s closel y a s possibl e fo r  actua l 
tim e o f  occurrenc e an d fo r  th e conten t  o f  th e 
event s themselves .  Th e pair s include d sport s an d 
cultura l  event s (e.g. ,  Sau l  Bello w win s th e Nobe l 
Priz e vs .  Burto n Richte r  win s th e Nobl e Prize )  a s 
wal l  a s standar d new s storlea ,  al l  o f  whic h 
occurre d betwee n 197 3 an d 1980 .  Hltbi a eac h pair , 
one o f  th e event s wa s designate d a s mor e memorabl e 
tha n th e othe r  o n th e basi s o f  rating s collecte d 
fro m tw o Judges ,  neithe r  o f  who m wer e awar e o f  th e 
hypothesi s unde r  investigation .  A  complet e lis t  o f 
th e pairs ,  togethe r  wit h thei r  tru e date s an d meao -
rabUit y status ,  i s  give n i n Tabl e 1 .  I n th e 
experimen t  proper ,  th e 3 8 individua l  event s wer e 
rea d t o subject s I n rando m order ,  an d th e subject s 
wer e aske d t o respon d t o eac h wit h a  numbe r  tha t 
beat  represente d ho w recentl y th e even t  happened . 
The number s wer e chose n fro m a  O-to- 9 scale ,  wit h 
hig h value s correspondin g t o recen t  event s an d lo w 
value s t o ol d ones .  We informe d subject s befor e 
th e star t  o f  th e experimen t  tha t  al l  o f  th e event s 
too k plac e afte r  1970 .  Sinc e th e 1 5 subject s wer e 
of  college-  o r  graduate-studen t  age ,  al l  o f  the m 
had live d throug h th e tim e o f  th e targe t  incidents . 
Mean recency ratings from these subjects are 
als o displaye d i n Tabl e 1 .  Althoug h o n averag e th e 
tru e dat e o f  th e memorabl e event s i s slightl y ear -
lie r  tha n tha t  o f  th e les s memorabl e one s ( a dif -
ferenc e o f  .0 5 years) ,  subjects '  rating s plac e th e 
memorsthl e event s later .  Th e overal l  mea n ratin g 
fo r  th e memorabl e event s i s 5.7 ,  wherea s th e meeui 
fo r  th e les s memorabl e event s i s 5.1 .  Thes e 
rating s differe d significantl y whe n eithe r  subject s 
or  even t  pair s ar e considere d a  rando m effec t  [fo r 
subjects ,  £.(1,14 )  =  20.43 ,  a .  <  .01 ;  fo r  events , 
1(1,18 )  =  4.58 ,  a. < .05 ;  however ,  quasi-H d ,25 )  = 
4.01 ,  .0 5 <  a  <  'lO] '  A s a n exampl e o f  thi s 
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AcceaslbUlt r  outcoae ,  SOf  o f  th a subject s rate d 
th e Chicag o DC-1 0 craa h a a occurrin g afte r  th e 
Antarctic a craah ,  despit e th e fac t  tha t  th e oppo -
sit e orde r  i s th e correc t  one .  Tabl e 1  als o 
reveal s a  nuabe r  o f  exception s t o th e Accessibilit y 
predictions ,  althoug h i n oos t  case s thes e ar e fro n 
pair s i n whic h th e differenc e i n ffleoorability  I s 
small .  A a on e woul d expect ,  th e correlatio n be -
twee n neaorabilit y  an d recenc y rating s i s signif -
ican t  fo r  thes e stiaulu a itan s [£(36 )  '•38 ,  ji.<.05] . 
Recall and PercBlTed Age ai Eynnta In 1982 
Although our prediction was confirmed that 
more accessibl e event s see m mor e recent ,  measure -
ment  o f  acceaslbilit y  (th e memorabilit y  ratings ) 
was fairl y indirec t  fo r  th e event s o f  th e firs t 
study .  I n a  secon d experiment ,  w e hav e evaluate d 
accessibilit y  mor e directl y b y measurin g subjecta ' 
recal l  o f  eventa ,  rathe r  tha n relyin g o n ratinga . 
We predic t  tha t  th e large r  th e numbe r  o f  prop -
osition s abou t  a n inciden t  tha t  a  subjec t  ca n 
recall ,  th e mor e recen t  tha t  inciden t  wil l  seem . 
I n thi s ne u experiment ,  th e basi c recenc y Judgment s 
and recal l  protocol s wer e obtaine d fro m separat e 
subjec t  groups .  Notice ,  however ,  tha t  th e ac t  o f 
recal l  may itsel f  mak e th e associate d event s mor e 
accessible .  Fo r  thi s reaaon ,  i t  i s  o f  interes t  t o 
compar e recenc y rating s fro m subject a wh o hav e Jua t 
complete d recallin g th e event s an d recenc y rating s 
fro m subject s wh o hav e no t  engage d i n recall .  I f 
recal l  increase s accessibility ,  the n rating a o f 
recenoy-after-recal l  shoul d b e systematicall y 
greate r  tha n rating s o f  recency-without-recall . 
The target events in this study were 40 
headline-typ e incident s tha t  wer e culle d fro m th e 
fron t  page s o f  th e China s Tr•̂ hl•n ^  an d th e Mew lorl t 
Uiiaa .  betwee n Januar y 4  an d Januar y 11 ,  1982 .  Thi s 
collectio n o f  event s include d item s suc h as : 
Richar d Alle n resign s a a Nationa l  Securit y Advisor , 
th e firs t  O.S .  test-tub e bab y leave s th e hospital , 
and th e D.S .  drop s it s antl-trua t  sui t  agains t  IBM . 
Sinc e w e wer e intereste d i n trackin g th a relation -
shi p betwee n recenc y an d recal l  a t  differen t 
Interval a afte r  th e event a too k place ,  w e teste d 
severa l  independen t  group s o f  subjects :  on e Recal l 
and on e Recenc y grou p durin g th e wee k immediatel y 
followin g th e las t  targe t  event ,  a  secon d pai r  o f 
Recal l  an d Recenc y group s durin g th e wee k beginnin g 
15 day s afte r  th e las t  event ,  an d a  thir d pai r  6 0 
day s afte r  th e las t  event .  T o aases s ou r  hypoth -
esi s tha t  recal l  Increase s apparen t  recency ,  w e 
als o aske d subject s i n th e 60-da y Recal l  grou p fo r 
recenc y rating s afte r  the y ha d complete d thei r 
recal l  protocols .  Recenc y rating a wer e elicite d i n 
a wa y simila r  t o tha t  o f  th e firs t  experimen t 
(excep t  tha t  th e subject a wer e tol d tha t  th e event s 
happene d i n th e 1980' s rathe r  tha n th e 1970's) . 
Recal l  subject s wer e give n th e sam e even t  name s 
(e.g. ,  Richar d Alle n resigns )  an d wer e aske d t o 
writ e dow n al l  a t  th e fact a the y coul d remembe r 
directl y relate d t o th e name d events .  Th e recal l 
scor e fo r  eac h inciden t  wa a calculate d a s th e aver -
age numbe r  o f  tru e atoal c proposition s recalle d 
abou t  I t  (se e Cintsch ,  1974) .  Stricte r  scorin g 
method s (e.g. ,  countin g onl y directl y relevan t  tru e 
propositions )  yielde d th e sam e patter n o f  results . 
Fiftee n subject s participate d i n eac h o f  th e Recal l 
and Recenc y groups . 
The main results from this second study are 
give n i n Tabl e 2  i n th e for m o f  Spearma n corre -
lation s betwee n recenc y rating s an d recal l  scores . 
Als o show n i n Tabl e 2  ar e th e correlation s betwee n 
recenc y an d th e events'  tru e dates .  Tw o fact s 
abou t  thes e dat a stan d out .  First ,  a s th e Accessi -
bilit y  Principl e predicts ,  recal l  an d recenc y ar e 

significantl y correlate d a t  eac h o f  th e thre e 
Intervals .  Dat a fro m th e firs t  interva l  ar e espe -
ciall y interestin g sinc e the y ar e leas t  likel y t o 
be influence d b y medi a retelling s an d follow-u p 
reports .  Second ,  an d somewha t  surprisingly ,  th e 
number  o f  proposition s recalle d i s a  bette r  pre -
dicto r  o f  recenc y tha n th e actua l  dat e o f  occur -
renc e a t  Al l  thre e intervals .  I n addition ,  a  tren d 
i n th e ratin g dat a followe d th e predictio n tha t 
subjectiv e recenc y woul d increas e followin g recall . 
The averag e recenc y ratin g afte r  recal l  wa s 5. 7 fo r 
subject s i n th e 60-da y Recal l  group ;  however ,  th e 
averag e ratin g fro m th e 60-da y Recenc y grou p wa s 
5.3 .  Bu t  althoug h thi s tren d wa s significan t  whe n 
teste d ove r  event s [£(1,39 )  =  13.07 ,  s .  <  .01] ,  i t 
waa nonaignifican t  whe n teste d agalna t  aubjeots 
[£(1,28 )  =  1.28 ,  a .  >  .10] . 

lapHcationa 
According to the Acoeaaibility Principle, the 
apparen t  ag e o f  a n even t  depend s upo n th e amoun t  o f 
informatio n abou t  I t  tha t  on e ca n brin g t o mind . 
Thi s principl e gaine d credenc e fro m th e result s o f 
our  firs t  study .  I n whic h mor e memorabl e event s 
wer e rate d a s takin g plac e mor e recentl y tha n sim -
ila r  event s o f  approximatel y equa l  objectiv e age . 
The secon d experimen t  strengthene d th e cas e fo r 
Accessibilit y  b y demonstratin g tha t  th e numbe r  o f 
fact s recalle d abou t  a n even t  i s a  powerfu l  pre -
dicto r  o f  it s  subjectiv e tim e o f  occurrence .  We 
hav e littl e doub t  tha t  othe r  cognitiv e processe s 
can als o affec t  tempora l  Judgment s fo r  natura l 
event s lik e these .  A s w e hav e acknowledged ,  cer -
tai n influentia l  o r  recurren t  event s may b e tagge d 
wit h dates ;  th e tim e o f  lesse r  event a may b e eati -
oate d throug h thei r  cauaa l  connection s t o thes e 
influentia l  ones .  Still ,  a  glanc e a t  th e item s i n 
Tabl e 1  suggest s tha t  causa l  link s t o databl e 
event s may no t  alway s b e present ,  an d i n thes e 
circumstances ,  th e Accessibllt y Principl e may b e 
th e dominan t  metho d fo r  tempora l  Judgments . 
The Accessibility hypothesis bears an analogy 
t o classica l  strengt h theorie s o f  tim e perception , 
whic h predic t  tha t  th e strengt h o f  th e memor y trac e 
at  th e tim e o f  tes t  determine s th e apparen t  ag e o f 
th e associate d even t  (se e th e reference s cite d b y 
James,  1890 ,  Pp .  632-633 ,  an d mor e recently ,  Hin -
rlcha ,  1970 ,  an d Morton ,  1968) .  Pur e strengt h 
theories ,  however ,  hav e no t  fare d especiall y wel l 
i n test s involvin g multipl e lis t  learnin g (Hintzma n 
& Block ,  1971 ;  Flexae r  &  Bower ,  1974) .  B y Impli -
cation ,  thes e earlie r  result s sugges t  tha t  th e 
mechanis m responsibl e fo r  ou r  aooesslbilit y  effect s 
i s no t  a s simpl e a s a  unidimensiona l  quantit y con -
necte d t o one' s memor y fo r  a n event .  Ou r  experi -
ment s leav e th e exac t  natur e o f  th e underlyin g 
mechanis m a s a n ope n question .  Nevertheless ,  th e 
similarit y mentione d abov e betwee n th e Accessi -
bilit y  Principle ,  th e AvaUabilit y  Heuristic ,  an d 
Lac k o f  Knowledg e Inference s may Indicat e tha t  w e 
ar e tappin g par t  o f  a  ver y genera l  an d comple x 
Inductiv e procedure . 
Acknowledgments 
We thank Martin Ringle and David Zager for 
thei r  advic e an d assistance .  We als o acknowledg e 
th e Sloa n Foundatio n fo r  it s suppor t  o f  thi s 
research . 
References 
Collins, A. Fragments of a theory of plausible 

reasoning .  I n D .  I .  Walt z (Ed.) , 
Thaoretlea l  lasua a 1 n natura l  langiiay a nrn -

115 



n«i.«i« i  ng-3 .  Ne w Toric :  Aaaoolatlo n fo r  Com-
putin g Maohlnery ,  1978 . 

Erdclyl, M. H., & Clelnb«rd, J. Has Ebblnghaua 
decaye d wit h time? :  Tb e growt h o f  recal l 
(hypemneala )  ove r  da y a .  Journa l  r» r 
Emarimanta l  Pavchologv :  UUOOa—LflBmln g a M 
H«.H.nrv ,  1978 ,  1 ,  275-289 . 

?1.»xa»r, &. J., i Bower, 0. H. How frequeaoy 
affect s recenc y Judgments :  A  mode l  fo r 
recenc y discrimination .  .rnnr-nn i  n c 
Erporimanta l  Pavohologv .  1974 ,  ̂ Sl i  706-716 . 

Fralsse, P. Th« DaYohol o<pr of Uoft. New York: 
Harpe r  &  Row,  1963 . 

Hacker, M. J. Speed and acouraoy of recency Judg-
ment s fo r  event s i n short-ter m memory .  Jour -
aaX S £ ETParlmanta l  PaYChfllOgT ;  QiMMO. 
lifwrnln g an d Hflmonr .  1980 ,  i .  651-675 . 

Hinrlchs, J. V. A two-process memory strength 
theor y fo r  Judgient s o f  recency .  Pavoho -
iQglca l  RflTlw .  1970 ,  n ,  223-233 . 

Hlntzman, D. L., & Block, R. A. Repetition and 
memory:  Evidenc e fo r  a  multipl e trac e 
hypothesis .  .Innrna l  a t  ETporiiiMnha l 
PaYflhQlnrr .  i97i ,  M ,  297-306 . 

James, u. Tha BrlBfllBlfla of BarchQlagy. Vol 1. 
New Tork :  Holt ,  1890 . 

Cintseh ,  W.  Th a raDP»a.in«-.af.lQ n a£ _ 
oaa&CZ. .  Hillsdale ,  H.J. :  Erlbaum ,  1974 . 

Linton, M. Henory for real-world events. In D. 
A.  Norma n an d D .  B .  Ruaelhart ,  Expinpation a 
i n n̂inyjtinr, .  Sa n Franclsoo :  FreeMn ,  1975 . 

ftorton, J. Repeated items and decay in memory. 
P^Tnhnnn-i r  .S»H«n>.« -  I968 ,  IJ L 219-220 . 

Ornstein, R. B. On ».h« »Tn«p<«n«« «f tim». Bal-
timore :  Penguin ,  1969 . 

Tversky, A., i Kahneman, 0. AvallabUlty: i 
heuristi c fo r  Judgin g frequenc y an d 
probabUlty .  Cngn̂ ^̂ •̂ v ^  Pavohoiogv .  1973 ,  5 a 
207-232 . 

TABLE 1 
Stimulu s Events ,  Tru e Dates ,  an d Mea n Recenc y Ratings , 

Experimen t  1 
Event Pairs 

1.  Reaga n an d Bus h nominate d b y th e 
Republica n convention . 

Carte r  an d Mondal e nominate d fo r  a 
secon d ter m b y th e Democrati c 
convention . 

2. Dustin Hoffman won an Academy Award 
fo r  grama r  v.i .  gpamap . 

Sall y Fiel d wo n a n Academ y Awar d fo r 

3.  A  DC-1 0 crashe d i n Chicago . 
A DC-1 0 crashe d i n Antarctica . 

4. Lord Mountbatten assassinated in 
Ireland . 

U.S .  Ambassado r  Adolp h Dub s 
assassinate d i n Afghanistan . 

5.  Th e Suprem e Cour t  affirme d a  lowe r 
cour t  decisio n orderin g 
Californi a Medica l  Schoo l  t o 
admi t  Alla n Bakke .  6/7 8 

The Suprem e Cour t  rule d tha t  labo r 
union s coul d distribut e materia l 
of  a  politica l  natur e a t  a n 
employmen t  site .  6/7 8 

6. David Berkowitz was arrested on a 
murde r  charge .  8/7 7 

Gene Lero y Hun t  wa s arreste d o n a 
murde r  charge .  4/7 8 

Dat e 

7/8 0 

8/8 0 

4/8 0 

4/8 0 

5/7 9 
11/7 9 

8/7 9 

2/7 9 

Recenc y 
Ratin g 

8. 2 

7. 5 

7. 8 

7. 2 

7. 1 
5. 5 

5. 9 

6. 7 

7.  West  Germa n terrorist s hijacke d a 
Lufthans a edrliner . 

An allege d ban k robber ,  Thoma s 
Hannan,  hijacke d a n airplan e 
i n Nebraska . 

8. Hoota won an Emmy Award. 
Blaano r  an d Frnnlfll n wo n a n Ema^ 

Award . 
9. Annin opened on Broadway. 

Tha Ol B Gaa a opene d o n Broadway . 
10.Saul Bellow won a Nobel Prize in 

literature . 
Burto n Rlchte r  wo n a  Nobe l  Priz e 

i n physios . 

10/7 7 

6. 5 

5.1 

6.7 

5.3 

6.0 

10/7 7 

9/7 7 

9/7 7 

4/7 7 
10/7 7 

10/7 6 

10/7 6 

4.1 

6.5 

6.1 

6. 1 
3. 5 

5. 4 

4. 3 
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TABLE 1  (cont. ) 

11.Bruce Jenner won an Olyapio Goid 
Medal  I n tb e decathlon .  7/7 6 

Evell n Scblaa k wo n a n Olympi c Gol d 
Medal  i n th e discu s throw .  7/7 6 

12.Mao Tse-tung died. 9/76 
Chou En-la l  died .  1/7 6 

13.Muhamnad ill COs Joe Frazler. 10/75 
Huhaoaad U i  EOs Jean-Pierr e 

Coopnan.  2/7 6 

14.E. L. Doctorow's Ragt-ima published. 7/75 
Irvin g Stone' s Th e Gree k Treaaur e 

published . 

15.Und a Ronatadt' s aaar t  Llt o a  WbCfl l 
won a  Gol d Record . 

Joh n Denver' s A n Evttnin ^  wit h Joh n 
Danver  wo n a  Gol d Record . 

16.Aristotle Onaasis died. 
H.  L .  Hun t  died . 

17.Stave Garvey wins baseball's 
Most  Valuabl e Playe r  award . 

Jef f  Burrough s win s baseball' s 
Most  Valuabl e Playe r  award . 

9/7 5 

1/75 

2/75 

3/75 
11/7 4 

11/74 

11/74 

2/74 18.Patt y Hears t  kidnapped . 
J.  Reginal d Murphy ,  edito r  o f  tb e 

Atian U CoBatltutAon ,  kidnapped .  2/7 4 

19.Spiro Agnew resigned as Vice Prea. 10/73 
Nelso n Rockefelle r  resigne d a a 

Governo r  o f  Mew lork .  12/7 3 

5. 1 

3.9 

4.8 
5. 4 

i».3 

4.6 

4.7 

5.0 

6.3 

4.6 

4.8 
5. 1 

5.3 

4.1 

4.1 

5.1 

3.0 

4.5 

TABLE 2 
Spearman Correlation s betwee n Recenc y Estimates ,  Tru e 

Dates ,  an d Number  o f  Recalle d Propositions , 
Experimen t  2 

Recenc y Ratin g 

•0 Days 

+15 Days 

+60 Days 

• p <  .0 5 
•• p <  .0 1 

••• p <  .00 1 

Number  o f  Proposition s 
Recalle d 

,80»« » 

.69"« 

.68»«« 

Tru e Dat e 

.1 8 

.41»» 

.34« 

Saia. '  Th e firs t  member  o f  eac h o f  th e pair s wa s 
rate d a s th e mor e memorable .  Tb e standar d 
erro r  o f  th e abov e mean s i s .46 . 
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1.  Istzodnctio n 

thi s pape r  present s som a psychologica l 
iaplication s o f  a n A I  mode l  o f  reconstructiv e 
Descry .  Psychologist s hav e characterixe d htnui n 
Deaor y a s reconstructiv e fo r  year s (e.g. ,  [1] , 
[6]) .  A I  siaulatio n o f  reconstuctio n goe s furthe r 
sinc e ccapute r  iaplenentatio n require s explici t 
specificatio n o f  processe s an d representations . 
The particula r  A I  mode l  v e conside r  her e i s Kolod -
ner  ' s  (5 ]  E-MOP base d model ,  iaplsaente d i n a  com -
pute r  progra m CYEDS.  Th e mode l  ha s thre e inter -
relate d components :  a  retrieva l  process ,  a n under -
lyin g memor y organization ,  an d processe s fo r 
developin g memor y organizatio n wit h th e encodin g o f 
new events .  Th e retrieva l  proces s va s designe d t o 
imitat e reconstructiv e retrieva l  strategie s obser -
ved i n people .  Th e moaor y organizatio n bot h sup -
port s an d cause s reconstructiv e retrieval .  Proces -
ses fo r  developin g msaor y organizatio n buil d ne v 
knowledg e structure s (i.e. ,  learn )  a s ne w event s 
ar e encoded .  Thes e ne w knowledg e structure s enabl e 
subsequen t  reconstructiv e retrieva l  o f  th e ne w 
events . 
One iaportanc reason such a model should be of 
interes t  Co psychologist s i s tha t  i t  make s claia a 
abou t  huma n memor y organizatio n an d processes . 
Thes e claia a ste m frc a th e proces s o f  simulatin g 
human reconstructiv e memory .  Becaus e Ch e availabl e 
model  wa s incoaplete ,  buildin g CTBOS require d fil -
lin g i t  i n i n o n th e baai s o f  intuition .  We no w 
as k whethe r  th e adde d assumption s tha t  fil l  hole s 
i n psychologica l  account s ar e psychologicall y 
valid . 

2 .  Ti M B-MOP modml 

2.1 Memory Orgaaixatioa 

A memory organization for reconstructive 
retrieva l  mus t  bot h suppor t  an d caus e reconstruc -
tion .  I t  mus t  generat e cluster s i n recall ,  locat e 
and develo p retrieva l  cues ,  caua e confusion s i n 
recal l  an d recognition ,  an d emulat e othe r  charac -
teristic s o f  huma n remembering .  Kolodner' s m^or y 
organizatio n use s conceptua l  categorie s calle d 
Episodi c Memor y Organizatio n Packets ,  o r  E-MDPs 
(simila r  Co Scbank' s m ? » [7] )  tha t  organiz e 
episode s i n memory .  A  centra l  assimiptio n i s tha t 
ther e i s on e E-(C P fo r  eac h typ e o f  activit y a 
perso n may b e involve d in ,  wher e typ e i s define d a s 
event s Cha t  achiev e a  simila r  goal .  Diplomat s ar e 
involve d i n "diplomati c meetings" ,  "diplomati c 
crips" ,  "negotiationa" ,  an d "stat e dinners" .  Eac h 
individua l  even t  i s store d i n Ch e E-MOP(s )  i t  fit s 
into . 

E-MDPs incorporate both episodic and generic 
memory (coi^nly ,  bu t  incorrectl y calle d semanti c 

The wor k o f  th e firs t  autho r  wa s partiall y  sup -
porte d b y NS F unde r  gran t  Ho .  IST-8116892 . 
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Dry) .  Th e generi c componen t  consist s o f 
generalization a describin g mos t  o f  it s  member s 
(i.e. ,  som e member s may exhibi t  violation s o f  thes e 
"norms") .  Hos t  "diplomati c meetings "  discus s a n 
internationa l  contract ,  fo r  example ,  bu t  a 
particula r  meetin g migh t  b e calle d t o pla n a n 
internationa l  event .  A n E-MOP' s secon d componen t 
i s it s organizatio n o f  member  episodes .  Episode s 
ar e organize d base d o n ho w the y diffe r  fro m Ch e 
E-MOP's norms .  A n episod e i s indexe d an d retrieve d 
fro m a n E-MOP b y it s relevan t  differences .  When 
more tha n on e episod e ha s th e sam e difference ,  a 
new sub-MD P i s forme d base d o n thei r  similaritie s 
and differences .  Th e figur e belo w illustrate s thi s 
organization : 

'diplomati c meetings ' 

norms: the actor is Cyrus Vsnce 
(MOPl )  participant s ar e foreig n diplomat s 

topic s ar e internationa l  contract s 
participant s Calke d t o eac h othe r 
goa l  wa s t o resolv e dispute d contrac t diffs : / 
participant s 

. /  (1) 1 

\ 
topi c 

/ 
\ 

Gromyko 
/ 

SALT 
I 

BV2 EV2 

(M0P2) 

Day a n 
I  I 
I  ET 4 

(3) 1 
Begi n 

norms : 
parti c inclnd *  Begi n 
topi c concern s Israe l 

and Arab s 
specializatio n o f  HOPl 

diffs :  I 
I  topi c 

(5 )  /  \  (6 ) 
Jerusal ^  Camp Davi d Accord a 

I  -  (M0P4 ) 
EV3 

I 
I 
I 

(4 )  I 

\  (2 ) 
Jerusale m 

I 
EV3 

(IOP3 ) 
Camp Davi d Accord s 

norms : 
topi c i s th e CDA 
parti c ar e Israel i 
specializat n o f  HOPl 

diffs :  I 
I  parti c 

(7 )  /  \  (8 ) 
Begi n Daya n 
(M0P4)  I 

EV4 

The norm s ar e feature s characteristi c o f 
diplomati c meetings .  Th e episode s ar e indexe d 
accordin g C o Chei r  similaricie s an d difference s i n 
Copi c an d participants .  Meeting s wit h Ch e sam e 
Copi c o r  participant s for m E-HOPs whos e norm s ar e 
ccnposa d o f  thei r  similarities .  Belo w thes e norms , 
a se t  o f  simila r  instance s ar e subsequentl y 
differentiate d b y thei r  difference s (i.e. ,  mappe d 
int o indices) .  CTRDS organize s E-MDPs i n thre e 
ways :  (1 )  hierarchically ,  a s jus t  described ;  (2 ) 
by causal ,  temporal ,  an d containmen t  relationship s 
betwee n normativ e features ;  (3 )  b y Ches e sam e 
relation s betwee n indices . 
2.2 Maintaining memory organisation over time 

th e 
Encodin g ne w episode s require s bot h retainin g 
ol d organizatio n t o som e exten t  an d accomodat -



in g i t  t o Ch e ne w input .  When a  ne w episod e i s 
indexe d identicall y t o a n ol d one ,  a  ne w E-MOP mus t 
be forme d t o subsum e them .  Tha t  is ,  E-MOP forma -
tio n i s triggere d b y "rounding "  [7] ,  whic h occur s 
when th e ne w episod e retrieve s th e othe r  simila r 
one .  Th e ne w E-MOP' a norm s ar e th e similaritie s 
betwee n th e tw o items ,  an d it s indice s ar e thei r 
differences .  Becaus e generalization s abou t  a  kin d 
of  even t  base d o n onl y tw o i t ^ s ma y b e inaccurate , 
subsequen t  episode s encode d wit h thi s E-MOP ar e 
use d t o refin e thes e norms .  I f  a  featur e no t  a 
nor m fo r  th e firs t  tw o episode s turn s ou t  t o b e 
normativ e fo r  mos t  others ,  wha t  wa s initiall y  a n 
inde x ca n becom e a  norm .  Similarly ,  i f  a  fals e 
generalizatio n wer e made ,  norm s fo r  th e firs t  tw o 
instance s ca n b e relegate d t o indices . 
2.3 Imtzirrml 
Retrieval cues are abstracted from requests to 
remember  a n event .  Suc h request s ca n b e partia l  o r 
complet e specification s o f  th e even t  t o b e 
retrieved .  A  reques t  specifie s a n E-MOP t o b e 
searche d an d whic h indice s withi n th e E-tO P ar e t o 
be traverse d t o fin d th e event .  A n importan t 
assumptio n i s tha t  a n E-MD P inde x canno t  b e traver -
sed unles s i t  i s  specified .  I n thi s way ,  retrieva l 
i s  directe d b y th e informatio n i n th e reques t  an d 
furthe r  informatio n tha t  ca n b e derive d fro m it . 
Since this process can fail in several ways, 
reconstructiv e strategie s ar e propose d t o dea l  wit h 
variou s type s o f  failure .  First ,  i f  th e informa -
tio n i n a  reques t  doe s no t  specif y a n E-HO P t o b e 
searched ,  the n on e o r  a  smal l  se t  o f  E-MOPs mus t  b e 
chosen .  Thi s proces s see s i f  an y o f  th e feature s 
state d i n th e reques t  hav e E-HOP s associate d wit h 
the m (i.e. ,  schem a triggering) . 

A second type of failure stems from E-(OPs 
bein g untraversabl e unles s thei r  indice s hav e bee n 
specified .  A  retrieva l  cu e may specif y feature s 
tha t  don' t  correspon d t o E-MOP indices .  Or ,  a 
retrieva l  cu e may b e s o genera l  tha t  i t  doean' t 
specif y enoug h feature s t o direc t  traversa l  proces -
ses t o a  uniqu e item .  I n tha t  case ,  plausibl e 
feature a correspondin g t o E-MOP indice s mus t  b e 
inferre d fro m th e give n retrieva l  cues .  A  "fleetin g 
wit h Menachi m Begin "  migh t  plausibl y hav e take n 
plac e i n Jerusalem .  Th e strategie s whic h mak e 
thes e inference s capitaliz e o n a n E-MOP' s norm a an d 
knowledg e abou t  plausibl e relationahip s betwee n 
differen t  even t  featurea .  Onc e suc h informatio n 
has bee n specified ,  th e correspondin g indice s ar e 
traversed .  Interestingly ,  bot h type s o f  strategie s 
mentione d s o fa r  ca n lea d t o retrieva l  confusion s 
and fals e starts . 
A third type of strategy derives from the 
relationship s betwee n event s i n memory .  Individua l 
event s refe r  t o othe r  event s the y ar e relate d to . 
I f  a n even t  relate d t o th e requeste d even t  ca n b e 
bette r  specified ,  th e relate d even t  ca n b e use d t o 
furthe r  specif y th e requste d one .  T o recal l  a 
particula r  museu m visit ,  fo r  example ,  on e migh t 
att^p t  t o recal l  th e tri p i t  wa s par t  of . 
3. Psychological Issues 
This model stems from observation* of how 
peopl e remoiber ,  an d wha t  the y forget .  Althoug h 
th e processe s an d organizatio n use d t o construc t  a 
complet e mode l  o f  reconstructio n sea a t o work ,  ar e 
the y reall y psychologicall y valid ? On e aapec t  o f 
th e mode l  tha t  ha s receive d empirica l  investigatio n 
t o a  larg e exten t  i s reconstructiv e retrieva l 
strategie s [81 .  Peopl e appea r  t o elaborat e upo n 
request s t o remembe r  i n man y o f  th e way s Ctio S 

does .  Nevertheless ,  man y issue s remai n untouche d 
or  a t  leas t  requir e furthe r  attention .  Ho w doe s 
th e organizatio n o f  a  se t  o f  event s constrai n th e 
manner  i n whic h peopl e elaborat e o n retrieva l  cues ? 
That  is ,  t o wha t  exten t  ar e suc h strategie s 
content-dependent ? D o peopl e us e th e elaboratio n 
strategie s use d b y CYBDS? D o the y us e others ? 
What  strategie a ar e use d mos t  often ,  i n wha t  order , 
and fo r  wha t  reason ? Simila r  t o th e content -
dependenc e issu e i s th e context-dependence  issue . 
To wha t  exten t  i s elaboratio n affecte d b y 
imiMdiatel y previou a searche s fo r  othe r  events ? 
fo r  th e sam e event ? Give n retrieva l  failur e whil e 
searchin g a n organize d se t  o f  events ,  ho w d o peopl e 
selec t  ne w part s o f  th e organizatio n fo r  search ? 
How doe s a  retrieva l  acces s chang e organization ? 
How sensitiv e i s retrieva l  t o incorrectl y specifie d 
cues ? I s th e mode l  to o dependen t  o n correctness ? 
Perhaps the most central issues the model 
raise s are :  Ho w ar e event s organize d i n memory ? 
And ho w doe s thi s organizatio n chang e ove r  time ? 
cnn S assume s tha t  event s ar e th e fundamenta l 
organizin g unit s i n memory .  I s thi s tru e o f  huma n 
memory? I f  not ,  the n wha t  ar e th e fundamenta l 
units ? Ther e may b e severa l  type s o f  organizin g 
principles .  Other s t o b e considere d are :  locatio n 
(e.g. ,  a  loca l  restauran t  o r  bar) ;  tim e (e.g. , 
Christmas ,  summer) ;  participant s (e.g. ,  Nixon ,  a 
spouse ,  a  clos e friend) ? I f  ther e ar e severa l  way s 
event s ar e organized ,  wha t  determine s whic h wil l 
appl y t o a  give n se t  o f  events ? Th e conten t  o f  th e 
events ? Th e goa l  th e organizatio n wil l  serve ? 
Perhap s severa l  organization s simultaneousl y exis t 
ove r  a  se t  o f  events . 
A related issue concerns kaowing what 
feature(s )  shoul d b e use d t o discriminat e tw o 
episode s sorte d t o th e sam e E-MOP.  Ther e ma y b e 
numerou s feature s tha t  distinguis h tw o events ,  bu t 
onl y thos e tha t  wil l  b e usefu l  i n th e late r  evolu -
tio n o f  generi c knowledg e shoul d b e chose n fo r 
indexing .  Ho w ca n suc h feature s b e chosen ? 
Anothe r  relate d iasu a i s ho w man y indice s ar e grow n 
eac h tim e remindin g occurs .  Anothe r  centra l  issu e 
concern s B-MOP construction .  I s a  ne w E-MOP 
constructe d ever y tim e someon e i s reminde d o f  a n 
ol d even t  b y a  curren t  one ? T o wha t  exten t  i a 
generi c structur e automaticall y acquire d fro m an d 
impose d o n events ? Or  i s consciou s attentio n 
necessar y t o abstrac t  normativ e informatio n fro m 
previou s events ,  organiz e i t  int o E-MDPs ,  an d appl y 
i t  t o ne w eventa ? Human dat a may b e informativ e o n 
thes e points . 

In the proposed memory organization, MOPs and 
thei r  sub-MOP s for m hierarchie s i n whic h conmo n 
propertie s ar e store d onc e a t  th e highes t  possibl e 
poin t  i n th e hierarchy .  Thi s econom y o f  storag e 
parallel s wha t  psychologist s cal l  "cognitiv e 
economy "  [2] .  T o date ,  i t  appear s tha t  th e 
organizatio n o f  semanti c memor y (i.e. ,  lexica l 
meaning )  violate s cognitiv e econom y [31 .  Bu t  t o 
what  exten t  i s thi s violatio n tru e o f  othe r  type s 
of  generi c knowledge ? Doe s huma n organizatio n o f 
event s reflec t  cognitiv e economy ? O r  d o peopl e 
hav e muc h looser ,  les s integrate d an d non-inclusiv e 
organization s fo r  events ? 

An important aspect of E-MOPs is that they 
combin e "episodic "  an d "generic "  maaories .  Thi s 
implie s tha t  episodi c an d generi c memor y ar e no t 
separat e entitie s bu t  ar e intimatel y connected .  I f 
chi s i s so ,  wha t  exactl y i s th e connection ? When 
does episodi c informatio n (e.g. ,  E-MOP indices ) 
become generi c (e.g. ,  E-MOP norm s o r  fram e 
information) ? When an d ho w doe s generi c informa -
tio n becom e confuse d wit h episodi c informatio n t o 
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genarat e confusiona ? I n E-tOPa ,  bot h happe n a s 
generalizacion a ar e refine d an d corrected . 

There are a number or topics not covered in 
th e origina l  oode l  whic h ar e nonethelea a importan t 
t o a  theor y o f  huma n memor y organizatio n an d 
retrieval .  On e suc h iasu e concern s th e role s o f 
automati c versu s consciou s processe s tha t  encod e 
informatio n int o memory .  Temporal ,  spatial ,  an d 
frequenc y informatio n appea r  t o b e automaticall y 
acquire d — eve n withou t  Vmovin g the y ar e doin g it , 
peopl e encod e thes e fundamenta l  aspect s o f  event s 
[41 .  I n contrast ,  th e acquisitio n o f  conten t 
informatio n ofte n seem s t o depen d mor e o n th e us e 
of  consciou s attention .  When suc h informatio n 
doesn' t  receiv e attention ,  th e informatio n l a no t 
acquired .  Ho w d o thes e tw o type s o f  processe s 
interac t  t o stor e events ? Consciou s attentio n may 
be responsibl e fo r  th e construction ,  organization , 
and reorganizatio n o f  generi c structure ,  sinc e i t 
usuall y contain a conten t  information .  Automati c 
processe s may b e responsibl e fo r  th e strengthenin g 
of  generi c knowledg e an d th e integratio n o f  spatia l 
and tempora l  iaformatio n int o it .  Findin g 
algorithm s fo r  thes e latte r  phenomen a an d interfac -
in g the m wit h content-oriente d processe s appear s t o 
be a n interestin g problem . 
A related issue is the role of similarity 
among events .  Thi s facto r  ca n facilitat e people' s 
memory performanc e o n som e occasion s an d interfer e 
wit h i t  o n others .  Observin g suc h phenomen a i n 
people' s memor y fo r  event a may furthe r  constrai n 
th e wa y i n whic h w e vie w generi c knowledg e o f 
event s an d it s  us *  durin g retrieval .  I n E-tOPs , 
when a  propert y doesn' t  correlat e wit h othe r 
events ,  a n inde x i s se t  u p differentiatin g th e 
even t  wit h th e devian t  propert y fro m othe r  event s 
i n th e E-MOF.  Correlatio n an d differentiatio n pla y 
th e rol e o f  keepin g event s suitabl y accessible .  A n 
even t  lAic h confont s t o th e norm s o f  a n E-MOP wil l 
not  b e eaail y accessibl e becaus e i t  won' t  hav e man y 
indice a differentiatin g it .  O n th e othe r  hand , 
event a whic h hav e differentiatin g feature a wil l  b e 
accessibl e i f  thos e feature s ar e specifie d i n o r 
derive d fro m a  retrieva l  cue .  What  i a th e rol e o f 
similarit y an d differentiatio n i n people' s 
memories ? What  i s th e actua l  effec t  the y hav e o n 
memory' s organization ? 
Analogy ia another area not covered in the 
origina l  model .  CTBUS doe s no t  addres s th e migra -

tio n o f  generi c informatio n fro m ol d E-HOPs t o ne w 
ones .  Generi c knowledg e associate d wit h a , 
particula r  E-lO P migh t  b e uaeful ,  however ,  i n 
creatin g a  ae w relate d E-HD F o r  i n understandin f 
somethin g i n a  simila r  E-MOP.  T o wha t  exten t  doe a 
"generic "  structur e generaliz e fro m on e se t  o f 
event a t o another ? Mua t  a  completel y ne w structur e 
be buil t  fo r  eac h ne w se t  o r  doe s transfe r  occur ? 
Vfha t  procedure s trsnsfe r  th e structur e o f  a n ol d 
E-MOP t o a  ne w one ? Ho w ca n knowledg e i n on e E-MOP 
(e.g. ,  fo r  Vance )  b e uae d t o understan d somethin g 
abou t  a  relate d referen t  (e.g. ,  Haig) 7 
4. Pature Dlreetiona 
We are currently designing experiments that we 
hope wil l  hel p answe r  th e question s above .  Th e 
experimants ,  n o doubt ,  wil l  rais e additiona l 
queationa .  A a a  join t  Artificia l  Intelligenc e an d 
Psycholog y project ,  w e wil l  addres s thes e question s 
i n th e sam e wa y w e hav e foun d i t  profitabl e t o 
conside r  thei r  ancestor s --b y buildin g compute r 
prograa s an d b y collectin g huma n data . 
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1.INTRODUCTION 

A critical feature of any problem solving system 
i s it s contro l  structure .  This ,  o f  course ,  refer s 
t o a  mechanis m (an d it s associate d knowledge )  use d 
allocat e processin g resource s amon g th e variou s 
component s o f  th e syste m a s the y ar e neede d t o 
carr y ou t  som e tas k withi n som e proble m domain . 
I t  i s  clea r  tha t  th e contro l  structur e o f  a  proble m 
solve r  i s  a  majo r  determine r  o f  tha t  system' s 
abilit y t o efficientl y an d effectivel y carr y ou t 
any task . 
As important as the notion of control is, it is 
surprisin g tha t  s o littl e wori c ha s bee n devote d t o 
i t  b y eithe r  compute r  scientist s intereste d i n 
developin g exper t  system s o r  psychologist s interes -
te d i n modelin g huma n cognition .  I t  ha s bee n th e 
feelin g i n Artificia l  Intelligenc e that ,  i f  ther e 
wer e enoug h knowledg e availabl e i n th e constructio n 
of  a n exper t  system ,  th e proble m o f  selectin g a n 
appropriat e contro l  structur e woul d b e a  mino r 
one (Feigenbaum ,  1977) .  And ,  a s w e shal l  discus s 
below ,  althoug h som e recen t  psychologica l  model s 
hav e addresse d issue s tha t  ar e closel y relate d t o 
th e contro l  problem ,  littl e o r  n o researc h ha s 
directl y addresse d th e genera l  questio n o f  contro l 
of  cognitiv e processes . 
In this paper we report some work we are doing 
on th e contro l  problem .  Th e ultimat e goa l  o f  thi s 
researc h i s t o desig n an d implemen t  a n exper t 
syste m tha t  control s othe r  exper t  systems .  Tha t 
is ,  w e ar e developin g a  proble m solvin g syste m tha t 
i s specialize d t o selec t  an d maintai n a  contro l 
regim e fo r  component s o f  anothe r  "embedded "  exper t 
system .  Ou r  Exper t  Syste m Controlle r  (ESC )  i s  abl e 
t o reaso n abou t  control .  I t  use s bot h genera l 
knowledg e an d domai n specifi c  knowledg e o f  th e 
embedded syste m t o creat e an d maintai n contro l 
plan s fo r  schedulin g th e us e o f  th e embedde d sys -
tem' s componen t  processes . 

I t  i s  ou r  belie f  tha t  th e issu e o f  reasonin g 
abou t  contro l  i s  on e tha t  mus t  b e addresse d b y 
anyon e intereste d i n developin g mor e powerfu l  pro -
ble m solvin g systems ,  whethe r  thos e system s ar e 
intende d a s exper t  system s o r  a s model s o f  huma n 
cognition .  Moreover ,  i t  i s  a  centra l  premis e o f 
our  researc h tha t  suc h system s requir e sof t  con -
trol .  B y thi s ter m w e mea n th e following : 
The ability to apply problem solving tech-

nique s t o th e proble m o f  contro l  Itsel f  (i.e. , 
t o reaso n abou t  control ) 

The ability to select from alternative control 
plan s th e on e tha t  i s  mos t  appropriat e i n a 
particula r  tas k environmen t 

The ability to apply general (albeit less 
powerful )  knowledg e whe n specifi c  domai n 
knowledg e i s  unavailabl e 

The ability to opportunistically deviate from 
a selecte d contro l  strateg y a s a  respons e t o 
new information . 

Soft control yields a flexibility of interaction 
among th e variou s component s o f  domai n an d contro l 
knowledg e tha t  allo w fo r  opportunisticall y allo -
catin g resource s t o activitie s mos t  likel y t o mak e 
efficien t  progres s i n completin g th e tas k a t  hand . 

2.META-C0GNITI0 N an d CONTROL 

First, let us discuss control in terms of human 
cognitio n b y conside r  th e vas t  amoun t  o f  psycho -
logica l  researc h o n th e us e o f  strategie s t o guid e 
processing .  A  brie f  examinatio n o f  researc h o n 
thi s topi c show s that ,  i n an y give n tas k context , 
some particula r  processin g strateg y may b e propose d 
as th e organize r  an d controlle r  fo r  a  mor e basi c 
se t  o f  cognitiv e skills .  Strateg y guide d model s 
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hav e bee n offere d a s a  descriptio n o f  man y type s o f 
cognitiv e skills .  Example s includ e model s fo r  tex t 
processin g (e.g. ,  Clark ,  1978) ,  logica l  inferenc e 
(Revli n &  Leirer ,  1978) ,  memor y retrieva l  (Brown , 
1978) ,  perceptio n (Kolers ,  1972) ,  an d s o forth . 

Perhaps a generalization and expansion of the 
ide a o f  processin g strateg y i s Flavell' s  (1976 ) 
concep t  o f  meta-cognition .  Meta-cognitio n refer s 
t o cognitiv e processin g involvin g knowledg e abou t 
othe r  cognitiv e processe s o r  th e result s o f  othe r 
cognitiv e processes .  On e plac e wher e thi s concep t 
has bee n use d extensivel y i s th e researc h o n th e 
topi c o f  learnin g strategie s (e.g. ,  O'Neil ,  1978 ; 
O'Nei l  &  Speilberger ,  1979) . 

This research demonstrates the ubiquity of task 
specifi c  strategies .  Eac h strateg y appear s t o b e 
a kin d o f  specialize d "contro l  plan "  tha t  organize s 
th e cognitiv e processe s underlyin g performanc e i n 
a particula r  tas k domain .  This ,  i n turn ,  suggest s 
tha t  ther e exist s som e genera l  mechanis m t o produc e 
thes e specialize d contro l  plan s an d t o monito r 
thei r  use .  Althoug h littl e wor k ha s bee n don e t o 
determin e th e characteristic s o f  th e meta-cognitiv e 
mechanism ,  w e not e th e followin g importan t  fea -
ture s . 

First the diversity of strategies that arise 
i n differen t  context s indicate s tha t  thes e 
meta-cognitiv e structure s ar e typicall y 
highl y "tuned "  t o th e specifi c  proble m domai n 
Thus ,  bot h creatio n an d selectio n fo r  us e o f 
suc h contro l  plan s i s a  functio n o f  specifi c 
domai n knowledge . 

Second, the use of strategies is opportunistic 
i n tha t  us e o f  on e strateg y may b e inter -
rupte d o r  eve n abandone d i n favo r  o f  anothe r 
known strateg y a s a  respons e t o som e specia l 
circumstanc e tha t  i s notice d durin g tas k 
performance . 

Third, control can revert to more general 
knowledg e an d proble m solvin g technique s whe n 
situatio n specifi c  knowledg e i s insufficient . 

These observations together indicate that meta-
cognitio n I s probabl y bes t  modele d a s wha t  w e 
refere d t o abov e a s a  mechanis m fo r  sof t  control . 

Now let us consider the need for soft control 
i n th e contex t  o f  exper t  system s i n Artificia l 
Intelligenc e research .  We wis h t o sho w tha t  ther e 
i s a  nee d fo r  sof t  contro l  i n exper t  syste m jus t 
as tha t  require d fo r  model s o f  huma n cognition . 
Recall Feigenbaum's argument, mentioned earlier, 
tha t  th e contro l  proble m fo r  exper t  system s i s 
secondar y t o th e proble m o f  representin g sufficien t 
knowledg e abou t  th e proble m domain .  Th e knowledg e 
i n a n exper t  syste m embodie s primaril y exper t 
"rule s o f  thumb "  an d description s fo r  whe n suc h 
knowledg e i s applicable .  An y suc h rul e o f  thum b 
i s typicall y a  larg e chunko f  domai n specifi c  know -
ledg e tha t  ha s compile d int o i t  th e contro l  tha t 
woul d hav e bee n necessar y t o tak e th e severa l 
smalle r  step s tha t  ar e equivalen t  t o it .  Reasonin g 
wit h suc h larg e chunk s produce s shorte r  inferenc e 
chain s which ,  therefore ,  greatl y reduc e th e magni -
tud e o f  th e contro l  proble m fo r  managin g thes e in -
ferences .  I n thi s sens e mos t  exper t  system s simpl y 
finess e th e contro l  proble m b y relyin g upo n a  ver y 
powerfu l  se t  o f  domai n specifi c  principle s tha t 
embody bot h domai n knowledg e an d contro l  assump -
tion s fo r  us e o f  tha t  knowledge . 
Unfortunately, the exclusive use of expert 
rule s ca n hav e sever e limitations .  Th e powerfu l 

domai n principle s o f  th e exper t  syste m ar e usuall y 
onl y plausibl e rule s o f  inferenc e whic h d o no t 
embody logicall y necessar y relationships .  Hence , 
exper t  system s o f  thi s sor t  ca n fai l  precipitousl y 
at  th e limi t  o f  thei r  knowledge ,  tha t  is ,  whe n th e 
syste m encounter s ne w situation s fo r  whic h th e 
specia l  rule s d o no t  apply .  When suc h rule s fai l 
th e syste m i s unabl e t o retrea t  t o weake r  bu t  mor e 
genera l  method s o f  inferenc e t o determin e suc h 
thing s a s wh y th e rul e faile d i n thi s case ,  ho w t o 
modif y i t  t o fit ,  o r  a t  least ,  ho w t o star t  fro m 
smalle r  an d les s efficien t  bu t  mor e universa l 
principle s t o deriv e a  respons e t o th e ne w situ -
ation .  Tha t  is ,  contro l  i s  to o rigi d t o allo w th e 
system' s performanc e t o gracefull y degrad e a s th e 
limit s o f  it s  exper t  knowledg e ar e reached . 

A general solution, which we have adopted, is 
t o provid e th e exper t  syste m wit h a n abilit y  t o 
rever t  t o th e mor e basi c for m o f  proble m solvin g 
when th e exper t  rule s d o no t  apply .  However , 
contro l  method s fo r  usin g th e exper t  rule s wil l 
probabl y b e useles s fo r  th e mor e comple x in -
ference s require d whe n usin g genera l  principles . 
So th e exper t  syste m mus t  b e abl e t o selec t  (o r 
construct )  a  ne w contro l  pla n tha t  i s appropriat e 
fo r  th e typ e o f  knowledg e bein g use d a t  eac h poin t 
i n th e task .  Moreover ,  th e syste m mus t  detec t 
when an d ho w t o mak e a  gracefu l  shif t  fro m on e 
mode o f  inferenc e t o another .  I n general ,  th e 
syste m mus t  b e abl e t o develo p o r  selec t  fro m a 
stoc k o f  contro l  plan s tha t  allo w th e syste m t o 
use a  variet y o f  type s o f  knowledg e durin g tas k 
performance . 
Therefore, to build a more flexible expert 
syste m o r  a  mor e genera l  cognitiv e model ,  on e mus t 
desig n a  syste m tha t  ha s th e abilit y  t o reaso n 
abou t  control .  Furthermore ,  th e syste m mus t  b e 
abl e t o selec t  a n appropriat e contro l  regim e fo r  a 
specifi c  tas k context .  I t  mus t  hav e th e abilit y 
t o appl y exper t  "rule s o f  thumb" ,  or ,  whe n suc h 
rule s ar e no t  available ,  i t  mus t  b e abl e t o engag e 
i n nove l  reasonin g usin g fine r  graine d an d les s 
specifi c  logica l  rules .  An d i t  mus t  b e abl e t o 
decid e whe n t o d o which .  Tha t  is ,  eithe r  a  cog -
nitiv e mode l  o r  a n exper t  syste m need s a  mean s t o 
provid e sof t  control . 

3.TH E EXPERT SYSTEM CONTROLLER (ESC ) 

Next, we briefly describe some features of an 
exper t  syste m w e ar e developin g tha t  realiz e th e 
concep t  o f  sof t  control .  A s state d earlier ,  th e 
primar y applicatio n o f  thi s syste m i s a s a n exper t 
syste m t o contro l  othe r  exper t  systems .  However , 
i n creatin g a  proble m solvin g architectur e i n 
whic h bot h domai n an d contro l  pla n reasonin g ar e 
supported ,  w e ar e developin g a  typ e o f  mode l  tha t 
may als o b e valuabl e a s a  framewor k fo r  developin g 
cognitiv e model s i n whic h meta-cognitiv e processes , 
as wel l  a s th e processe s an d knowledg e the y con -
trol ,  ca n b e explicitl y  described . 
In order that our Expert System Controller 
(ESC)  hav e th e capabilit y  t o provid e sof t  control , 
i t  mus t  hav e th e followin g features . 
An architecture which supports problem solving 

abou t  selection ,  modification ,  an d us e o f 
contro l  plan s a s wel l  a s problem s withi n a 
substantiv e proble m domain . 

A representation language for expressing 
contro l  relation s (e.g. ,  sequencing ,  tests , 
parallelism ,  etc. ) 

The ability to opportunistically modify or 
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abando n a  contro l  strateg y i n respons e t o ne w 
information . 

ESC is an extension of the Hearsay-Ill problem 
solvin g syste m (Erma n e t  al. ,  1981) .  Hearsay-Il l 
i s  a  "blackboar d model "  i n whic h knowledg e 1 s 
represente d b y a  collectio n o f  individua l  proces -
sin g component s calle d "knowledg e sources "  (KSs) . 
KSs embod y th e knowledg e associate d wit h a  particu -
la r  par t  o f  a  proble m solvin g tas k an d ar e acti -
vate d b y th e occurenc e o f  pattern s o n a  "communi -
cation s blackboard" .  KS s ca n interac t  durin g 
proble m solvin g b y leavin g ne w 'triggering "  pattern s 
on th e blackboar d tha t  activat e othe r  KSs .  Sinc e 
more tha n on e K S ca n b e activate d a t  a  time ,  a 
"scheduler "  i s  provide d tha t  make s decision s a s 
t o th e firin g orde r  o f  th e activate d KSs .  (Fo r 
th e reade r  unfamilia r  wit h th e architectur e o f 
blackboar d models ,  se e Rummelhart ,  1977 ,  pp .  103 -
116. ) 
Hearsay-III provides blackboard structures for 
bot h domai n an d schedulin g purpose s an d provide s 
fo r  th e implementatio n an d us e o f  knowledg e source s 
fo r  schedulin g a s wel l  a s domai n knowledg e sources . 
Thus ,  reasonin g abou t  schedulin g ca n b e accom -
plishe d b y method s tha t  ar e consisten t  wit h thos e 
use d fo r  proble m domai n reasoning .  I n orde r  t o 
exten d th e proble m solvin g capabilitie s o f  thi s 
model  t o th e ful l  domai n o f  contro l  concept s w e 
ar e addin g a n explici t  contro l  representatio n an d 
a mechanis m t o reac t  t o tha t  representation .  Th e 
contro l  notion s tha t  ca n b e represente d includ e 
Programmatic control relations (e.g., 

sequential ,  parallel ,  o r  conditional ) 
Non-programmatic control relations (e.g., 

co-operativ e subprocesse s [al l  o f  whic h com -
bin e t o contribut e t o som e goal ]  versu s 
competitiv e subprocesse s [eac h o f  whic h 
provide s a n alternativ e wa y t o achiev e a 
subgoal] ) 

Descriptors of problem structures, goals, 
and knowledg e sources . 

Descriptors of hierarchical plans as well as 
descriptor s o f  condition s unde r  whic h contro l 
"jumps "  ou t  o f  suc h a  pla n i n a  non-hier -
archica l  way . 

Methods based on some work we have been doing 
usin g th e Dempster-Shafe r  calculu s (Shafer , 
1976) ,  t o expres s preferenc e relation s amon g 
plan s an d activitie s (cf .  also ,  Barnett , 
1981) . 

Besides developing an explicit representation 
fo r  reasonin g abou t  control ,  w e ar e augmentin g th e 
architectur e o f  Hearsay-1I I  t o full y  suppor t  th e 
contro l  domai n a s a  problem-solvin g activity . 
Thi s extensio n provide s abilitie s suc h a s th e 
followin g 
Interpretation of control plans in the repre-

sentatio n allude d t o above . 
Filling out of partially specified control 

plan s usin g domai n independen t  contro l  know -
ledg e t o affec t  th e elaboratio n 

Optimization of execution within plans by 
usin g an y applicabl e genera l  knowledge . 

Constructio n o f  contro l  plan s usin g preferenc e 
relation s supplie d b y schedulin g knowledg e 
source s whe n mor e specifi c  contro l  constraint s 
ar e no t  available . 

Conmunication of plan progress to scheduling 
knowledg e sources ,  thu s allowin g th e schedu -
lin g knowledg e source s t o modif y an d Improv e 
plan s opportunistically . 

4.CONCLUSIONS 

The explicit control representation and other 
modification s w e ar e makin g t o th e basi c Hearsay -
Il l  architectur e provid e a  mean s t o achiev e sof t 
contro l  i n a  proble m solvin g system .  We believ e 
thi s mode l  wil l  b e usefu l  a s a  framewor k fo r  buil -
din g exper t  system s tha t  hav e greate r  flexibilit y 
and powe r  tha n thos e currentl y available . 
This framework should also interest cognitive 
scientist s whos e concer n i s model s o f  huma n cogni -
tiv e sinc e i t  provide s a  framewor k fo r  a  mode l  i n 
whic h meta-cognitiv e processe s ar e treate d uniform -
l y wit h al l  othe r  cognitiv e processes .  Newel l 
(1980 )  ha s pointe d ou t  that ,  i f  w e ar e t o ge t  ri d 
of  th e homunculu s tha t  alway s control s th e pro -
cesse s o f  cognitiv e models ,  w e mus t  incorporat e 
int o thos e model s a  representatio n o f  th e wa y tha t 
strategie s aris e fro m genera l  an d domai n specifi c 
knowledg e a s a  respons e t o tas k conditions .  Per -
haps th e issue s tha t  w e hav e raise d i n developin g 
our  notio n o f  sof t  contro l  wil l  hel p t o evic t  thi s 
homunculus . 
Note: This research was supported by Defense 
Advance d Researc h Project s Agenc y contrac t  MDA 
903-81-C-0335 .  View s an d conclusion s containe d i n 
thi s documen t  ar e thos e o f  th e author s an d shoul d 
not  b e interprete d a s representin g th e officia l 
opinio n o r  polic y o f  DARPA,  th e U.S .  Government , 
or  an y othe r  perso n o r  agenc y connecte d wit h them . Reference s 
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1.  ABSTRACT 
Algeb n wor d problen u ar e ofte n sorprisingl y har d fo r 

colleg e stadent a t o solTe .  Howerer ,  mor e stndent a ar e abl e t o 
solr e thes e problem s coneetl j  whe n aske d t o writ e a  compate r 
program ,  tha n whe n aske d t o writ e a n equation .  W e har e als o 
foon d tha t  programmers ,  wit h th e sam e leve l  o f  mat h 
experienc e a s non-programmers ,  d o consistentl y bette r  o n th e 
algebr a wor d problems ,  afte r  onl y on e semeste r  o f  a n 
introdactor y programmin g class .  W e arga e tha t  som e o f  th e 
difTicnlt y associate d wit h th e algebr a wor d problem s ca n b e 
trace d t o misconception s aboa t  wha t  th e algebrai c expressio n 
represents .  Student s ofte n appea r  t o us e a n algebrai c 
expressio n a s i f  i t  wer e a  stati c descriptio n rathe r  tha n a s 
denotin g a n activ e operatio n bein g performe d b y on e numbe r  t o 
get  anothe r  nnmber .  Althoug h programmer s m a y b e equall y 
pron e t o suc h misconceptions ,  i t  seem s tha t  experienc e wit h 
programmin g help s the m t o overcom e thes e misconceptions ,  b y 
encouragin g the m t o develo p a  mor e active ,  procedura l  vie w o f 
th e problem . 

2.  INTRODUCTION 
I n recen t  work ,  Clemen t  an d Lockhea d [Clement ,  Loehhead , 

and Monk ,  1080 ]  hav e demonstrate d tha t  ther e i s a  clas s o f 
apparentl y simpl e algebr a wor d problem s tha t  studen U find 
ver y difTicul t  U> solv e correctly .  A  typica l  proble m i s show n a s 
Exampl e 1  i n Tabl e M . 

W h en Clemen t  e t  a l  gav e thi s proble m t o a  gron p o f 
engineerin g studen U the y foun d tha t  onl y 0 3 % o f  th e grou p 
gav e th e correc t  respons e o f  S  ̂  OP .  Th e mos t  c o m m o n wron g 
answer  was :  O S ̂  P ,  th e reversa l  o f  th e cotree t  answer .  I n 
anothe r  problem ,  als o show n i n Tabl e 2-1 ,  i n whic h ther e ar e 
tw o integrals ,  onl y 2 7 % o f  th e clas s wer e abl e t o produc e a 
correc t  answer .  Thes e findings  ar e ver y robust  an d hav e bee n 
replicate d ! n a  numbe r  o f  studie s (e.g .  Solowa y e t  al ,  1982 ; 
Clemen t  e t  al ,  1980 ;  ,  Kaput ,  197 9 ) . 

Clemen t  an d hi s colleague s (Solowa y e t  al. ,  1982 ,  Clement , 
Loehhead ,  an d Monk ,  I980| .  carrie d ou t  videotape d interview s 
wit h som e o f  thes e student s t o tr y an d find  th e sourc e o f  th e 
error s The y identifie d tw o principa l  kind s o f  strategie s tha t 
student s wer e usin g t o solv e th e problems .  Som e student s use d 
a syntactic ,  wor d orde r  matchin g strategy ,  i n whic h th e orde r 
of  ke y words ,  suc h a s  'student '  an d 'professor *  an d th e 
number s fro m th e proble m description ,  wer e mappe d directl y 
ont o th e orde r  o f  symbo b appearin g i n th e equation .  Paig e an d 
Simo n (Paig e an d Simon ,  19e0 |  hav e als o argue d fo r  th e 
weaknesse s inheron t  i n thi s kin d o f  direc t  trmnalstio n strategy . 

Anothe r  strateg y tha t  student s adopte d ca n b e characterise d 
as 'stati c comparison' .  Fo r  instance ,  on e studen t  describe d th e 
equatio n i n th e followin g manne r 

There' s si x time s a s man y stndeati ,  whic h meaa s it' s  si x 
student s t o on e professo r  an d thi s (point s t o SS )  i s si x time s 
as man y student s a s ther e ar e professo n (point s t o IP) . 

'Thi s wor k « u mpportc d b y tb t  Nationa l  Scienc e Foundation ,  unde r  NS F 
Grant  IST-81-I4M0 . 

What' s wron g wit h thes e strategies f  Thei r  mai n proble m i s 
tha t  student s see m t o hav e a  static ,  descriptiv e vie w o f  algebra . 
For  instance ,  student s w h o espous e th e strateg y denote d a s 
'stati c comparison '  see m t o wan t  th e algebrai c expressio n t o 
represen t  directl y th e relativ e site s o f  th e object s i n th e 
problem .  I n s o doing ,  the y trea t  th e variable s suc h a s S  an d P 
as standin g fo r  'students *  o r  "professois "  rathe r  tha n fo r  th e 
nuTFibe r  o f  student s o r  th e numie r  o f  profeasora .  But ,  algebr a 
does no t  functio n a s a  descriptio n i n th e sam e wa y a s Englis h 
provide s descriptions .  Th e correc t  equation ,  S  ̂  O P doe s no t 
describ e th e size s o f  th e groups ,  rathe r  i t  denote s a n equivalenc e 
relatio n tha t  woul d obtai n i f  on e o f  th e groups ,  th e professors , 
wer e mad e si x time s larger .  I n thi s way ,  th e algebrai c 
expressio n represent s a n activ e operatio n tha t  i s  performe d o n 
on e numbe r  t o obtai n anothe r  number . 

3.  IMPAC T O F PROGRAMMING: 
PROCEDURALITY 
I f  th e correc t  conceptio n o f  algebr a i s a n active ,  procedura l 

one ,  the n puttin g student s i n a n environmen t  tha t  encourage s 
the m t o adop t  a  mor e procedura l  approac h shoul d hel p the m t o 
generat e correc t  solution s t o th e algeb n wor d problems . 
Programmin g i s suc h a n environment .  Indeed ,  Paper t  (Papert , 
1971 ]  ha s claime d fo r  som e tim e tha t  learnin g t o progra m ca n 
enhanc e proble m solvin g skills . 

I n previou s researc h (Clemen t  et .  aL ,  1980 ,  Solowa y e t  al. , 
1982] ,  w e foun d tha t  significantl y mor a student s coul d solv e th e 
problem s correctl y whe n th e proble m wa s presente d i n th e 
contex t  o f  writin g a  compute r  progra m tha n i a th e contex t  o f 
an equation .  W e hav e als o conducte d videoUpe d interview s 
wit h som e o f  th e student s w h o wer e unabl e t o writ e th e 
equatio n [Solowa y e t  al. ,  1982] .  I n severa l  cases ,  w e foun d tha t 
th e sam e studen t  wa s abl e t o solv e th e proble m i n th e contex t 
of  a  compute r  progra m bu t  no t  i n th e contex t  o f  a n equation . 
eve n whe n ther e wer e onl y a  fe w minute s separatin g th e tw o 
solutions .  Thes e result s suppor t  th e clai m tha t  i t  a  easie r  t o 
writ e a  progra m t o solv e a  certai n clas s o f  problem s tha t  t o 
writ e a n equation . 
4.  PROGRAMS V S EQUATIONS!  TH E 

CONTRIBUTION O F PROCEDURAL 
WORDING 
I n th e stud y reporte d I n [Solowa y e t  al. ,  1982) ,  th e 

instruction s fo r  th e tw o version s o f  th e proble m ar e worde d a 
littl e differently .  I n particular ,  th e instruction s fo r  th e progra m 
versio n ar e themselve s mor e procedura l  tha n th e instruction s 
fo r  th e equatio n version .  Thus ,  i t  m a y b e tha t  th e critica l 
facto r  i n th e stud y wa s th e wordin g o f  th e instruction s rathe r 
tha n an y differenc e betwee n writin g a n equatio n o r  a  program . 
I f  th e wordin g wa s th e critica l  factor ,  however ,  ther e shoul d b e 
a differenc e betwee n th e tw o kind s o f  wordin g fo r  non -
programmer s a s wel l  a s programmers . 

I n th e ne w stud y w e use d thre e version s o f  th e algebr a wor d 
problem ;  thes e ar e show n i n Tabl e 4-1 .  Th e equatio n an d th e 
progra m versio n ar e th e one s use d i n th e previou s study ;  th e 125 



functio n •ersio a i s new .  W e n n thi i  stud y wit h student s wh o 
had D O prognmmin g experienc e a s wel l  a s wit h student s wh o 
had take n a t  leas t  on e programmin g course .  Th e programme n 
receire d al l  thre e Tersions ,  whil e th e non-programmer s wer e 
gire n th e equatio n an d th e functio n Tersion s o f  th e problem . 
Each studen t  sa w onl y on e rersio n o f  th e problem . 

Th e data ,  whic h ar e show n i n Tabl e 4-2 ,  sho w tha t  th e 
procedura l  wordin g o f  th e instruction s ha d n o effec t  o n 
accurac y fo r  th e non-programmers .  Th e programmers ,  o n th e 
othe r  hand ,  di d writ e mor e correc t  equation s whe n gire n th e 
procedura l  instruction s tha n whe n give n th e original ,  equatio n 
version .  A s i n th e previou s study ,  ther e wa s als o a  significan t 
improvemen t  fo r  writin g program s ove r  writin g equation s wit h 
non-procedura l  instructions .  Th e result s sho w tha t  th e 
procedura l  wordin g o f  th e instruction s onl y improve s 
peiformaae e i f  student s hav e ha d programmin g experience . 
O ne implicatio n o f  thes e result *  i s  tha i  proeedora l  wardin g 
alon e i s no t  sufficien t  t o induc e peopl e t o adop t  a  mor s activ e 
rie w o f  algebra ;  peopl e nee d experienc e i n a  procedura l  domai n 
suc h a s progiumming . 

6.  TRANSFER EFFECTS F R O M 
PROGRAMMING T O ALGEBRA 
Th e result s o f  th e previou s stud y sugges t  tha t  i t  i s 

experienc e wit h programmin g rathe r  tha n th e preeeduralit y o f 
th e instruction s tha t  i s  critical .  I n th e nex t  stud y w e examine d 
more directl y whethe r  programmer s d o bette r  o n th e algebr a 
wor d problem s tha n non-programmers ,  whe n th e problem s ar e 
presente d i n th e standar d non^proeedura i  context . 

We constructe d a  larg e diagnosti c '«s t  containin g 1 7 algebr a 

EXAMPLE 1 

Givc a th e foUowia g statemeat : 

'There an six times as maay aUdcats as ynltmon at this 
Uaivenitr * 

WriU aa eqaatin to repieatat the above statement. Use S 
fo r  th e aambe r  o f  stadeat t  sa d P  fo r  th e aambs r  o f 
profaMon . 

•  Result :  0 3 % correc t 

•  Typica l  wron g answe r  O S «  P 

EXAMPLE 2 

Gire a th e foUowia f  statemeat : 

'At  Miady's restaaraat, for every foar people who order 
cheesecake ,  ther e ar e Rv e peopl e wh o orde r  stnideL ' 

WriU aa eqaatioa to repreaeat the above statemcat. Use C 
fo r  th e nambe r  o f  cheesecake s ordere d aa d S  fo r  th e aombe t 
of  stradd s ordered . 

•  Result :  2 7 % correc t 

•  Typica l  wron g answe r  4 C — 5 S 

Tab l e 3-1 : 
EXAMPLES OF ALGEBRA WORD PROBLEMS 

PROBLEM 

'At Mindt't rtttaurant, far even low ptoplt mho orim 
ekeuteak t  tktr t  ar t  Ji m peopi *  vk o orit r  ttmid .  • 

1.  E Q U A T I O N 

Write a mathematical equation to represent the above 
statemeat . 

2.  PROGRAM 

Write a computer pragram which eaa be esad to calealato 
th e aambe r  o f  cheesecake s ordere d whe n npplia d wit h th e 
namber  o f  stmdsl i  ordered . 

3.  F U N C T I O N 

Write a mathematical fvnctioa which eaa be used to 
caieolat e th e aambe r  o f  cheesecake s ordere d whe n sapplie d 
wit h th e aambe r  o f  stnidei s ordered . 

Tab l e 4-1 : 
E X A M P L ES O F W O R D I NG 

word problems as well a* filler items. The test was 
administere d t o 2 8 peopl e wit h n o programmin g experienc e an d 
32 peopl e wh o ha d jus t  complete d a  semeste r  o f  a n 
introductor y programmin g course .  Th e group *  wer e equate d 
fo r  leve l  o f  mat h experienc e an d i n man y othe r  respect s ha d 
simila r  academi c background* .  Man y o f  th e peopl e takin g th e 
programmin g cours e ha d major s i n non-scientifi c  subject *  suc h 
as Histor y o r  Englbh ,  whil e som e o f  th e non-programmer s ha d 
major s i n fields  suc h a *  psycholog y whic h include s som e mat h 
experienc e i s th e for m o f  statistics . 

Al l  th e problem s wer e presente d i n a  non-programmin g 
contex t  an d non e o f  th e problem s ha d procedura l  wording . 
Over  th e 1 7 problems ,  th e non-programmer *  go t  a n averag e o f 
04.5 % o f  th e problem *  correc t  whil e th e ptogrammet *  go t  a n 
averag e o f  7 5 % o f  th e problem *  correct .  Thi s difretene e 
betwee n th e group *  wa *  significan t  ( t  — 4.7 ,  p  <  0.0006) . 
Althoug h th e averag e performanc e betwee n th e tw o group * 
differe d b y onl y 1 0 % ,  th e significanc e o f  th e differenc e reflee u 
a smal l  bu t  consisten t  improvemen t  ove r  al l  th e problem s fo r 
th e programmin g group . 

I t  ma y b e argued ,  tha t  althoug h w e controlle d fo r  leve l  o f 
mat h experience ,  an d academi c background ,  th e programmin g 
grou p a s a  whol e wer e smarte r  tha n th e non-programmen .  I f 
thi s i s th e ease ,  w e shoul d expec t  t o find  a  fairl y constan t  rat e 
of  improvemen t  ove r  al l  th e problems .  However ,  th e dat a d o 
not  suppor t  tha t  argument .  Som e sens e o f  th e kin d o f 
advantag e conferre d b y programmin g experienc e ca n b e 
illustrate d b y examinin g on e se t  o f  problem s tha t  wer e include d 
i n th e test . 

Ther e ar e thre e mai n form s i n whic h th e solutio n equatio n 
ca n b e expressed .  I t  ca n b e expresse d a s a  multipl e ,  e.g .  5 C — 
4S;  a s a  ratio ,  e.g .  C/ S • •  4/5 ;  o r  wit h a  singl e variabl e o n on e 
side ,  e.g .  C  — 4/ 5 S .  Th e wron g solution s ar e mos t  ofte n 
expresse d i n th e for m o f  a  multiple ,  th e rati o i s th e for m 
student s see m mos t  familia r  with ,  an d th e thir d for m i s th e on e 
appropriat e t o th e equatio n writte n i n a  compute r  program . 
We include d i n th e test ,  a  se t  o f  problem s i n whic h peopl e wer e 
give n solutio n fragment s i n eac h o f  thes e thre e forms . 

Th e percen t  correc t  completion s fo r  th e tw o group s o f 
subject s ar e show n i n Tabl e 5-1 .  W h e n w e compare d 
performanc e o n eac h versio n o f  th e proble m acroe s th e tw o 
groups ,  w e foun d tha t  ther e wa s n o reliabl e differenc e betwee n 
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N O N - P R O G R A M M E RS 

FUNaiON EQUATION 

CORRECT 82 73 

INCORRECT 40 49 

Equation «s Function: N.S. 

PROGRAMMERS 

FUNCTION EQUATION PROGRAM 

CORRECT 71 48 77 

INCORRECT 32 63 22 

a.  CONCLUSIONS 
Ther e ar e a  numbe r  o f  reason s wh y prognnunin g ma j 

enhanc e certai n proble m aolTin g abilities .  Thes e reason s rang e 
fro m th e explicitnes s require d b j  th e sjmta x o f  programmin g 
languages ,  throug h t o th e practic e o f  'debugging '  an d numbe r 
cheekin g tha t  i s  encourage d i n programming .  Howerer , 
perhap s th e mai n benefi t  o f  programmin g i s tha t  i t  proride s th e 
studen t  wit h a  mode l  o f  a n actir e input/outpu t  transformatio n 
whic h function s a s a  metapho r  o f  change .  I t  seem s clea r  tha t 
peopl e shoul d b e encourage d t o derelo p sldU s tha t  hel p the m t o 
construc t  thes e kind s o f  models .  Th e result s o f  th e studie s w e 
reported ,  sugges t  tha t  thes e skill s  ar e bes t  derelope d i n th e 
contex t  o f  learnin g t o program . 

Re fe re n 

Equstio n y s Function :  p  <  0.0 1 
Equatio n » s Progrta :  p  <  0.00 1 
Functio n « s Prograa :  N.S . 

T»bl « <t.3 i 
The numbe r  o f  peopl e grre a eac h proble m 
typ e wh o produce d a  correc t  an d iaeome t 

solutio n 

(•uitipis ) 
? C  =  ?  S 

(ratio ) 
? C 

NON-PROC 

36S 

PROC 

SOS 

68S 78$ 
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(singl e Isttsr ) 
? 

C =  -  S 
T 

361 59S 

T a b U S-l i  EQUATION FRAGMENT: 
Percen t  correc t  response s fo r 

each solutio n typ e 

the programmers and the non-programmen except on the 
fragmen t  tha t  ha d th e for m o f  a  singl e lette r  o n th e lef t  han d 
sid e (x ^  — 3.3S ,  p  <  .10) .  Thes e da U mitigat e agains t  claim s 
tha t  th e programmer s ma y har e don e bette r  becaus e the y wer e 
smarter .  Moreover ,  th e dat a sugges t  tha t  experienc e wit h 
programmin g confer s quit e specifi c  proble m solvin g skill s t o 
othe r  domain s suc h a s algebr a wor d problems . 
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Arithmeti c Procedure s i n Everyda y Situation s 
Jea n Lav e 

Universit y o f  California ,  Irvin e 

The ubiquit y an d unremarkabl e characte r  o f 
routin e activitie s suc h a s grocer y shoppin g 
qualif y the m a s ap t  target s fo r  th e stud y o f 
though t  i n it s customar y haunts .  Fo r  th e sam e 
reasons ,  suc h activitie s ar e difficul t  t o analyze . 
I  approac h th e task ,  however ,  i n th e convictio n 
tha t  th e understandin g o f  proble m solvin g depend s 
on a n integrate d conceptualizatio n o f  th e culturall y 
crystallize d activity-in-settin g withi n whic h 
problem s ar e realized .  I  hav e chose n t o focus , 
therefore ,  o n a  socia l  institution ,  th e super -
market ,  whic h i s highl y structure d i n relatio n 
t o a  clearl y define d activity-in-setting ,  grocer y 
shopping . 

The Adult Math Skills Project at U.C. Irvine 
has a s it s goa l  t o explor e arithemeti c practice s 
i n th e dail y live s o f  thei r  users .  On e branc h o f 
th e projec t  seek s t o develo p bot h theor y an d 
metho d fo r  analyzin g decision-makin g processe s i n 
grocer y shopping ,  includin g th e rol e o f  arithmeti c 
i n thes e processes .  Michae l  Murtaugh' s project , 
on whic h I  dra w heavil y here ,  involve d extensiv e 
interviewing ,  observation ,  an d experimenta l  wor k 
wit h twenty-fiv e adult ,  exper t  grocer y shopper s 
i n Orang e County ,  California .  Detaile d trans -
cribe d observation s o f  preparatio n fo r  shopping , 
a majo r  shoppin g trip ,  an d it s aftermat h provid e 
dat a fo r  th e analysi s sketche d her e (an d se t  ou t 
i n detai l  i n ou r  recen t  paper .  Recountin g th e Whol e 
Enchilada :  Th e Dialectica l  Constitutio n o f  Arith -
meti c Practice .  Th e Orang e Count y resident s var y 
i n ag e fro m 2 1 t o 80 ,  i n incom e fro m $8,00 0 pe r 
famil y t o $100,000 ,  an d i n schoolin g fro m 8t h 
grad e t o a n M.A .  Twenty-tw o ar e female ;  al l  ar e 
nativ e speaker s o f  Englis h whos e schoolin g too k 
plac e i n U.S .  publi c schools . 

Certain aspects of activity settings have 
durabl e an d publi c properties .  Fo r  example ,  th e 
supermarke t  i s a  durabl e entity— a physically , 
economically ,  politicall y an d sociall y organize d 
space-in-time .  Th e supermarket ,  i n thi s sense , 
i s calle d a n "arena. "  Th e supermarke t  a s aren a 
i s outsid e of ,  ye t  encompasses ,  th e individual , 
providin g a  highe r  orde r  institutiona l  framewor k 
withi n whic h "setting "  i s constituted .  Th e 
settin g o f  grocer y shoppin g i s th e aren a a s 
acte d i n b y th e individual .  Th e settin g i s th e 
shopper' s edite d versio n o f  th e arena ,  generate d 
by hi s o r  he r  routin e grocer y shoppin g activity 
i n th e supermarket .  A s setting ,  som e aisle s 
of  th e supermarke t  d o no t  exis t  a s par t  o f  a 
shopper' s fiel d o f  action ,  whil e other s ar e 
fine-feature d area s i n whic h th e shoppe r 
routinel y make s severa l  choice s an d stil l 
other s serv e onl y a s broa d cue s t o a  particular , 
routinel y purchase d items . 

It is in this sense that it is possible to 
tal k abou t  th e dialectica l  relatio n o f  settin g 
and activity .  A  shoppe r  passe s th e generi c 
product s wit h a  sudde n coming-into-focu s o f  thei r 
funny ,  plai n appearance .  Sh e stop s t o investigate , 
realize s ther e i s a  tradeof f  betwee n th e comfort s 
of  know n product s an d th e possibilit y  o f 
lowe r  prices .  Thi s create s a  ne w category  i n he r 
repertoir e o f  money-savin g shoppin g strategies , 
whic h i n tur n lead s he r  t o atten d t o i t  o n th e 
nex t  trip ,  an d o n late r  trip s perhaps ,  t o mak e a 
regula r  chec k a t  thi s aisl e befor e proceedin g 
elsewhere .  Th e settin g fo r  futur e shoppin g trip s 
i s thereb y transforme d int o a  mor e extensiv e routin e route ,  an d th e activit y o f  grocer y 128 

shoppin g i s transforme d b y chang e i n th e setting . 
On futur e visit s a  revie w o f  price-savin o possi -
bilitie s o n a  smal l  bu t  divers e se t  o f  product s 
wil l  preced e consideratio n o f  th e bran d nam e 
project s i n thei r  usua l  locations . 
Grocery shopping is composed of repeated 
processe s o f  decisio n makin g whic h hav e th e 
effec t  o f  reducin g numerou s possibilitie s t o 
singl e item s i n th e car t  o n th e basi s o f  quali -
tativ e characteristic s whic h differentiat e items . 
Arithmeti c proble m solvin g i s bot h a n expressio n 
of  an d a  mediu m fo r  dealin g wit h stalle d decisio n 
processes .  I t  Is ,  amon g othe r  things ,  a  mov e 
outsid e th e characteristic s o f  th e produc t  t o 
it s characterizatio n i n term s o f  a  standar d o f 
value ,  money .  I t  bring s th e particula r  decisio n 
proces s t o a n en d i f  arithmeti c calculatio n lead s 
t o a  decisio n t o purchas e a  particula r  item . 
Given these circumstances and the predicament 
shopper s face ,  presente d wit h a n abundanc e o f 
good s t o choos e fro m bu t  n o choic e othe r  tha n t o 
make choices ,  arithmeti c proble m solvin g ver y ofte n 
act s a s a  rationalizatio n o f  essentiall y  arbitrar y 
"choices. "  Suppor t  fo r  thi s interpretatio n o f  th e 
rol e o f  arithmeti c calculatio n i n routin e decisio n 
makin g (a s servin g t o produc e rationa l  account s fo r 
choice s whic h ar e onl y apparent )  come s fro m 
Murtaugh' s researc h o n decisio n processe s use d b y 
shopper s i n choosin g grocer y items .  H e demon -
strate s tha t  arithmetic ,  i f  utilize d i n th e cours e 
of  choosin g a  particula r  grocer y item ,  i s employe d 
near  th e en d o f  th e process ,  whe n th e numbe r  o f 
choice s stil l  unde r  consideratio n i s n o greate r 
tha n thre e an d rarel y greate r  tha n two .  Thus ,  a 
partia l  analysi s show s tha t  thirtee n shopper s 
purchase d 45 0 grocer y items .  Of  thes e items .  18 5 
involve d sna g repai r  o f  som e variety,  an d 7 9 o f 
thes e latte r  Item s involve d proble m solvin g whic h 
utilize d arithmetic .  I n al l  ther e wer e 16 2 
episode s o f  calculating ,  approximatel y tw o cal -
culation s pe r  ite m o n whic h calculatio n occurred . 
I t  woul d b e difficul t  t o pictur e arithmeti c pro -
cedure s a s majo r  motivation s drivin g shoppin g 
activity .  Justifyin g choice s jus t  befor e an d 
afte r  th e fac t  i s  a  mor e appropriat e descriptio n 
of  th e common rol e o f  arithmeti c i n shopping . 
So far I have said that a "problem" in 
routin e activitie s i s a n interruptio n o r  sna g 
i n individuall y constitute d routin e an d tha t 
arithmeti c i s ofte n use d i n a  rationalizin g 
capacit y t o overcom e snags .  A  thir d critica l 
characteristi c o f  proble m solvin g follow s 
fro m th e characte r  o f  activity-settin g relation s 
as a  whol e (a s analyze d i n th e ful l  versio n o f 
th e paper) :  Th e relatio n betwee n activit y an d 
settin g i s a  dialectica l  one ;  (arithmetic ) 
proble m solvin g i s par t  o f  tha t  activity-in -
settin g an d thu s mus t  confor m t o th e sam e 
dynamic .  I t  follow s fro m thi s positio n 
tha t  th e act1v1ty-in-sett1n g o f  grocer y 
shoppin g i s crucia l  i n shapin g problem-solvin g 
activities .  Th e dat a suppor t  thi s view . 

In the course of our research, shoppers took 
an extensiv e paper-and -  penci l  arithmeti c test , 
coverin g integer ,  decimal ,  an d fractio n arith -
metic ,  usin g addition ,  subtraction ,  multiplica -
tio n an d divisio n operations .  Th e sampl e o f 
shopper s wa s constructe d s o a s t o var y i n 
amount  o f  schoolin g an d i n tim e sinc e schoolin g 
was completed .  Problem-solvin g succes s 



average d 59 % o n th e arithmeti c test ,  compare d 
wit h a  startlin g 100*—error-free—arithmeti c 
i n th e supermarlcet ,  an d thi s i n spit e o f  th e 
fac t  tha t  a  numbe r  o f  problem s o n th e tes t  wer e 
constructe d t o hav e exactl y th e sam e arithmeti c 
propertie s a s problem s grocer y shopper s success -
full y solve d i n th e supermarket . 
Subtest scores on the math test are highly 
correlate d wit h eac h other ,  bu t  non e correlates 
significantl y wit h frequenc y o f  arithmeti c proble m 
solvin g i n th e supermarket .  Number  o f  year s o f 
schoolin g i s highl y correlate d wit h performanc e 
on th e mat h tes t  bu t  i s  no t  significantl y 
correlate d wit h frequenc y o f  calculatio n i n th e 
supermarket .  Year s sinc e schoolin g wa s complete d 
i s significantl y correlate d wit h mat h tes t  per -
formanc e bu t  no t  wit h grocer y shoppin g arithmetic . 
However it may be noted that my position is 
not  on e o f  extrem e situationa l  specificity . 
Althoug h ther e i s no t  tim e t o discus s i t  here ,  I 
tak e th e vie w tha t  an y activity-in-settin g i s 
interelate d wit h interpenetrates ,  othe r  activities -
in-settings .  Thes e relation s ar e th e basi s o f 
th e generality ,  i n th e sens e o f  spread ,  o r  mul -
tipl e us e of ,  knowledg e acros s situations ,  in -
cludin g arithmetic . 
But the main point here is to illustrate 
th e dialectica l  for m o f  arithmeti c proble m solvin g 
i n th e routin e activity-settin g o f  grocer y shopping . 
A successfu l  accoun t  o f  problem-solvin g proce -
dure s wil l  explai n tw o puzzle s uncovere d i n pre -
liminar y attempt s t o analyz e grocer y shoppin g 
arithmetic .  Th e firs t  i s  th e error-fre e arith -
meti c performanc e i n th e supermarke t  b y shopper s 
who mad e frequen t  error s i n paralle l  problem s i n 
forma l  testin g situations .  Th e othe r  i s th e 
frequen t  occurrenc e o f  mor e tha n on e attemp t  t o 
calculat e durin g a  singl e decisio n segmen t  o f 
shopping . 

First it is useful to make explicit what 
I s dialectica l  abou t  th e proces s o f  problem-solving . 
The routin e natur e o f  grocer y shoppin g activit y 
and th e locatio n o f  arithmeti c a t  th e en d o f 
decision-makin g processe s abou t  grocer y item s 
withi n th e activit y o f  grocer y shoppin g suggest s 
tha t  ther e must  b e ric h conten t  an d shap e t o a 
proble m solutio n a t  th e tim e arithmeti c become s 
an obviou s nex t  step .  Problem-solvin g unde r 
thes e circumstance s i s a n iterativ e proces s 
involvin g move s betwee n wha t  th e shoppe r  know s 
and th e settin g hold s tha t  migh t  help ,  o n th e on e 
hand ,  an d wha t  th e solutio n look s like ,  o n th e 
other ,  sinc e man y o f  th e solution' s parameter s ar e 
alread y i n plac e a s th e resul t  o f  th e prio r  pro -
ces s o f  deciding ,  u p t o a  point ,  what  t o purchase . 
The dialectica l  proces s i s on e o f  gap-closin g 
betwee n strongl y specifie d solutio n characteristic s 
and th e input s an d procedura l  possibilitie s fo r 
solvin g th e problem . 
Thus, a change in either solution shape or 
resource s o f  informatio n lead s t o a  reconstitutio n 
of  th e other :  Th e solutio n shap e i s generate d a s 
th e produc t  o f  th e decisio n proces s u p t o th e 
snag .  Proble m identificatio n change s th e salienc e 
of  settin g characteristics .  Thi s i n tur n suggests , 
more powerfull y tha n before ,  procedure s fo r  genera -
tin g a  specifi c  solution ;  informatio n an d proce -
dura l  knowledg e accesse d b y min d and/o r  ey e mak e 
possibl e a  mov e toward s th e solutio n o r  sugges t  a 
chang e I n th e solutio n shap e tha t  wil l  dra w i t 
close r  t o th e informatio n a t  hand . 
These basic points are illustrated by a 
shoppin g episod e i n whic h th e shopper ,  J .  ( a 4 3 

yea r  ol d woman wit h 4  children) ,  discusse s th e 
pric e o f  noodles—noodle s las t  wee k an d this ,  bi g 
package s an d littl e ones ,  differen t  brands ,  an d 
so on ,  a s sh e replace s th e famil y supply . 

She begins by taking a package of noodles off 
th e shel f  an d puttin g i t  i n he r  cart .  I t  i s  th e 
kin d sh e customaril y  buys .  Perfectio n elbo w noodles , 
32 ounces ,  $1.12 .  A s sh e doe s s o sh e conwent s tha t 
i t  i s  cheape r  tha n America n Beaut y noodles .  I t  i s 
clea r  fro m he r  actio n o f  placin g th e packag e i n 
th e cart  tha t  a  decisio n ha s bee n made ,  an d th e 
decisio n prefigure s an d shape s th e cours e o f  cal -
culation s t o come .  Th e arithmeti c proble m J . 
wil l  wor k o n durin g th e res t  o f  th e segmen t  i s t o 
decid e whic h i s th e bette r  buy ,  whic h give s mor e 
fo r  th e money :  Th e on e sh e purchased ,  o r  on e o f 
thre e size s o f  America n Beaut y Noodles :  2 4 ounce s 
fo r  $1.02 ,  4 8 ounce s fo r  $1.79 ,  o r  6 4 ounce s fo r 
$1.98 .  Afte r  a  digressio n abou t  goulash ,  J .  an d 
th e anthropologist ,  (M.) ,  ge t  bac k t o noodles . 
J.: There's large elbow /noodles/. This 

I s reall y th e too—larg e econom y bag .  I 
don' t  kno w i f  I ,  probabl y tak e me si x 
month s t o us e thi s on e I  don' t  know ,  I 
jus t  neve r  bough t  tha t  hug e siz e lik e 
that .  I  neve r  checke d th e pric e thoug h 
on it .  Bu t  bein g America n Beaut y i t 
probabl y cost s mor e eve n i n th e larg e 
size . 

J. here has reiterated somewhat more firmly than 
befor e he r  opinio n tha t  America n Beaut y i s mor e 
expensiv e tha n othe r  brands .  Th e resolutio n o f  th e 
numerica l  compariso n i s takin g o n cleare r  outlines . 
The nex t  Interchang e start s a  proces s o f  simplifi -
catio n o f  th e arithmeti c comparison .  Sh e trans -
form s larg e numbe r  o f  ounce s int o a  smal l  numbe r 
of  pounds . 

M.:  That' s what ,  that' s 6 .  .  . 
4 pound s an d wha t  di d I  buy ,  2 ? 

J. :  It' s 

That  thi s i s phrase d a s a  questio n suggest s that  sh e 
i s makin g a  comparabl e chang e fro m ounce s t o pound s 
fo r  th e 3 2 ounc e packag e i n he r  cart  a s sh e ha s 
just  mad e fo r  th e 6 4 ounc e packag e o n th e shelf . 
The proble m no w look s lik e this : 
Perfection noodles, 2 pounds $1.12 

America n Beaut y noodle s 4  pound s $1.9 8 

She eventually simplifies the problem to 

2 pounds for $1, 4 pounds for $2. 

She concludes that they are equivalent buys, at 50 
cent s a  pound .  Bu t  sh e doe s no t  sto p there .  He r 
poin t  i s  t o demonstrat e a  differenc e i n pric e pe r 
pound ,  s o sh e start s ye t  anothe r  roun d o f  calcu -
latio n wit h mor e specifi c  prices ,  goin g bac k t o 
$1.1 2 i n orde r  t o produc e a  precis e enoug h calcu -
latio n t o demonstrat e th e difference .  Simplifica -
tio n doe s no t  becom e a n en d i n itself ,  then .  I n 
thes e calculation s i t  i s  jus t  on e possibl e ste p 
whose relatio n wit h th e solutio n shap e may lea d 
eithe r  t o a n en d t o calculating ,  a  retur n t o mor e 
comple x form s o f  calculation ,  o r  t o a  chang e i n 
th e solutio n shape . 
All this goes by so fast that only repeated 
analysi s o f  transcript s mak e clea r  tha t  calcula -
tio n ha s take n plac e a t  all .  Meanwhile ,  i n th e 
cours e o f  th e discussio n ther e i s ye t  anothe r 
pric e comparison .  J .  look s a t  tw o package s o f 
America n Beaut y spaghett i  noodles ,  an d see s wha t 
appear s t o b e a  justificatio n fo r  no t  buyin g a 
larg e bag : 

129 



J. :  Bu t  thi s one ,  yo u don' t  sav e a  thing . 
Here' s 3  pound s fo r  a  dolla r  79 ,  an d 
there' s 1  poun d fo r  59 . 

Having a solution, "you don't save a thing," 
confirmed ,  "Here' s 3  pound s fo r  a  dolla r  7 9 an d 
1 fo r  59, "  th e proces s o f  lookin g a t  th e bag s 
whil e readin g of f  th e informatio n require d t o 
justif y th e conclusion ,  lead s t o reassessmen t 
of  th e information :  Fo r  th e " 1 poun d package " 
i n fac t  doe s no t  weigh ,  a  pound .  Immediatel y 
she add s a  secon d roun d o f  calculations : 
J.: No, I'm sorry, that's 12 ounces. 

No,  it' s  a  savings . 

Two rounds of calculation have just occurred. The 
firs t  produce d th e conclusio n tha t  i n bot h case s 
th e noodle s wer e essentiall y  6 0 cent s pe r  pound . 
Recognizin g th e weigh t  error ,  onl y a  "les s than " 
inferenc e woul d b e require d t o mov e t o th e con -
clusio n tha t  th e bi g ba g i s i n fac t  a  saving . 
And i n th e secon d roun d thi s i s jus t  wha t  sh e does . 
However, the "only" is deceptive, as is the 
concisenes s o f  th e transcript ,  i f  the y conve y th e 
impressio n tha t  th e arithmeti c i s simpl e i n paper -
and-pencil ,  place-holdin g algorithmi c terms .  Th e 
proble m i n thes e term s woul d b e t o discove r  i f  on e 
poin t  seve n nin e divide d b y thre e i s equa l  t o 
poin t  fin e nine .  A n activ e proces s o f  simplifica -
tio n i s require d t o transfor m thi s se t  o f  operation s 
int o th e for m tha t  J .  achieves .  Thi s kin d o f 
simplifyin g transformation ,  whic h preserve s rela -
tion s an d simplifie s numerica l  representations ,  i s 
characteristi c o f  grocer y shoppin g arithmetic . 
The pattern of moves made in the course of 
J.' s  calculation s i s somethin g lik e this :  Sh e 
start s wit h a  probabl e solution ,  bu t  inspectio n o f 
evidenc e an d compariso n wit h th e expecte d conclu -
sio n caus e he r  t o rejec t  it .  Give n correcte d infor -
mation ,  sh e recalculate s an d obtain s a  ne w result . 
Thi s whol e proces s i s wha t  i s mean t  b y "gap -
closing: "  th e weavin g bac k an d fort h betwee n th e 
expecte d shap e o f  th e solutio n an d th e informatio n 
and calculatio n device s a t  hand ,  i n th e cours e o f 
whic h eac h i s repeatedl y transforme d b y th e other . 
One characteristic of the preceding account 
has bee n th e nee d t o assig n multipl e function s t o 
individua l  move s i n gap-closin g arithmeti c proce -
dures .  I t  seem s t o b e th e natur e o f  dialecticall y 
constitute d processe s t o pos e sever e problem s o f 
description .  Perhap s on e mus t  giv e u p th e goa l 
of  assignin g arithmeti c problem s t o uniqu e loca -

t'1ons--i n th e hea d o r  o n th e shelf—o r  labellin g 
one elemen t  i n a  problem-solvin g proces s a s a  cal -
culatio n procedure ,  anothe r  a s a  checkin g procedure ; 
or  eve n distinguishin g th e proble m fro m it s answer . 
I n suc h circumstance s statemen t  o f  th e problem , 
solutio n t o th e problem ,  procedur e fo r  solvin g th e 
problem ,  an d checkin g activity ,  may b e analyticall y 
indistinguishable . 

In discussing these implications of a dialec-
tica l  mode l  o f  proble m solvin g I  have ,  amon g othe r 
things ,  bee n developin g a n explanatio n o f  th e 
multiple-calculation ,  error-fre e arithmeti c practice d 
i n grocer y shopping .  Error-fre e arithmeti c i s no t 
error-fre e becaus e peopl e d o no t  mak e mistakes . 
Indeed ,  multipl e calculation s t o repai r  initia l 
difficulties ,  ar e th e rul e rathe r  tha n th e exception . 
Typica l  gap-closin g procedure s occu r  i n "rounds. " 
Dialectica l  processe s o f  proble m solvin g accoun t 
fo r  th e multipl e calculatio n phenomenon . 
Why is the end product of calculating so 
extraordinaril y  accurate ? Th e analysi s canno t  b e 
presente d i n complet e for m here .  Bu t  a  majo r  reaso n 
i s tha t  dialectica l  processe s o f  problem-solvin g 
make possibl e powerfu l  monitorin g b y th e proble m 
solver ,  du e t o th e juxtapositio n o f  problem ,  problem -
solvin g procedure ,  solutio n an d checkin g activity . 
I have tried to cover a great deal of ground 
i n a  ver y shor t  time .  Th e tal k ca n hardl y d o mor e 
tha n indicat e th e natur e o f  th e issue s take n u p i n 
th e pape r  itself .  Bu t  i n closin g i t  migh t  b e use -
fu l  t o stres s th e majo r  poin t  o f  th e exercise : 
th e dialectica l  constitutio n o f  problem-solvin g i n 
any particula r  activit y settin g grow s ou t  o f  th e 
encompassin g dialectica l  relatio n betwee n th e 
activit y an d settin g withi n whic h i t  take s place . 
The natur e o f  th e dialectica l  relatio n betwee n 
grocer y shoppin g an d th e supermarke t  generat e 
th e routines s o f  th e activit y i n settin g i n rela -
tio n t o whic h problem s ar e constitute d a s snag s 
or  interruptions .  Likewise ,  th e dialectica l  rela -
tio n betwee n shoppin g an d marke t  settin g generate s 
th e overdetermine d natur e o f  choic e an d th e 
rationalizin g characte r  o f  proble m solving ;  an d 
th e activ1ty-in-settin g directl y give s th e 
dialectica l  characte r  t o proble m solvin g fo r  i t  i s 
par t  o f  tha t  activity-in-setting . 
Arithmetic problem solving is not "the same" 
everywher e an d a t  al l  times .  Bu t  thi s i n n o wa y 
negate s th e possibilit y  o f  developin g genera l 
theor y abou t  th e constitutio n an d reconstitutio n 
of  activit y i n setting . 
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Abstrac t  -  Th e pape r  outline s te n claim s abou t  th e 
performanc e o f  novice s solvin g problem s I n physics . 
The claim s ar e the n evaluate d fro m th e literature , 
and fro m th e result s o f  a  stud y wher e synchronise d 
audi o tap e an d pape r  an d penci l  workin g record s o f 
novice s solvin g kinematic s problem s wer e made . 
Some alternativ e methodologie s fo r  investigatin g 
thes e claim s ar e discusse d an d th e futur e direc -
tio n o f  th e wor k indicated . 

Introductio n -  Th e longter m objectiv e o f  thi s stud y 
i s t o desig n Instructio n t o improv e physic s 
proble m solving .  Variou s claim s abou t  ho w novic e 
student s g o abou t  solvin g physic s problem s ca n b e 
made.  Her e ar e som e o f  them . 
1. Novices solve physics problans more slowly than 

expert s an d paus e mor e frequentl y betwee n th e 
retrieva l  o f  successiv e equation s o r  chunk s o f 
equation s tha n expert s do . 

2. Novice s hav e erroneou s idea s abou t  basi c 
physic s concepts . 

3.  Novice s mak e met a statement s (comment s abou t 
th e proble m solvin g process) . 

4. Novice s neve r  chec k bac k o r  us e rea l  worl d 
checking . 

5.  Novice s wor k backwards . 

6. Novices don't apply physical intuition to a 
proble m befor e actuall y tryin g t o solv e It . 

7. Novices don't possess rich Internal representa-
tion s fo r  comple x problems . 

8. Novices are not goal directed. 

9. Novices use consistent strategies in problem 
solving . 

10.  Novice s ca n b e taugh t  helpfu l  probl e 
strategies . 

solvin g 

Thes e claim s wil l  b e discusse d usin g tw o source s o f 
evidenc e -  report s i n th e literature ,  an d th e 
result s o f  a  stud y o f  solutio n protocol s i n kinema -
tics .  Th e claim s ar e state d i n orde r  o f  certainty . 
Thi s pape r  wil l  tak e eac h clai m i n tur n an d asses s 
it s validity .  Some ar e a s ye t  unsubstantiated . 
Futur e wor k whic h migh t  substantiat e the m wil l  b e 
discussed . 

The literatur e -  Previou s anpirica l  studie s o f  ho w 
physic s problem s ar e solve d hav e examine d th e 
knowledg e structure s discusse d i n th e basi c con -
cept s (Shavelso n 1974 ,  Rel f  1981 )  ,  examine d 
student s prio r  conception s o f  th e physica l  worl d 
(misconcepts )  (Champagn e &  Klopfe r  1980 ,  Gilber t 
& Osbourne ,  d i  Sess a 1981 )  an d examine d solutio n 
protocol s (Larki n e t  al ,  1981) . 

The Cyclop s stud y -  Th e stud y reporte d her e 
involve d th e collectio n o f  solutio n protocol s an d 
thei r  analysi s i n term s o f  proble m solvin g 
strategie s displaye d an d misconcept s reveale d 
(Scanlon ,  1981) .  Some recording s o f  Ope n Univer -
sit y (OU )  firs t  yea r  student s attempt s t o solv e 
physic s problem s wer e made .  Th e equipmen t  consist -
ed o f  a  sumn a graphic s bitpa d an d microphon e 
connecte d vi a a n interfac e bo x t o a  stere o 
cassett e recorder .  Thi s equipmen t  base d o n th e 
OU's Cyclop s technolog y allow s recording s o f  penci l 
and pape r  workin g t o b e mad e o n on e trac k o f  th e 
cassett e tap e whil e th e othe r  trac k record s an y 
word s spoke n durin g th e process .  Th e equipmen t  ha s 
been use d t o recor d children' s mathematica l  beha -
vio r  (O'She a St  Floyd ,  1981) .  Th e syste m combine s 
i n a  convenien t  for m th e student s voic e wit h a 
synchronise d dynami c recor d o f  wha t  h e o r  sh e 
writes .  Thi s stud y ha s establishe d tha t  th e 
syste m wa s suitabl e fo r  recordin g th e mixtur e o f 
handwriting ,  diagram s an d number s presen t  i n a 
typica l  adul t  physic s proble m solvin g protocol . 
The subjects were seven first year Open University 
student s wh o ha d Jus t  complete d thre e week s o f 
stud y o n elementar y mechanics .  Thei r  background s 
varie d fro m n o previou s experienc e o f  physic s t o 
A leve l  physics .  Ope n Universit y student s ar e 
adult s returnin g t o stud y afte r  som e wor k experi -
ence .  I n th e attemp t  t o attai n a n understandin g o f 
proble m solvin g skill s  i n physic s ther e ar e 
advantage s i n usin g adul t  students .  Skil l  a t 
solvin g physic s problem s i s no t  a  natura l  compe -
tenc e bu t  a  learne d skil l  -  an d on e learne d wit h 
considerabl e difficulty .  Adult s languag e compe -
tenc e i s full y  develope d s o th e notoriou s difficul -
t y o f  achievin g verbalisatio n i n protocol s shoul d 
be simples t  wit h the m (Horowit z 1980) .  Th e 
problem s selecte d fo r  th e student s wer e simpl e 
kinematic s problans .  Fro m th e repla y o f  th e 
Cyclop s tap e th e sequenc e o f  operations ,  timin g 
Informatio n o n eac h individua l  step ,  an d th e verba l 
protoco l  indicate s proble m solvin g decision s made . 

Discussio n o f  th e claim s 

1. Novice s solv e problem s mor e slowl y tha n 
experts ,  an d paus e mor e frequently . 

Exper t  an d novic e protocol s hav e bee n compare d t o 
highligh t  th e difference s (Simo n &  Simon ,  1978 , 
Larkin ,  1981) .  Expert s hav e bee n foun d t o b e 4 
time s faste r  a t  solvin g problem s tha n novices .  Th e 
paus e time s betwee n th e retrieva l  o f  successiv e 
equation s o r  chunk s o f  equation s wer e quit e differ -
ent  (Larki n 1979) .  Expert s produce d stream s o f 
equation s withou t  pausin g whil e novice s pause d mos t 
of  th e time .  I n th e Cyclop s stud y th e student s 
experience d man y difficultie s wit h th e problems . 2. Novice s hav e erroneou s idea s abou t  basi c 

physic s concepts . 

Trowbridg e (1979 )  describe s student s problem s wit h 
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Che concept s o f  velocit y an d acceleration .  Th e 
weaker  student s I n Ch e Cyclop s stud y als o ha d a 
ver y haz y notio n o f  acceleraclo n an d constantl y 
confuse d i t  wit h velocity .  Velocit y the y confuse d 
vlt h spee d an d averag e speed .  Se e Fig .  I . 
However ,  th e fac t  tha t  student s hav e a n imperfec t 
understandin g o f  som e o f  th e concept s the y nee d t o 
use doesn' t  see m particularl y surprising .  When 
thei r  understandin g drop s belo w a  cerCal n leve l  -
It s obviousl y th e mos t  Importan t  thin g Co worr y 
about .  I f  yo u can' t  tel l  acceleratio n fro m veloci -
t y you'r e goin g t o hav e troubl e doin g problem s 
abou t  either .  However ,  wha t  doe s i t  mea n t o under -
stan d a  concep t  completely ? Wouldn' c som e leve l  o f 
understandin g b e goo d enoug h fo r  al l  practica l 
purposes ? We hav e t o solv e problem s I n rea l  lif e 
i n th e absenc e o f  complet e understanding .  Some o f 
th e 'misconcepcs '  researc h seem s als o t o dra w 
questionnabl e conclusions .  I n And y d i  Sessa' s 
(1980 )  stud y o f  ho w hig h schoo l  student s manipulat e 
a dynaturtl e h e say s reveal s mlsconcept s abou t 
forc e an d acceleratio n -  bu t  thes e student s scor e 
highl y o n conventiona l  tests .  I t  reveal s somethin g 
abou t  Ch e physic s no t  havin g go t  'int o th e muscu -
lature '  bu t  wh o play s tenni s usin g Hewcon' s Laws ? 

3. Novices make meta statements 
Simon & Simon (1978) observed the difference in the 

number  o f  mec a statement s made .  B y met a statement s 
the y mea n comment s mad e b y th e student s abou t  th e 
proble m solvin g process .  Expert s mad e fewe r  met a 
statanent s tha n novice s wh o mad e mor e frequen t 
comments o n error s made ,  th e physica l  meanin g o f  a n 
equation ,  o r  overal l  direction .  Thi s findln K i s o n 
Che surfac e surprisin g bu t  ma y b e t o d o wit h th e 
novic e voicin g uncertaintie s tha t  a n exper t  doesn' t 
share .  I n th e Cyclop s stud y student s mad e man y 
suc h coDimencs . 

4. Novices never check back 
The weaker students in the Cyclops study made many 
mistake s du e t o no t  carefull y readin g th e proble m 
statement .  The y misrea d distance s fo r  speeds , 
fina l  speed s fo r  averag e speed s etc .  an d despit e 
th e fac t  tha t  thes e mistake s le d the m int o numerou s 
problem s neve r  looke d bac k t o check .  Havin g 
struggle d throug h t o a n answe r  t o th e proble m th e 
novice s neve r  checke d bac k t o se e whethe r  th e 
answer  mad e sens e I n term s o f  th e origina l  proble m 
statement . 
The better students in the Cyclops study highlight-
ed th e behaviou r  o f  Ch e novices .  The y checke d bac k 
Co variou s stage s -  bot h durin g th e proble m t o mak e 
sur e they' d solve d a  sub-proble m checke d bac k t o 
see i f  thei r  answe r  mad e sens e i n term s o f  th e 
number s give n i n th e problem .  The y als o trie d 
variou s way s o f  doin g a  proble m an d i f  somethin g 
didn' t  see n t o b e workin g ou t  the y wer e prepare d C o 
star t  agai n i n a  differen t  direction .  The y seane d 
les s prepare d Jus t  t o plo d o n regardles s o f  whethe r 
Che soludo n pat h Chey' d chose n seeme d C o b e suc -
cessfu l  o r  not . 
5. Novices work backwards 
The most contentious difference quoted in the 
literatur e i s th e differenc e i n solutio n pat h -
'workin g forwar d -  workin g backward '  (Simo n & 
Simon 1978 )  .  Th e exper t  work s fro m th e informatio n 
give n i n th e problem ,  producin g equation s whic h 
ca n b e solve d usin g th e Informatio n given .  Th e 
novic e start s b y generatin g a n equatio n whic h 
contain s th e unknow n h e i s tryin g t o fin d an d work s 
backward .  Thi s findin g seem s strang e bu t  ma y b e 
i s explaine d b y th e confidenc e fel c b y Ch e exper t 
cha t  th e proble m i s soluble .  Thi s behaviou r  wa s 

not  observe d i n th e Cyclop s study .  Student s mostl y 
starte d b y writin g dow n th e equation s the y knew . 

6. Novices don'C apply physical intuition 

Experts seem to apply Co prior quallCacive analysis 
or  physica l  InCuido n Co Ch e proble m befor e accual -
l y startin g t o solv e it .  What  seem s C o character -
is e thi s analysi s i s th e abilit y  t o represen t  th e 
proble m physicall y i n term s o f  som e rea l  worl d 
mechanism s (Larkl n &  Rei f  1979) .  I f  novice s relie d 
on thei r  physica l  intuitio n the y migh t  creat e a 
fals e analysis ,  (a s the y hav e erroneou s idea s abou t 
basi c physic s concepcs) .  I n Ch e Cyclop s stud y 
among th e novice s n o connectio n wit h th e rea l 
worl d i n solvin g th e proble m wa s apparent . 
7. Novices don't categorise problems into types 

and don' t  posses s ric h interna l  representatio n 
The expert has built up a set of fundamental sets 
of  subroutine s fo r  basi c type s o f  problem s an d 
thi s classificatio n int o proble m type s take s 
plac e ver y quickl y (Chi ,  Feltovlc h i  Glase r  1980) . 
An investigatio n o f  thi s appear s i n Chi ,  Glase r  & 
Rees (1981) .  I n answe r  t o th e questio n 'ho w doe s 
an exper t  construc t  a  mor e efficien t  subroutin e fo r 
a comple x problem? '  the y repl y tha t  'th e facilit y 
lie s i n th e ric h interna l  representatio n th e 
exper t  ha a generated' -  Th e Cyclop s stud y di d no t 
Investigat e thi s claim . 
8. Novices are not goal directed 
An important difference between experts and novices 
i s tha t  expert s ar e confiden t  enoug h tha t  the y wil l 
eventuall y succee d t o b e willin g t o tr y ou t  variou s 
approaches .  I n Ch e Cyclop s study .  Ch e novice s wer e 
playin g a  gam e o f  pretendin g C o solv e th e probleois . 
However  the y kne w tha t  reall y the y couldn' t  s o i t 
didn' t  reall y matte r  wha t  che y wrot e down .  The y 
appeare d t o conspir e wit h Ch e experimente r  t o 
preten d cha t  the y wer e lookin g fo r  a  solutio n pat h 
and mad e al l  sort s o f  met a comments .  " I  see .  .  . 
wel l  suppos e I  try" ,  bu t  Che y wer e Jus t  tryin g t o 
get  an y answe r  s o tha t  th e proble m wlij .  g o away . 
9. Novices use consistent strategies in problem 

solvin g 
Several of the weaker students in the Cyclops study 
had ' a wa y o f  doin g problems' -  Th e protocol s ar e 
littere d wit h statement s like :  "Thi s i s ho w I 
alway s d o problems "  " I  alway s dra w a  diagram "  o r 
"writ e dow n al l  th e equation s I  know "  o r  "writ e 
down everythin g i n sentences" .  Th e las t  exampl e i s 
ver y interestin g an d cam e fro m a  studen t  wh o ha s 
a grea t  dea l  o f  troubl e wit h mathematics .  Sh e say s 
tha t  sh e neve r  know s whethe r  somethin g make s sens e 
unles s sh e ca n writ e i t  dow n i n th e for m o f  a 
sentenc e s o thi s i s ho w sh e argue s he r  wa y t o a 
solution . 
The surprising result of the Cyclops study is chat 
th e poore r  student s di d see m t o b e exhibitin g som e 
sor t  o f  consisten t  wa y o f  copin g wit h bein g aske d 
t o d o physic s problem s whic h the y didn' t  kno w ho w 
t o do .  Thi s i s ronlniscen t  o f  Kath y Larkln' s 
experienc e o f  adult s doin g arithmeti c problems . 

They could remember how to do some things - they 
had 'Island s o f  Knowledge '  (Larkin ,  1978) ,  Th e 
adult s i n th e Cyclop s stud y ha d 'Island s o f 
tactics' -  The y wer e no t  basin g thei r  behaviou r 
on understandin g o f  physic s bu t  o n som e sor t  o f 
'copin g strategy' . 

Discussion - The first four claims seem incon-132 



trlvertable .  Th e flfc h i s substantiate d I n th e 
literatur e bu t  seem s i n contradictio n t o th e 
eight h clai m fro m th e presen t  Cyclop s stud y tha t 
novice s aren' t  goa l  directed .  The y onl y occasion -
all y conspir e wit h th e experimente r  t o preten d Cha y 
are .  Th e sixt h an d sevent h clai m ar e als o sub -
stantiate d thoug h vha t  ' a ric h interna l  represen -
tation '  mean s ha s ye t  t o b e define d o r  demonstra -
ted .  Mos t  o f  thes e claim s ar e i n fac t  disclaimer s 
-  they'r e statement s abou t  vha t  th e novice s don' t 
do.  Th e nint h clai m i s mad e o n th e basi s o f  th e 
presen t  stud y an d remain s t o b e full y substantia -
te d -  an d i t  i s  a  positiv e claim .  Th e tent h clai m 
i s i n fac t  a  piou s hope .  Larki n &  Rel f  (1979 )  hav e 
designe d instructio n base d o n thei r  model s o f 
exper t  physic s proble m solver s bu t  th e effect s o f 
th e Instructio n hav e no t  bee n extensivel y tested . 
The Cyclops study will be developed to investigate 
how bes t  instructio n ca n b e designe d t o improv e 
th e performanc e o f  novic e physic s proble m solvers . 
tlan y o f  th e claim s discusse d abov e whil e wel l 
substantiate d don' t  see m t o provid e man y clue s 
abou t  ho w t o d o this .  Correctin g erroneou s idea s 
abou t  basi c physic s concept s i s highl y relevan t 
and may eve n b e relate d t o th e questio n o f  physica l 
intuitio n an d ric h interna l  representation .  (Rei f 
a Helle r  1982) .  Als o Importan t  ar e question s o f 
strateg y checkin g bac k etc .  T o procee d furthe r 
model s mus t  b e buil t  whic h reflec t  th e feature s 
of  novic e proble m solvin g whic h instructio n woul d 
be designe d t o remedy . 
Three options for this modelling are possible. 
construct models based on the means ends 

knowledg e developmen t  distinctio n (e.g . 
Larki n &  Simon ,  1981 ) 

take an expert system and alter it to 
generat e th e type s o f  error s whic h student s 
make (e.g .  Pries t  1979 ) 

construct models based on the notion of a 
direc t  translatio n mode l  o f  physic s proble m 
solving . 

The first option is one which has already been 
explored .  Larkin ,  McDermott ,  Simo n an d Simo n 
(1980 )  describ e tw o relate d model s -  th e knowledg e 
developmen t  mode l  whic h simulate s exper t  behaviou r 
and th e Mean s En d mode l  fo r  novices .  Thes e ar e a 
developmen t  o f  th e Simo n an d Simo n workin g forwar d 
and backwar d model s whic h solv e dynamic s (a s wel l 
as kinematic )  problem s an d ar e mor e elaborate d t o 
simulat e behaviou r  mor e closely .  Th e similaritie s 
betwee n thes e tw o method s ar e mor e importan t  tha n 
th e differences .  Bot h requir e a n over t  statemen t 
of  goals .  I n th e Cyclop s stud y th e novic e student s 
didn' t  hav e goal s however .  Thes e model s see m to o 
sophisticate d t o eve r  generat e th e type s o f  erro r 
see n i n th e study . 
A similar objection can be raised to the second 
option .  Mech o i s a  progra m writte n i n Prolo g whic h 
solve s a  wid e rang e o f  mechanic s problem s fro m 
statement s i n Englis h (Bund y 1979) .  Bot h Mech o an d 
als o Isaa c (Nova k 1976 )  coul d i n principl e b e 
altere d t o generat e th e type s o f  error s describe d 
abov e (Pries t  1979) .  Howeve r  th e behaviou r  o f 
thes e novice s see m muc h to o inexper t  fo r  tha t  t o 
see m psychologicall y valid . 
We propose to take a direct translation program 
lik e STUDENT (Bobro w 1968 )  whic h operate s I n th e 
domai n o f  algebr a stor y problem s an d alte r  i t  t o 
handl e thes e limite d physic s problems .  Student s i n 
th e Cyclop s stud y confuse d velocit y wit h accelera -
tion ,  treate d an y quantitie s i n th e proble m almos t 

as bein g completel y inter-changeable .  Thi s progra m 
woul d b e abl e t o generat e suc h error s an d accoun t 
fo r  man y o f  th e error s observe d I n th e study .  I f 
suc h a  mode l  coul d generat e a  larg e proportio n o f 
th e error s observed ,  thi s woul d provid e stron g 
evidenc e o f  th e nee d fo r  instructio n t o correc t  th e 
misconcepts . 
Assuming this activity was successful how could it 
be use d t o advantag e t o desig n som e physic s 
Instruction ? Ther e ar e tw o complementar y approach -

Firstl y i t  i s  necessar y t o buil d confidence .  Th e 
consistenc y o f  strategie s observe d amon g novice s 
i s I n fac t  a  weaknes s whic h need s t o b e corrected . 
They wer e probabl y sufferin g fro m a  lac k o f  confi -
denc e whic h woul d allo w the m t o explor e alternativ e 
method s o f  solution .  The y nee d mor e opportunitie s 
t o explor e these . 
Secondly misconcepts should be corrected. The 
literatur e o n compute r  game s applie d t o physic s 
(VJhit e 1980 )  i s attractive .  Thes e provid e a  wa y 
of  combinin g a n ai d fo r  th e exploratio n o f  concept s 
wit h a  wa y o f  flexibl y explorin g ho w t o solv e a 
proble m tha t  migh t  b e enjoyable .  Th e modellin g 
activit y describe d abov e woul d provid e a  basi s o n 
whic h th e exploratio n o f  concept s i n th e gam e woul d 
be designed . 
Conclusion - Many claims about how novices solve 
problem s hav e bee n made .  B y usin g synchronise d 
audi o tap e an d pape r  an d penci l  workin g records , 
i t  ha s prove d possibl e t o investigat e mor e care -
full y th e exten t  t o whic h som e o f  thes e claim s ar e 
true .  A  stronge r  tes t  wil l  b e t o bas e instruc -
tiona l  materia l  directl y o n th e type s o f  miscon -
cept s an d affectiv e feature s associate d wit h thi s 
vie w o f  novice s physic s proble m solvin g behaviour . Acknowledgemen t  -  We ar e gratefu l  t o Jo n Slac k fo r 
helpfu l  comment s o n draft s o f  thi s pape r  an d t o 
Andy d i  Sessa ,  Pau l  Feltovich ,  Jil l  Larkin ,  Fre d 
Rei f  an d Richar d Youn g fo r  helpfu l  discussions . 
Our  thank s ar e als o du e t o Clair e Jone s fo r  typin g 
thi s paper . 
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acceleratio n wit h posit ion ,  averag e 
velocit y wit h instantaneou s 
velocity ) 

Incorrec t  interpretatio n o f  th e 
wor d 'uniform ' 

3.  Misreadin g o f  item s i n th e proble m 
statemen t 

4 .  Drawin g misleadin g diagram s 

5.  Incorrectl y rememberin g equation s o f 
motio n t o b e use d 

6.  Substitutin g th e wron g value s int o 
th e equation s o f  motion s 

7.  Misunderstandin g th e meanin g o f  a 
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ASSOCIATIVE ENCODING A T SYNAPSES,  William  B  Levy , 
Cente r  fo r  Cognitiv e Science ,  Brov m U. ,  an d Dept . 
of  Neurosurgery ,  U .  Virgini a Med .  Sch. ,  Charlot -
tesville ,  Virgini a 

The las t  1 0 year s ha s see n publicatio n o f 
severa l  neura l  model s capabl e o f  performin g con -
cep t  formation ,  associativ e learnin g an d recall , 
and patter n recognition .  A t  th e bas e o f  al l  thes e 
model s i s on e o r  anothe r  rul e fo r  associativ e syn -
apti c modification .  Thu s th e exac t  modificatio n 
rul e seem s t o distinguis h on e mode l  fro m another . 
Certainl y specifyin g suc h a  rul e severel y restrict s 
th e remainin g degree s o f  freedo m lef t  t o th e 
modeler . 

Our  neurophysiologica l  researc h ha s concen -
trate d o n establishin g th e existenc e o f  a t  leas t 
one suc h "synapti c learnin g rule "  and ,  further ,  o n 
specifyin g th e propertie s o f  thi s rul e sufficient -
l y s o tha t  a  differentita l  equatio n describin g th e 
modificatio n rul e coul d b e reasonabl y proposed . 

The simples t  for m o f  th e equatio n I s 
dm ĵ 
dt 

yjCcX i  -  m^j ) 

mj  J  i s th e strengt h o f  th e synaps e forme d b y th e 
afferen t  i  an d th e postsynapti c cel l  j;y .  i s  th e 
net  excitatio n o f  th e j ^ "  postsynapti c cell ;  c  i s 
a positiv e constant ;  Xj ^  i s  th e frequenc y o f  th e 
i'* '  afferen t  whic h b y definitio n i s nonnegative . 
The exac t  for m o f  y  i s no t  know n thoug h i t  doe s 
appea r  t o b e a  nonnegativ e functio n tha t  increase s 
wit h postsynapti c excitatio n an d decrease s wit h 
postsynapti c inhibition .  Ofte n y  i s assume d t o b e 
a linea r  functio n o f  synapti c excitation . 

By performin g th e Indicate d multiplicatio n i t 
i s  see n tha t  th e ter m yc x correspond s t o Hebb' s 
predicte d encodin g o f  correlate d pre -  an d postsyn -
apti c activity .  Th e othe r  ter m (-ym )  i s neede d t o 
accoun t  fo r  th e erasabl e aspec t  o f  thes e synapses . 
Wit h th e linea r  assumptio n fo r  th e siz e o f  y ,  th e 
equatio n predict s a  globall y asymptoticall y stabl e 
solutio n i n whic h th e valu e o f  th e synapse s o n a 
cel l  g o t o th e dominan t  eigenvecto r  o f  th e auto -
correlatio n matri x o f  th e Inputs . 

The initia l  discorver y o f  lon g ter m potenti -
atio n b y Blis s an d L ^ o provide s th e firs t  clea r 
neurophysiologica l  evidenc e fo r  a  cellula r  analo g 
of  memor y storage .  Toda y thi s experimenta l  mode l 
i s a n eve n bette r  analo g sinc e lon g ter m potenti -
atio n i n th e dentat e gyru s o f  th e hippocampu s i s 
known t o b e a n associativ e phenomeno n dependen t 
upon th e correlate d activit y o f  convergen t  ex -
citator y afferents .  Th e combine d co-activit y o f  a 
presynapti c inpu t  an d sufficien t  synapti c excita -
tio n o f  a  postsynapti c cel l  produce s a n Increas e 
of  th e synapti c strengt h o f  th e particula r  synap -
ses Involve d i n thi s co-activity .  Moreover ,  thi s 
potentiatio n i s accompanied ,  a t  othe r  convergin g 
synapses ,  b y th e phenomeno n o f  lon g ter m depres -
sio n a n erasure-lik e proces s tha t  decrease s syn -
apti c strength .  Thos e synapse s whic h ar e conver -
gent  t o a n activate d postsynapti c structur e bu t 
whic h ar e themselve s Inactiv e durin g th e postsyn -
apti c activit y los e synapti c strength . 

The experiment s ar e performe d usin g anesthe -
tize d rats .  Th e respons e studie d i s th e extra -
cellularl y recorde d monosynapti c respons e elicite d 
when th e entorhlna l  corte x i s stimulate d an d th e 
recordin g electrod e i s i n th e dentat e gyru s o f  th e 
hippocampus .  Bot h a  synapti c wavefor m and ,  shoul d 
enoug h synapse s b e active ,  cel l  firin g ar e mea -
sured .  I t  i s  th e synapti c respons e whic h corres -
pond s t o th e synapti c strengt h o f  th e differentia l 
equation .  Thi s synapti c respons e take s plac e al -
most  immediatel y afte r  stimulatio n o f  th e ento -
rhlna l  corte x s o ther e i s n o tim e fof -  disynapti c circuitr y t o confus e th e interpretatio n o f  th e 

respons e w e measure . 
Critica l  t o thes e experiment s i s th e fac t  tita t 

bot h th e lef t  an d righ t  entorhinal  cortice s pro -
jec t  t o bot h th e lef t  an d righ t  dentates .  Thi s 
arrangemen t  allow s th e insertio n o f  tw o quit e dis -
tan t  an d independen t  stimulatin g electrodes .  Thu s 
one electrod e i s use d t o activat e a  smal l  numbe r 
of  synapse s whic h generat e ou r  dependen t  measure . 
The othe r  stimulatin g electrod e i s use d t o contro l 
a ver y larg e numbe r  o f  convergin g excitator y syn -
apses .  Stimulatio n wit h thi s secon d electrod e 
quit e effectivel y fire s th e postsynapti c granul e 
cell s i n th e dentate .  I n mos t  situation s th e tes t 
electrod e doe s no t  activat e enoug h synapse s t o 
fir e thes e cells . 

"Conditioning "  stimulatio n consist s o f  brief , 
hig h frequenc y train s o f  duratio n an d frequenc y 
withi n th e rang e tha t  ha s bee n observe d i n th e en -
torhina l  corte x o f  behavin g rats . 

The initia l  importan t  observatio n i s tha t 
hig h frequenc y conditionin g stimulatio n throug h 
th e tes t  syste m alon e doe s no t  alte r  th e tes t  sys -
te m itself .  However ,  whe n hig h frequenc y condi -
tionin g o f  th e tes t  syste m i s paire d wit h hig h 
frequenc y stimulatio n a t  th e othe r  electrod e 
(whic h i s abl e t o produc e a  powerfu l  postsynapti c 
response) ,  the n lon g ter m potentiatio n obtain s i n 
th e tes t  system .  Tha t  is ,  paire d conditionin g 
throug h bot h stimulatin g electrode s produce s a n 
increase d synapti c respons e whe n th e th e synapti c 
respons e o f  th e wea k tes t  syste m i s measure d alone . 
Importantly ,  hig h frequenc y conditionin g o f  th e 
powerfu l  systo n alon e depresse s th e siz e o f  th e 
synapti c respons e o f  th e wea k tes t  syste m eve n 
thoug h th e powerfu l  syste m throug h whic h th e con -
ditionin g stimulatio n i s delivere d i s itsel f 
potentiated . 

Thes e experiments ,  then ,  sho w tha t  th e power -
fu l  synapti c activatio n i s permissiv e fo r  chang e 
whil e th e exec t  typ e o f  chang e tha t  occur s i s a 
functio n o f  th e actua l  activit y a t  eac h particula r 
synapse . 

Althoug h w e canno t  stimulat e an d recor d fro m 
a singl e synapse ,  th e conclusion s ca n b e ad -
vance d an d define d b y usin g logica l  arguement s an d 
th e natura l  advantage s o f  th e entorhinal-dentat e 
system .  I n particula r  i t  shoul d b e realize d tha t 
becaus e o f  th e totall y bilatera l  natur e o f  thi s 
syste m ther e ar e fou r  response s tha t  ca n b e mea -
sure d whe n recordin g an d stimulatin g bilaterally . 
I n fac t  th e synapse s o f  on e wea k pathwa y ar e to -
tall y  intermingle d wit h th e synapse s o f  th e stron g 
pathwa y whic h provide s th e permissiv e stimulu s an d 
i n additio n ar e themselve s collateral s o f  th e 
stron g pathwa y terminatin g i n th e othe r  dentate . 
Fro m experiment s a s describe d abov e tha t  tak e ad -
vantag e o f  thes e fact s w e dra w thre e conclusions . 
1.  Lon g ter m depressio n occur s a t  a  synaps e tha t 
i s surrounde d b y man y othe r  synapse s tha t  hav e 
simultaneousl y undergon e lon g ter m potentiation . 
Calculation s sho w tha t  on e suc h depresse d synaps e 
centere d withi n a  cubi c micromete r  i s surrounde d 
by 2 0 synapse s tha t  potentiated . 
2.  Potentiatio n an d depressio n ca n b e differen -
tiall y  induce d a t  differen t  synapse s o f  th e sam e 
granul e cell .  Thi s i s deduce d fro m experiment s i n 
whic h electrophysiologica l  convergenc e i s wel l 
demonstrated . 
3.  Potentiation ,  depression ,  o r  n o chang e ca n oc -cur  simultaneuousl y a t  siste r  synapse s o f  on e in -dividua l  afferent . Such conclusion s lea d t o th e furthe r  conclusio n tha t  individua l  synapse s ar e individuall y modu -135 



lated .  I n fac t  b y extrapolatio n w e argu e tha t 
suc h individua l  modulatio n ha s practicall y bee n 
demonstrated .  Fo r  n o matte r  ho w smal l  th e wea k 
response ,  s o lon g a s i t  i s  measureable ,  i t  ca n b e 
potentiate d b y th e prope r  paire d conditioning . 

Concludin g tha t  lon g ter m potentiatio n re -
quire s convergen t  co-activit y give s ris e t o 
severa l  question s includin g "Wha t  i s th e meanin g 
of  co-activity? "  Varyin g th e relativ e tim e tha t 
th e conditionin g stimulation s ar e delivere d 
throug h eac h o f  th e tw o stimulatin g electrodes , 
produce s a  quantitativ e definitio n o f  co-actlv -
Ity .  Usin g conditionin g train s o f  17. 5 mse c dur -
ation ,  simultaneou s (±0.5msec )  conditionin g 
throug h th e tw o stimulatin g electrode s produce s 
th e mos t  potentiatio n o f  th e wea k tes t  system . 
I f  conditionin g o f  th e wea k tes t  syste m follow s 
immediately ,  o r  later ,  conditionin g o f  th e powerfu l 
input ,  the n th e tes t  syste m I s depressed .  I f  th e 
weak syste m i s conditione d an d the n wit h a  dela y 
of  10 0 mse c o r  mor e th e stron g syste m i s condi -
tioned ,  th e tes t  syste m I s depressed .  However ,  i f 
th e wea k syste m i s conditione d an d withi n 2 0 mse c 
of  th e en d o f  thi s conditionin g trai n th e powerfu l 
syste m I s conditioned ,  the n th e wea k tes t  syste m 
i s potentiated .  Thu s co-activit y I s well-define d 
t o a  37. 5 (20+17.5 )  mse c window .  I t  migh t  b e see n 
tha t  th e tempora l  requirement s hav e som e qualita -
tiv e resemblanc e t o classica l  conditioning .  How -
eve r  th e resul t  place s a .  ver y specifi c  contraln c 
on neura l  model s o f  associativ e learning .  I n par -
ticula r  associatio n o f  externa l  event s separate d 
by al l  bu t  th e shortes t  tim e require s th e us e o f 
circuitr y tha t  perform s a s a  dela y line . 

One fina l  issu e concern s th e uni t  o f  postsyn -
apti c integratio n whic h make s a  decisio n abou t  th e 
sufficienc y o f  convergin g stimulatio n an d the n 
goes o n t o permi t  synapti c modification .  Rathe r 
tha n th e cel l  bod y a s Heb b proposes ,  ou r  curren t 
evidenc e Indicate s tha t  individua l  dendriti c  do -
main s o r  branche s ca n functio n independently .  B y 
takin g furthe r  advantag e o f  entorhinal-dentat e an -
atomy .  I t  i s  possibl e t o activat e synapse s o n dif -
feren t  part s o f  th e granul e cel l  dendrite s i n a 
controlle d an d specifi c  manner .  When thi s i s don e 
wit h minimall y sufficien t  postsynapti c responses , 
we fin d tha t  i t  i s  possibl e t o Independentl y po -
tentiat e o r  depres s synapse s i n on e o f  th e tw o 
dendriti c  domains .  A t  hig h Intensities ,  however , 
th e dendriti c  domain s sho w a n interactio n fo r  po -
tentiation . 

I f  thi s independenc e i s th e norma l  function -
in g mode,the n thi s add s substantia l  complexit y 
t o model s o f  th e nervou s system ,  perhap s 
increasin g th e numbe r  o f  functiona l  unit s ten-fold . 
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NEURAL HARDWARE AND TH E PRESUMED 
AUTONOMY OF PSYCHOLOGY 

William Bechcel 
Barnar d Ecano w 

Unlveralt y o f  Illinoi s Medica l  Cente r 

Two type s o f  argument s ar e comnonl y give n I n 
suppor t  o f  th e clai m tha t  cognitiv e psycholog y ca n 
predic t  an d explai n cognitiv e processe s withou t 
troublin g Itsel f  wit h th e detail s o f  neurophysiol -
ogy .  Th e Justifie d conclusio n o f  thes e argument s 
i s ofte n though t  t o b e tha t  artificia l  intelli -
genc e research ,  whic h trie s t o mode l  huma n though t 
on electroni c hardware ,  "ca n b e regarde d a s psy -
cholog y i n a  particularl y pur e an d abstrac t  for m 
[since ]  th e sam e fundamenta l  parameter s ar e unde r 
direc t  experimenta l  contro l  (i n th e programming) , 
withou t  an y mess y physiolog y o r  ethic s t o ge t  i n 
th e way "  (Haugeland ,  1981 ,  p .  31) .  Thi s pape r  wil l 
challeng e th e validit y o f  bot h argument s fo r  thi s 
clai m an d propos e ho w feature s o f  neurologica l 
hardwar e may hav e consequence s fo r  th e performanc e 
of  huma n cognition . 
The first argument for the autonomy of psy-
cholog y originate d wit h Putna m (1975 )  an d ha s bee n 
develope d mos t  extensivel y b y Fodo r  (197 4 an d 
1979) .  Putna m note d tha t  i n th e cas e o f  computer s 
th e sam e programm e ca n b e ru n o n ver y differen t 
type s o f  hardware .  Fodo r  extende d thi s argumen t  b y 
aotln g tha t  th e sam e hardwar e ca n ru n alternativ e 
programmes .  Thus ,  reductio n o f  programm e state s t o 
hardwar e state s o r  o f  psychologica l  state s t o neu -
rophysiologica l  one s i s impossible .  Psycholog y 
must  thu s remai n a  "specia l  science "  seekin g it s 
own explanator y scheme . 
The second argtiment for the autonomy of psy-
cholog y i s als o designe d t o establis h th e addition -
al  clai m tha t  programmin g computer s i s a  particu -
larl y ap t  wa y t o lear n abou t  huma n cognitiv e per -
formance .  Thi s argumen t  start s wit h th e assump -
tio n tha t  al l  th e informatio n human s ca n emplo y i n 
thei r  cognitiv e operation s mus t  cros s thei r  sensor y 
threshold s an d b e encode d withi n them .  Sinc e I t  i s 
onl y thi s encode d informatio n tha t  th e mlnd-bral n 
can emplo y i n it s informatio n processing ,  Dennet t 
describe s th e mlnd-bral n a s a  "syntacti c engine " 
Dennett ,  1981 )  .  Thi s argumen t  the n construe s 
though t  processe s a s forma l  processe s i n whic h on e 
manipulate s th e symbol s i n whic h th e informatio n i s 
encoded .  Assumin g tha t  th e mlnd-bral n ha s a n ef -
fectiv e procedur e fo r  thes e forma l  processes . 
Church' s thesi s claim s tha t  ther e i s a  recursiv e 
proces s fo r  computin g it .  Eac h forma l  proces s ca n 
therefor e b e compute d b y a  Turin g machine .  In -
vokin g th e concep t  o f  a  universa l  Turin g machin e 
(i.e. ,  on e tha t  ca n imitat e ever y specifi c  Turin g 
machine) ,  th e argumen t  conclude s tha t  though t 
processe s ca n b e modelle d o n a  universa l  Turin g 
machine .  Psycholog y ca n direc t  Itsel f  t o pro -
ducin g compute r  o r  Turin g machin e model s tha t 
replicat e huma n though t  an d no t  concer n Itsel f 
wit h neurophysiology . 

As enticing as these arguments make the pros-
pect s o f  a n autonomou s psycholog y seem ,  the y ar e 
seriousl y flawed .  A s Richardso n (1979 )  ha s argued , 
eve n i f  th e mappin g betwee n neurophysiologlca l 
state s an d psychologica l  state s I s many-many ,  tha t 
does no t  eliminat e th e possibilit y  o f  a n informa -
tiv e reductio n o f  psycholog y t o neurophysiology . 
Al l  tha t  i s  require d ar e neurologica l  condition s 
tha t  ar e sufficien t  fo r  determinin g th e psycho -
logica l  states .  Moreover ,  i f  th e argumen t  Putna m 
and Fodo r  us e agains t  th e explanator y relevanc e o f 
neurophysiolog y works ,  i t  als o undercut s th e simpl e 

appea l  t o programmin g model s t o explai n cognitiv e 
functions .  Jus t  a s th e sam e programm e ca n b e ru n 
on differen t  hardware ,  differen t  programme s ca n 
accoun t  fo r  th e sam e behavior .  Therefore ,  eve n i f 
a programm e perfectl y mlnic s huma n behavior ,  on e 
has n o assuranc e tha t  i t  actuall y describe s ho w 
humans manipulat e symbol s (cf .  Bechtel ,  forthcom -
ing) . 
The second argument for the autonomy of 
psycholog y i s Jus t  a s flawed .  Thi s argumen t  move d 
fro m claimin g tha t  symbo l  manipulatio n ca n b e 
modele d o n a  universa l  Turin g machin e t o usin g 
actua l  compute r  programme s t o mode l  tha t  process . 
Haugelan d note s wha t  i s assume d I n makin g tha t 
move:  "wit h on e qualification ,  universa l  machine s 
can b e built ,  tha t  I s wha t  digita l  computer s are . 
Thi s on e qualificatio n i s tha t  a  tru e universa l 
machin e mus t  hav e unlimite d storage ,  wherea s an y 
actua l  machin e wil l  hav e onl y a  certai n fixe d 
amount "  (Haugeland ,  1981 ,  p .  13) .  Tha t  qualifica -
tion ,  however ,  ha s ver y fa r  reachin g consequences . 
Neithe r  ou r  brain s no r  digita l  computer s com e 
clos e t o havin g th e unlimite d resource s require d 
by a  universa l  Turin g machines .  Wit h limite d 
resources ,  however ,  neithe r  brain s no r  computer s 
can emplo y th e kind s o f  algorithm s tha t  Church' s 
thesi s assure s u s exis t  fo r  al l  decldabl e proc -
esses .  S o th e us e o f  Church' s thesi s an d th e 
concep t  o f  a  universa l  Turin g machin e t o Jtiatif y 
usin g compute r  simllatlo n a s a  wa y o f  studyin g 
human psycholog y i s unjustified . 
Neither of these responses to the arguments 
fo r  th e autonom y o f  psycholog y fro m neurophysio -
log y show s tha t  psycholog y migh t  no t  profitabl y 
be pursue d i n thi s autonomou s manner  o r  tha t 
compute r  modellin g migh t  no t  b e th e mos t  powerfu l 
means o f  doin g that .  Bu t  the y d o undermin e th e 
assumptio n tha t  artificia l  intelligenc e model s 
provid e a n adequat e basi s fo r  understandin g huma n 
cognition .  Whil e no t  denyin g tha t  suc h model s ca n 
sho w u s interestin g feature s abou t  cognition ,  w e 
shal l  no w argu e tha t  ther e i s reaso n t o believ e 
tha t  significan t  difference s exis t  betwee n huma n 
cognitio n an d compute r  model s o f  it . 
Limited resource capacity for problem solving 
dictate s tha t  on e canno t  alway s us e procedure s 
tha t  guarante e correc t  results .  Fo r  comple x prob -
lem s on e mus t  choos e method s tha t  yiel d correc t 
result s muc h o f  th e tim e bu t  ar e fallible .  Ther e 
ar e tw o fallibl e way s o f  usin g limite d resource s 
fo r  dealin g wit h problem s whos e optima l  solutio n 
require s greate r  resources .  On e tha t  ha s bee n 
studie d muc h i n recen t  year s ha s bee n th e us e 
of  heuristic s (Cf .  Simon ,  1969) .  Heuristic s ar e 
rule s tha t  ar e simple r  tha n optima l  algorithms , 
produc e th e sam e answer s a s th e optima l  algorith m 
much o f  th e time ,  bu t  tha t  ar e subjec t  t o system -
ati c error s becaus e o f  th e simplification s the y 
use (Wimsatt ,  1980) .  Tversk y an d Kahnema n (1974 ) 
hav e develope d a n empirica l  researc h programm e t o 
discove r  th e kind s o f  heuristic s human s us e i n 
handlin g certai n kind s o f  judgmen t  tasks .  A 
secon d wa y o f  solvin g th e proble m o f  limite d re -
source s i s t o manipulat e th e hardwar e o f  one' s 
syste m t o approximat e th e performanc e o f  a  riche r 
hardwar e system .  A s i n th e cas e o f  heuristics ,  a 
simplifie d hardwar e syste m tha t  i s develope d t o 
approximat e a  riche r  on e may allo w on e t o reac h 
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correc c answer s muc h o f  Ch e time ,  bu t  wil l  d o s o 
ac th e cos t  o f  makin g error s unde r  certai n condi -
tions . 

The hardware system of a Turing machine or a 
compute r  i s  linea r  an d digital—informatio n I s 
processe d b y linearl y transmittin g an d modifyin g 
Informatio n unit s whic h ar e perfectl y distinc t  an d 
so engende r  n o ambiguity .  On e basi s fo r  th e anal -
ogy betwee n brain s an d computer s i s th e assumptio n 
tha t  th e brai n als o utilize s a  linea r  an d digita l 
processin g mechanism—th e neuro n (vo n Neumann , 
19S8)  .  Lik e th e component s o f  computers ,  neuron s 
transmi t  electrica l  impulse s linearl y dow n thei r 
dendrite s an d axon s wit h th e actio n potentia l  i n 
Che axo n bein g comparabl e t o a  digita l  binar y 
signa l  I n a  computer .  (Dendriti c  processe s allo w 
fo r  a  spectru m o f  responses ,  bu t  thes e function s 
hav e bee n viewe d a s weightin g an d gatin g functions , 
whic h ar e easil y replicate d i n compute r  hardware. ) 
In addition to these neuronal processes, 
whic h see m comparabl e t o thos e realize d i n a 
Turin g machin e o r  computer ,  though ,  ther e i s 
anothe r  transmissio n mechanis m I n Ch e bralo .  Thi s 
mechanis m Involve s a  for m o f  cransmissio n quit e 
differen t  tha n th e linea r  an d digita l  transmissio n 
of  neuron s an d may provid e a  mean s fo r  th e brai n 
t o approximat e th e performanc e tha t  woul d requir e 
a fa r  riche r  linea r  an d digita l  mechanism .  On e 
can bes t  appreciat e thi s mechanis m b y considerin g 
earlie r  stage s i n evolution . 
Long ago Hughling^ Jackson (188A) insisted that 
t o understan d th e functio n o f  th e brai n on e ha d t o 
atten d t o Ic s evolution .  Th e brai n i s organize d 
i n a n evolutionar y hierarch y i n whic h th e lowes t 
and firs t  evolve d part s o f  th e brai n regulat e al l 
bodil y activities .  Th e late r  evolve d hi^ie r 
center s functio n b y modifyin g an d regulatin g th e 
earlie r  evolve d lowe r  centers .  Befor e ther e wer e 
nerv e cells ,  however ,  ther e existe d a  mechanis m 
fo r  Cransmissio n betwee n cells .  Accordin g t o 
Oparin' s (1965 )  model ,  cell s originate d whe n wate r 
Interacte d wit h macromolecule s an d electrolyte s 
t o for m a  mor e fa t  lik e substance—protoplasm . 
The wate r  aroun d th e molecule s become s structure d 
i n mic h th e san e manne r  a s occur s i n Jell o an d th e 
whol e uni t  behav e lik e a n oi l  dro p wit h respec t  t o 
th e intercellula r  plasma .  Ecano w (1982 )  ha s 
propose d cha t  th e sam e proces s i s responsibl e fo r 
formin g multicellula r  aggregates .  I n thes e aggre -
gate s differen t  thermodynami c state s ar e foun d i n 
th e cytoplas m o f  ch e variou s cell s (includin g a 
differen t  stat e I n th e cellula r  interfac e o r  mem-
brane )  an d i n th e Interstitua l  fluids . 

Already within these early cellular aggre-
gate s a  mod e o f  signa l  transmissio n exisCed . 
The differen t  thermodynami c state s o f  th e cyto -
plasm ,  membrane ,  an d Interstitua l  fluid s ar e i n 
dynami c equilibriu m wic h on e another ,  wic h a 
constan t  exchang e o f  molecula r  substance s occur -
rin g betwee n ch e differen c scruccura l  unlcs . 
Thi s exchang e allow s fo r  a  kin d o f  transmissio n 
betwee n cells :  a  chang e i n th e thermodynami c 
condition s i n on e cel l  wil l  propagat e rapidl y t o 
surroundin g cells .  Thi s kin d o f  transmissio n 
stil l  occur s eve n afte r  nerv e cell s hav e evolve d 
wit h thei r  mor e digicallze d an d linearl y direcce d 
Cransmissio n capaciCies .  Thi s i s particularl y 
trxi e i n place s wher e nerv e cell s ar e tightl y boun d 
together .  Thi s tightl y organize d patter n cause s 
th e wate r  i n ch e plasm a surroundin g Ch e cell s C o 
become highl y structure d itself ,  affecting ,  i n 
particular ,  Ch e solublllc y o f  Ion s i n Ch e plasms . 
Boch Ch e cell s an d ch e surroundin g plasm a becom e 
highl y susceptibl e Co an y chermodynami c change s 

Chac ar e induced .  On e o f  ch e prim e cause s o f 
Chermodynami c change s i s eleccrica l  activit y 
propagate d alon g neurons .  Electrica l  energ y 
alter s th e physical-chemica l  structur e aroun d th e 
nerv e cell .  Onc e th e chang e ha s occurred ,  th e 
physical-chemica l  organizatio n elsewher e wil l 
modif y unti l  equilibriu m i s onc e agai n achieved . 
Not  onl y ar e thes e physical-chemica l  change s ini -
tiate d b y neura l  activity ,  the y als o reciprocall y 
affec t  tha t  activity .  Neura l  activit y depend s o n 
io n transfer ,  an d thi s io n transfe r  i s governe d b y 
th e degre e o f  structurin g foun d a t  th e cell-plasm a 
interface .  On e cell' s  firin g change s thi s struc -
turin g aroun d othe r  cell s an d henc e thei r  poCentla l 
t o fire . 
There Is, at this point, reason to believe 
thi s physical-chemica l  transmissio n mechanis m i s 
efficaciou s i n humans .  Sinc e mos t  anestheti c 
agent s ar e biochemicall y inert ,  i t  i s  generall y 
recognize d tha t  a  physical-chemica l  mechanis m mus t 
be involved .  Followin g a  suggestio n fro m Bernar d 
(1875) ,  Ecano w et .  al .  (197 9 an d Ecanow ,  1981 )  pro -
pos e tha t  anesthesi a involve s th e formatio n o f  a 
highl y structure d matri x a t  th e cel l  surfac e whic h 
becomes non-pola r  an d fat-like .  Io n exchang e i s 
a pola r  proces s an d s o i s blocke d i n s»ic h a  mat -
rix .  Thi s mode l  predict s tha t  substance s whic h 
decreas e th e structurin g o f  water ,  generall y pola r 
molecules ,  chaotropi c ion s lik e ure a an d vitami n C , 
or  increase d temperatures ,  wil l  produc e a n increas e 
I n menta l  activity .  Thes e effect s hav e bee n ob -
serve d i n vivo .  Th e insigh t  o f  thi s mode l  ha s 
been extende d t o accoun t  fo r  th e fluctuatio n 
betwee n Increase d an d reduce d menta l  activit y 
foun d i n manic-depressiv e patient s (Ecano w an d 
Klawans ,  1974) . 
This physical-chemical mode of transmission 
propose d b y Ecano w (1982 )  differ s fro m neura l 
transmissio n i n propagatin g thre e dimenslonall y 
fro m Ch e Inlcla l  sic e an d i n invokin g a  degre e o f 
respons e Cha C ca n var y ove r  a  continuou s spectrtim . 
I t  i s  als o ver y rapid .  We cannot ,  a t  thi s point , 
make definitiv e claim s a s t o it s direc t  rol e i n 
cognition ,  bu t  w e conclud e wit h a  speculativ e sug -
gestion .  Kande l  (1978 )  ha s foun d tha t  lon g ter m 
and shor t  ter m habituatio n an d sensitizatio n i n 
Aplysi a (processe s h e take s t o b e form s o f  memor y 
and learning )  resul t  fro m changin g Ch e amount s o f 
calcul m ion s (neede d fo r  transmitte r  release ) 
availabl e a t  th e pre-synapti c cleft .  Kande l  doe s 
not  accoun t  fo r  Ch e chang e I n calciu m avallablllC y 
cha c hablCuado n an d sensldzacio n produce ,  bu t 
one possibl e mechanis m woul d b e throug h alterna -
tio n o f  th e physical-chemica l  structure s nea r  Ch e 
pre-synapcl c clefc .  Suc h scruccurln g ca n occu r  i n 
degree s an d s o accoun c fo r  ch e gradua l  "learning " 
of  Ches e responses .  Moreover ,  suc h sCrucCure s 
woul d b e appropriatel y subjec t  t o chang e whe n ne w 
experience s produc e neura l  activit y i n th e are a 
aroun d th e pre-synapti c cleft . 
The physical-chemical transmission mechanism 
provide s th e mind-brai n wit h capacitie s fo r  infor -
matio n processin g quit e differen t  fro m th e linea r 
and digita l  capacitie s o f  neurons .  Give n ch e hard " 
war e llmlcation s o f  th e brain ,  i t  may wel l  b e tha t 
thi s thre e dimensiona l  analogu e mechanis m o f 
physical-chemica l  transmissio n provide s th e mind -
brai n a  powerfu l  coo l  fo r  overcomin g resourc e 
conscraints .  Th e powe r  o f  thi s mechanism ,  however , 
canno C b e sCudle d b y modellin g wit h digica l  com -
pucer s tha t  lac k suc h cransmissio n capacities . 
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1.  intcMugtio n 

I sketch a speculative model (to be 
presente d i n greate r  detai l  i n (11 )  o f  th e 
hurua n brain' s implementatio n o f  th e tem -
porar y dat a structure s appearin g i n cogni -
tion .  I  assum e th e followin g workin g 
hypothesis : 
The Representation Hypothesis. Much 

of  huma n cognitio n i s t o b e explaine d 
as th e manipulatio n o f  dat a struc -
tures ,  i n a s litera l  a  sens e a s th e 
sens e i n whic h computer s manipulat e 
dat a structures . 

The model is not committed to any particu-
la r  dat a structur e 'language '  i n th e 
brain ,  bu t  i t  lead s t o interestin g sugges -
tion s concernin g suc h languages .  Th e 
model  unifie s 'prepositiona l  representa -
tion' ,  'imagery '  [2 ]  an d perception . 
A background assumption I make is 
tha t  th e temporar y dat a structure s i n th e 
brai n ar e physicall y implemente d a s 
short-live d pattern s o f  'neura l  enhance -
ment' .  Thes e pattern s ca n caus e particu -
la r  event s (e.g .  change s i n th e patterns ) 
t o occu r  i n th e brain .  Th e vagu e ter m 
'neura l  enhancement '  i s  intende d t o encom -
pas s possibilitie s suc h a s highe r  tha n 
norma l  puls e activit y (c f  Heb b (3] )  an d 
disturbe d dendritic-potentia l  micro -
structur e (c f  Pribra m [4] )  .  T o avoi d mak -
in g unnecessar y hardwar e commitments ,  how -
ever ,  I  cas t  th e mode l  a t  a  highe r  leve l 
of  descriptio n whic h i s intende d stil l  t o 
allo w relativel y eas y mapping s dow n t o th e 
hardwar e level . 

I t  wil l  becom e clea r  tha t  th e mode l 
postulate s sharin g o f  th e mechanism s use d 
i n perceptio n an d thos e use d i n th e imple -
mentatio n o f  temporar y dat a structures . 
For  th e purpose s o f  thi s paper ,  le t  u s 
simplif y matter s b y takin g monocula r 
visio n t o b e th e onl y sense .  ( A fulle r 
accoun t  wil l  b e give n i n [1 ]  . )  Th e follow -
in g hypothesi s i s a  proposa l  abou t  visua l 
mechanism ,  bearin g famil y resemblance s t o 
proposal s suc h a s Marr' s prima l  sketche s 
[111 .  Agai n fo r  simplicity ,  w e assum e th e 
retin a ca n b e considere d t o b e a  2 D rec -
tangula r  arra y o f  (possibl y overlapping ) 
receptiv e field s (finit e i n number) . 
Ihs Vi5;i?n Hyppths?!?. 
a) The brain contains a number of 

permanen t  abstrac t  entitie s calle d 
'perceptua l  patter n matrices '  (PPlls )  . 
Each PPM i s a  2-dimensiona l  rectangu -
la r  arra y isomorphi c t o th e retina l 
arra y o f  receptiv e fields .  Ther e i s 

a se t  o f  'enhancemen t  types' ,  an d a t 
any moment  eac h elemen t  o f  eac h PPM 
has a  'degre e o f  enhancement '  fo r 
each type .  Th e 'state '  o f  a  PPM i s 
th e curren t  patter n o f  degree s o f 
enhancemen t  ove r  th e PPM.  Retina l 
stimulatio n i s converte d b y low-leve l 
preprocessin g int o a  stat e o f  som e 
PPM.  Th e enhancemen t  degree s a t  a n 
elemen t  i n th e PPM fo r  som e enhance -
ment  type s encod e th e presenc e o f 
feature s i n th e element' s correspond -
in g receptiv e field .  Example s o f 
suc h feature s ar e lin e segments , 
edges ,  corners ,  textures ,  colours , 
etc . 

b) The possession of more than one 
PPM allow s th e brai n t o maintai n ver y 
shor t  ter m iconi c memor y (c f  [12] )  o f 
retina l  input ,  an d t o integrat e suc -
cesiv e views . 

NOW it has been suggested that (conscious 
or  unconscious )  visua l  imager y i s base d o n 
state s o f  retina-lik e dat a structure s 
(e.g .  Kossly n [61) .  I t  ha s als o bee n 
moote d tha t  th e mechanism s use d i n visua l 
imager y ar e share d wit h visual-perceptio n 
mechanisms .  Suppos e w e adop t  thes e 
suggestions ,  i n th e sens e o f  allowin g th e 
interna l  generatio n an d manipulatio n o f 
state s o f  PPMs.  I f  w e closel y followe d 
th e example s use d b y Kossly n an d others , 
th e PPM state s s o manipulate d woul d b e 
spatial-analogu e images ,  i.e .  woul d pic -
tur e physica l  objects ,  crud e maps ,  etc .  I 
now clai m that ,  assumin g th e brai n ca n 
internall y generat e suc h images ,  ther e i s 
a prior i  n o reaso n t o thin k tha t  th e PPM 
state s i t  ca n generat e ar e restricte d t o 
be suc h images .  Fo r  instance ,  ther e i s n o 
reaso n t o thin k tha t  th e brai n canno t  gen -
erat e ('pictures '  of )  writte n words , 
abstrac t  diagram s (perhap s depictin g 
abstrac t  networ k structures) ,  o r  othe r 
symboli c shape s o f  non-pictorial ,  non -
lexica l  form .  (Onc e generated ,  th e pres -
ence o f  suc h PPM pattern s i s n o mor e 
bizarr e tha n i f  th e pattern s ha d resulte d 
fro m seein g words ,  diagrams ,  etc. )  Thes e 
observation s suggeste d t o me th e centra l 
postulat e o f  th e model: -
Iil£ Mill Hypothesis. 
a) Any temporary aata structure con-

sidere d t o resid e a t  som e moment  i n 
th e brai n i s impiementg' a A S (pac t  iif ) 
1 stat e Q i  J  Singl e £££ l  ̂  & & ̂  :issz . 
tsj i  (2 £ (partial )  StatS S Q l  SevSta l 
PPM?-

b) There exist processes which exam-
in e PPM state s an d can ,  i f  the y 
detec t  suitabl e subpatterns ,  caus e 
PPM stat e changes .  Thes e processe s 
togethe r  wit h th e PPIl s ar e regarde d 
as a  productio n syste m [51 ,  wit h pos -
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sibl e concurren t  firin g o f  produc -
tions ,  zhi ^  productio n syste m con -
gtttUte S lil £ entir e machiner y Lh & 
kU l Q M £ Ifi X .Ul £ interna l  manipula -
Sj^ n 2 1 tgmpgtsc y gat ? jtructutea . 
c) One enhancement type is called 
'attention' .  Element s wit h highe r 
degree s o f  enhancemen t  o f  attentio n 
receiv e preferentia l  treatmen t  b y PPM 
manipulatio n processes .  A  locu s o f 
hig h attentio n value s i n a  PPM ca n b e 
sli d aroun d i n a  PPM t o effec t  scan -
ning . 
d) The response by pattern-detection 
processe s t o PPK pattern s i s spa -
tiall y  continuou s i n th e sens e tha t 
th e effec t  o f  'spatial '  deformation s 
of  pattern s ca n b e made arbitraril y 
smal l  b y makin g th e deformation s suf -
ficientl y small . 
e) To a first approximation, the 
effec t  o f  th e presenc e o f  a  patter n 
i n a  PPl i  i s  independen t  o f  th e iden -
tit y o f  th e PPM. 
I) If approximately the same 
subpatter n i s simultaneousl y presen t 
withi n tw o differen t  PPHs ,  an d th e 
attentio n enhancemen t  o f  th e element s 
used b y th e subpatter n i n a t  leas t 
one o f  th e PPMs i s sufficientl y 
high ,  the n th e attentio n enhancemen t 
of  bot h patter n instance s ca n becom e 
boosted .  Thu s ther e may b e implici t 
association s amon g PPM states .  (N o 
direc t  'pointers '  betwee n PPMs ar e 
proposed. ) 
g) There may exist considerably more 
PPMs tha n ar e require d b y th e Visio n 
Hypothesi s (fo r  th e purpos e o f 
receivin g preprocesse d retina l  stimu -
lation ,  maintainin g iconi c memor y an d 
integratin g views) . 
h) The issue of consciousness is not 
addresse d b y th e model .  Ther e i s n o 
assumptio n tha t  th e brai n i s  cons -
ciou s o f  an y o f  th e PPM state s 
existin g a t  a  give n time .  Ther e i s n o 
assumptio n tha t  whe n th e brai n i s 
consciou s o f  a  visua l  imag e i t  i s 
consciou s o f  a  singl e PPM state . 

I t  i s  sometime s suggeste d tha t  a 
neura l  enhancemen t  patter n migh t  b e som e 
for m o f  node/lin k structur e representin g 
propositiona l  information .  Liftin g thi s 
ide a t o th e abstrac t  leve l  o f  PPMs,  i t  i s 
quit e conceivabl e tha t  abstract ,  preposi -
tiona l  informatio n i s represente d i n th e 
for m o f  diagramme d nets .  Tha t  is ,  node s 
ar e localize d group s o f  contiguou s 
enhance d PPM elements ,  an d link s ar e 
chain s o r  ribbon s o f  suc h elements .  (I t 
i s  not ,  however ,  suggeste d tha t  ne t  pat -
tern s ar e particularl y clos e t o th e pre -
cis e ne t  diagram s t o b e foun d i n th e 
literature ,  e.g .  [7]. )  Node s an d link s i n 
a net-lik e PPM stat e ca n b e considere d t o 
be associate d t o long-ter m knowledg e b y 
virtu e o f  label s the y ar e adjacen t  to ,  i n 
tha t  th e label s ar e subpattern s whic h ca n 

be detecte d b y som e production s (se e Mai n 
Hypothesis ,  par t  (b)) .  Fo r  example ,  a 
node labe l  migh t  b e a  specia l  patter n 
whic h ha s (fo r  u s a s theorists )  th e mean -
in g 'dog' :  b y virtu e o f  suitabl e produc -
tion s detectin g th e subpattern ,  th e brai n 
woul d tak e action s consisten t  wit h th e 
node' s representin g a  dog .  I t  i s  wort h 
notin g tha t  th e 'dog '  labe l  coul a b e 
eithe r  a  stylize d pictur e o f  a  do g o r  th e 
wor d 'dog '  itself !  I t  could ,  however ,  b e 
a subpatter n o f  non-lexica l  non-pictoria l 
form . 
The basic actions in the productions 
of  Mai n Hypothesi s par t  (b )  include :  move -
ment  o f  subpattern s withi n an d betwee n 
PPMs,  deletio n an d creatio n o f  subpat -
terns ,  change s o f  enhancemen t  degree s 
(especiall y o f  attention) ,  etc .  Th e 
actio n par t  o f  a  productio n i s tentativel y 
propose d t o hav e a  simpl e sequentia l  form . 
The production s ar e though t  o f  a s consti -
tutin g LTM.  Th e mode l  allows ,  a s a  detai l 
of  thi s LTM,  th e existenc e o f  a  long-ter m 
stor e o f  encode d PPM states :  thes e ca n b e 
decode d an d rea d int o PPMs,  an d ca n b e 
encode d fro m th e content s o f  PPMs. 
Some detection of subpatterns must be 
primitiv e i n tha t  i t  i s  achieve d withou t 
th e nee d t o examin e othe r  dat a structures . 
I  propos e that ,  a t  least ,  som e simpl e 
geometrica l  shapes ,  som e stylize d pic -
tures ,  som e words ,  an d som e specialize d 
non-pictoria l  non-lexica l  graphi c item s 
(includin g node s an d links )  ca n b e primi -
tivel y detected .  (Muc h o f  thi s abilit y 
woul d aris e for n maturatio n an d experi -
ence. )  Bu t  non-primitiv e form s o f  detec -
tio n ca n b e proposed .  Fo r  example ,  b y 
slidin g a  locu s o f  hig h attentio n enhance -
ment  aroun d i n a  PPM,  a  detectio n proces s 
(perhap s itsel f  made u p o f  productio n fir -
ings )  coul d chec k fo r  th e presenc e o f  a 
piec e o f  networ k b y tracin g i t  out .  Also , 
th e associativ e mechanis m o f  Mai n 
Hypothesi s par t  (f )  allow s th e matchin g o f 
two (no t  necessaril y  primitivel y detect -
able )  subpattern s i n distinc t  PPMs,  wher e 
one o f  th e subpattern s migh t  b e take n t o 
be a  templat e (o f  pictorial ,  network , 
orthographi c o r  an y othe r  form) .  Not e 
tha t  th e PPM productio n syste m ca n con -
struc t  transforme d version s o f  pattern s t o 
facilitat e furthe r  processing .  Fo r 
instance ,  i n th e cours e o f  visua l  percep -
tio n a n abstrac t  ne t  representatio n o f  a 
scen e coul d b e constructe d fro m a  pictur e 
of  i t  i n a  PPM. 

1.  Selecte d implication s 

The model unifies unconscious spa-
tia l  imager y an d prepositiona l  representa -
tio n a t  th e sam e tim e a s providin a a n 
(intermediat e level )  implementatio n o f 
prepositiona l  representation .  A  particu -
la r  consequenc e o f  th e Mai n Hypothesi s i s 
tha t  abstrac t  symboli c representations , 
spatial-analogu e image s constructe o i n 
visua l  imagery ,  an d image s resultin g 
directl y fro m retina l  stimulatio n ar e jus t 
specia l  case s o f  PPM states .  ( A mor e 
popula r  rout e t o unificatio n -  annotatin g 
prepositiona l  structure s wit h spatia l 
informatio n [8 ]  -  doe s no t  addres s th e 
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issu e o f  implementin g propositiona l  struc -
tures. )  Th e mode l  ca n incorporate ,  i n a 
natura l  way ,  hybri d form s o f  symbolis m 
suc h a s ar e foun d in ,  fo r  instance ,  maps , 
cartoon s (especiall y thos e v/hic h includ e 
words) ,  roa d signs ,  an d many form s o f 
semi-abstrac t  sketc h an d diagram .  More -
over ,  th e interna l  presenc e o f  suc h hybri d 
synbolis m itia y b e closel y relate d t o th e 
fac t  tha t  w e dea l  wit h i t  externall y wit h 
suc h naturalness ,  eas e an d frequency . 
The model may help to explain how the 
human capacit y fo r  abstrac t  cognitio n 
evolved .  Tha t  is ,  assumin g tha t  a t  som e 
stag e o f  primat e evolutio n th e Visio n 
Hypothesi s hel d an d spatial-analogu e PPM 
state s coul d b e internall y generate d an d 
manipulated ,  i t  i s  plausibl e tha t  th e 
necessar y patter n detectio n an d manipula -
tio n operation s coul d hav e evolve d int o a 
for m whic h coul d dea l  wit h mor e abstrac t 
PPM states .  (Se e Hinsk y [9] ,  Sectio n 
6.5.4 ,  fo r  anothe r  proposa l  i n whic h 
abstrac t  symboli c manipulatio n evolve s 
fro m perceptua l  operations. ) 
I am just embarking on a computer 
simulatio n o f  a  simplified ,  precis e ver -
sio n o f  th e model .  Thi s pape r  ha s onl y 
sketche d a  'mode l  schema '  i n whic h man y 
parameter s (e.g .  numbe r  an d siz e o f  PPt'iS ) 
remai n unspecified .  Th e firs t  stag e i n 
th e projec t  i s  th e exercis e o f  developin g 
a diagrammati c versio n o f  a  simpl e produc -
tio n syste m derive d fro m PSG [10] . 
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IHTHODUCTION 

This paper describes our ongoing research into the 
behaviou r  o f  novic e programmers .  We ar e intereste d 
i n th e menta l  processe s whic h occu r  vhe n novice s 
ar e confronte d wit h a  proble m statement ,  an d th e 
mechanism s b y whic h the y understan d th e problem , 
desig n a n algorithm ,  cod e it ,  an d (i f  necessary ) 
debu g it .  Ou r  researc h i s a  developmen t  o f  earlie r 
wor k o n proble m understandin g (Haye s i  Simon , 
1974) ,  model s o f  programmers '  codin g processe s 
(Brooks ,  19T7) ,  an d debuggin g (Suasman ,  1975 ; 
Goldstein ,  1975 ;  Laubac h 4  Eiaenatadt ,  1981) . 
We investigate students attempting to write 
recursiv e inferenc e program s usin g a  LOGO-lik e 
database-manipulatio n languag e calle d SOLO 
(Eiaenatadt ,  1978 ;  Eisenstadt ,  Laubsch ,  i  Kahney , 
1981 )  Student s ar e presente d wit h a  prototypica l 
proble m an d solutio n couche d i n everyda y term s i n 
orde r  t o simplif y th e explanatio n o f  recursion : 
"Imagin e a  chai n o f  'KISSES '  relations ,  e.g .  JOHN 
KISSES MARY KISSE S FRED KISSE S JANE ,  etc .  A 
procedur e calle d IB7EC T ca n propogat e PL U al l  th e 
way throug h th e chai n o f  KISSE S relations ,  s o w e 
end u p wit h JOHN HAS PLU ,  MART HAS PHI ,  etc. "  Th e 
exampl e i s explaine d t o th e student s i n grea t 
detail ,  includin g severa l  page s o f  text ,  diagrams , 
and a  worked-throug h trac e o f  a  sampl e invocatio n 
of  IKPECT . 
As one might expect, some students 'get it' (i.e. 
understan d thi s simpl e for m o f  tail-recursio n an d 
th e notio n o f  propogatin g side-effect s throug h th e 
dat a base) ,  an d som e don't .  Th e differenc e betwee n 
thos e wh o 'ge t  it '  an d thos e wh o don' t  ca n b e 
accounte d fo r  b y difference s i n (a )  th e 
abstraction s the y mak e fro m thei r  firs t  detaile d 
example ,  an d (b )  th e evaluatio n rule s inheren t  i n 
th e menta l  model s the y us e t o 'ru n through '  tria l 
solutions . 

A SAMPLE PROBLEM AHD SOLUTION 
We investigated students solving several recursive 
inferenc e problems ,  includin g on e base d o n a 
real-worl d exampl e s o compellin g tha t  w e coul d b e 
'certain '  th e natur e o f  th e tas k wa s perfectl y 
understood .  Her e i s a  concis e summar y o f  th e 
problem : 

Given a database describing objects piled up on one 
anothe r  a s follows : 
on on on 
SANDWICH >PLAT E >»EWSPAPEE >BOOK at e 

on o n o n 
SANDWICH >PUT E >NEWSPAPEH >BOOK et c 

has has has 

- 1 >  BULLBTHOLE < 

has 

Fig .  2 

As it turns out, even our 'crystal clear' example 
(fleshe d ou t  i n considerabl y mor e detail )  cause s 
difficulty — i t  appear s tha t  thos e student s wh o 
'ge t  it '  ca n cop e wit h eithe r  'crysta l  clear '  o r 
'muddy '  recursiv e inferenc e problems ,  whereas  thos e 
who don' t  ar e stuc k i n eithe r  case . 
Fig. 3 below shows the solution eventually 
produce d b y subjec t  S8 ,  on e o f  th e subject s wh o 
'go t  it' : 

TO SHOOT /X/ 
1 NOTE A /  HAS BULLETHOLE 
2 CHECK / I /  O N ? 

2A I f  present :  SHOOT • ;  EXI T 
2B I f  absent :  EXI T 

Fig .  3  sa' s solutio n (th e '• ' 
ar e co-referential ) 

and '? ' 

Belo w i s a  summar y o f  th e protoco l  o f  subjec t  S 8 
durin g th e cours e o f  readin g an d solvin g thi s 
problem ,  bu t  befor e an y attemp t  t o writ s th e cod e 
shown i n Fig .  3 -  Proble m statement s ar e 
underlined .  Th e number s ar e segment s fro m th e 
actua l  protocol .  I t  ha s bee n condense d fo r 
expositor y purpose s i n thi s brie f  paper ,  bu t 
capture s th e highlight s o f  th e protocol .  A 
complet e versio n i s describe d i n Kahne y (1982) . 
"On page 80 of Units 2 i£ £ Jli loo^°<^ at a method 
fo r  makin g a  particula r  inferenc e 'kee p o n 
happenin g . ^ 
2 Is that called 'iteration'? No, 

'recursion'.. .  I  thin k thi s i s goin g t o 
say somethin g abou t  wha t  happen s whe n yo u 
kee p o n applyin g a  function...throug h a 
databas e 

"In this option you are asked to imagine a state of 
th e worl d i n whic h ther e ar e si x objects : 
thi s hypothetica l  worl d i s highl y structured :  th e 
sandwic h i s lyin g i n th e centr e o f  th e plate ,  whic h 
i s sittin g o n th e newspaper ,  whic h i s lyin g o n th e 
book ... " Fig .  1 

write a program which simulates the effect of 
someone firin g a  ver y powerfu l  pisto l  aime d 
downward s a t  th e topmos t  objec t  (SANDWICH) , 
yieldin g th e fina l  databas e show n below : 

4 .. .  wel l  yo u coul d als o ge t  ou t  thing s 
like.. .  sor t  o f  makin g inference s abou t 
'i f  th e sandwic h i s o n th e plat e whic h i s 
on th e newspape r  [then ]  th e sandwic h i s 
on th e newspaper' . 

"A database representing this state of affairs 
look s lik e thi s LFi"i T T ] .  Ho w imagin e someon e 
standin g besid e th e tabl e wit h a  .35 7 magnu m 
pistol. ^ 
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8 Well ,  I  woul d expec t  hi m t o ahoo t 
throug h al l  tha t  lo t  then .  I  don' t  kno w 
why h e want s t o d o I t  though.. . 

S8 began with a working knowledge of recursive 
procedures .  A t  successiv e sentence s S B se t  u p 
expectation s abou t  wha t  woul d com e nex t  an d usuall y 
was i n th e positio n o f  predictin g th e informatio n 
containe d in  th e nex t  sentenc e o r  two :  sh e wa s 
alway s Jus t  slightl y ahea d o f  th e game .  S 8 i s 
apparentl y usin g a  'recursion '  schem a t o direc t  he r 
attentio n durin g th e readin g proces s t o importan t 
aspect s o f  th e proble m statement .  Th e firs t  lin e 
of  th e proble m statemen t  ha s clearl y triggere d of f 
an expectatio n o f  recursio n [protoco l  segmen t  Z ] , 
wit h a  concomitan t  expectatio n o f  som e 'function ' 
t o b e applie d 'throug h a  database '  [segmen t  2 ] . 
The databas e structur e [Plg .  1  ]  i s  consisten t  wit h 
her  expectatio n o f  a  standar d transitivit y proble m 
[segmen t  4 ] ,  eve n thoug h thi s i s no t  th e proble m t o 
be posed .  He r  real-worl d knowledg e abou t  pistol s 
and th e spatia l  relationshi p o f  th e object s i n th e 
proble m combine s wit h he r  expectation s abou t 
transitivit y problem s t o yiel d a n expectatio n abou t 
what  th e protagonis t  i n th e proble m statemen t  wil l 
do [segmen t  d ] .  Thi s expectatio n doe s no t  aea h 
wit h he r  knowledg e o f  huma n motivation s an d 
intention s [segmen t  s ] . 
Figure 4 depicts our representation of S8's 
internalize d schem a fo r  recuraion .  Th e detail s o f 
th e schem a ar e derive d fro m a  variet y o f  sources : 
transcriptio n tasks ,  concep t  ratin g an d sortin g 
tasks ,  problem-solvin g tasks ,  an d verba l  protocols . 
RECURSITE-PROCEPgHE 
GOAL: (ForBvery x In (ay appliea-to) do 

(achiev e (m y action )  x) ) 
ACTION:  ( a side-effec t  1dE?AUL T ( a NOTE)) ) 
APPLIES-TO:  ( a transitive-chain ) 
SUEFACE-TEMPLATB: 

TO (name l  "( a name) )  ( a paramete r  [default :  X| ) 
(my action ) 
CHECK ( a node )  ( a relation )  ( a wild-card ) 

I P PHESE3IT :  ( a procedur e 
wit h nam e • •  name l 
wit h paramete r  -  '••");EXI T 

I ? ABSEHT:  EXI T 
DONE 

EVALUATIOH-HOLES: 
1)  (le t  paramete r  •  th e startnod e fro m 

(my applies-to) ) 
2)  (appl y (m y action )  parameter ) 
3)  (asser t  "(ACHIEVE D ,(m y action )  .parameter) ) 
4)  (le t  paramete r  -  (GetNextNode) ) 
5)  (PorEver y x  I n (GetHestOfHodes ) 

(asser t  '(ACHIEVE D ,(m y action )  ,x) ) 
TSIGGERS:  "kee p on  happening" ;  re-appl y 
Figure 4: 38's schema for recursion 

Bearin g i n min d tha t  slot-name s ar e displaye d 
agains t  th e left-han d margi n (e.g .  GOAL,  ACTION, 
etc.) ,  an d tha t  th e functio n "my "  i s a 
cross-referenc e t o a  slot-fille r  (e.g .  (m y 
action) )  w e ca n paraphras e 38' s schem a fo r 
recursio n a s follows : 
The GOAL of a recursive procedure is to perpetrate 
a sid e effec t  on  ever y elemen t  o f  th e dat a 
structur e t o whic h i t  i s  applied ,  i.e .  a 
'transitive '  chain .  (Knowledg e abou t  suc h 
structure s i s containe d i n S8' s THANSITIVE-CHAI N 
schema,  no t  depicte d here ,  whic h indicate s tha t  a 
collectio n o f  node s standin g i n a  particula r 
relatio n t o on e anothe r  i s an  essentia l  componen t 

of  recursiv e processing — 3 8 ha s abstracte d thi s 
notion ,  althoug h KISSE S i s no t  a  transitiv e 
relation. )  Th e ACTIO N involve d i s typicall y th e 
applicatio n o f  a  MOTE primitiv e (whic h perform s a 
databas e 'ASSERT') .  Th e SURFACE-TEMPLATE depict s 
ra w SOLO code ,  wit h it s ow n slot s t o b e fille d i n 
durin g actua l  coding .  I t  i s  base d upo n a n exempl a 
give n i n th e textbook ,  an d correspond s t o rot e 
learnin g o f  'ho w t o d o it' ,  rathe r  tha n 
understandin g o f  'ho w i t  works' .  (Subject s lik e 
35 ,  discusse d below ,  hav e a  poore r  gras p o f 
recursio n an d nee d onl y hav e a  menta l  pointe r  t o a 
plac e i n th e textboo k wher e the y ca n fin d a  typica l 
exampl e t o copy. ) 
'How it works' understanding is reflected primarily 
i n th e GOAL an d EVALUATION-RULES slots .  Th e GOAL 
slo t  capture s th e essenc e o f  th e 'generato r  plan ' 
use d i n th e program-understandin g plan-librarie s o l 
Water s (1978 )  an d Laubsc h a  Eiaenstad t  (1981) .  Th « 
EVALUATION-RULES slo t  depict s 38* 3 techniqu e fo r 
workin g throug h a  menta l  mode l  o f  th e successio n o l 
effect s carrie d ou t  b y a  bod y o f  SOLO code .  Th e 
rule s ar e clearl y no t  sufficien t  t o wor k a s a  SOLO 
interpreter ,  bu t  rathe r  depic t  th e subject' s ow n 
naiv e strateg y fo r  convincin g hersel f  tha t  th e cod e 
'works' .  Th e rule s behav e a s follows :  (1 ) 
instantiat e th e parameter ,  pretendin g tha t  it' s  th e 
firs t  nod e i n th e chai n (i.e .  SANDWICH);  (2 ) 
imagin e th e mai n actio n bein g performe d on  tha t 
node ;  (3 )  mak e a  menta l  not e tha t  th e actio n ha s 
been achieved ;  (4 )  se e wha t  nod e i s nex t  i n th e 
database ,  traversin g th e crucia l  'transitive ' 
relation ;  (5 )  mak e a  menta l  not e tha t  th e actio n 
I s achieve d on  ever y nod e reachabl e alon g th e 
'transitive '  chain . 
Below we present SB's protocol corresponding to the 
abov e evaluatio n rules ,  alon g wit h th e relevan t 
rul e liste d i n squar e brackets ,  e.g .  [eRI] ,  [ER2] , 
etc.  Thes e protoco l  segment s wer e recorde d afte r 
38 ha d writte n th e program ,  bu t  befor e sh e ra n it . 

208 T O SHOOT.. .  X , 
SANDWICH...  [ERi ] 

let' s  sa y X  i s a 

210 Firs t  o f  al l  i t  NOTEs i n th e 
database... X HAS BULLETHOLE [eR2 ,  ER3 ] 

211 I t  the n CHECKS whethe r  X  i s ON 
anything.. .  [eR4 ] 

213 X is ON PLATE so it will do that to 
PLATE.. .  S o tha t  shoul d kee p doin g that , 
PLATEs o n .. .  something ,  s o o n an d s o 
on... '  [eE5 ] 

A SECOND SOLUTION 

Here is the solution eventually developed by 
subjec t  35 ,  wh o didn' t  'ga t  it' : 

TO SHOOTUP /X/ 
1 NOTE /X /  HAS BULLETHOLE 
2 CHECK A /  SHOOTS ? 

2A I f  Present :  SHOOTUP • ;  EXI T 
2B I f  Absent :  EXI T 

Figure 5 

Belo w ar e extract s fro m S5' 3 protocol .  Wherea s S 8 
was abl e t o develo p th e solutio n 'i n he r  hea d , 
S5' 3 solutio n evolve d durin g code-writing : 

46 I'm going to follow that example L* 
intect] . 
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5'  [Head s fro « IH7EC T eiaapl e l a SOLO 
primer].. .  BOTE..urn .  X  HAS TLH.. . 
SAHUVICH HAS BULLETH0L2 

54- SAHDWICH 01 PLATE, urn HO'n:...ua... 

63 I've got to get the SHOOT ia somewhera 
haven' t  I ? 

65 CHECK...! SHOOTS SAHDWCH. I? 
PHESEHT 3HO0TUP 

33 Well, I hope it will go all the way 
throug h th e sequenc e an d shoo t  th e floor . 
The dat a bas e i s i n an d I'v e copie d tha t 
progra m [ -  IHTECT ]  exactly . 

S5 has a recursion schema which differs from that 
of  S 8 i n severa l  respects .  First ,  S5' s schem a doe s 
not  hav e a  fille d SURFACE-TEMPLATE slot ,  bu t  rathe r 
(a )  a  pointe r  t o th e plac e i n th e SOLO prime r  wher e 
a typica l  recursiv e procedure ,  i.e .  INTECT ,  i s 
described ,  an d (b )  a  metho d fo r  fillin g th e 
SUHPACE-TEMPLATE slo t  b y copyin g th e IlfTEC T 
program' s structur e an d providin g argument s fro m 
th e curren t  problem .  Second ,  35' s schem a ha s a 
restrictio n tha t  th e relationshi p betwee n object s 
i n th e databas e mus t  b e 'active '  fo r  recursio n t o 
work .  Tha t  is ,  fro m th e origina l  INFEC T teachin g 
proble m wit h JOHB KISSE S KAKY KISSE S FRKD,  S 5 ha d 
abstracte d th e rul e tha t  a  start-nod e ha s t o 'do ' 
somethin g t o a  successor-nod e befor e a  side-effec t 
can b e perpetrate d o n th e successor-node .  (S8 ,  o n 
th e othe r  hand ,  ha d abstracte d 'transitivity '  fro m 
previou s stud y o f  th e INFEC T program — neithe r 
view ,  o f  course ,  i a perfectl y  correct) . 
For example, 'ON' is not an 'active' relationship 
betwee n th e object s (SANDWICH,  PLATE ,  etc. )  give n 
i n th e proble m statement .  'ON '  i s passiv e an d thu s 
does no t  'support '  35' s notio n o f  recursion . 
'SHOOTS'  i s a n activ e relation ,  an d S 5 i s convince d 
tha t  someho w SHOOTS mus t  b e brough t  int o th e 
pattern-matchin g segmen t  o f  th e progra m i n orde r  t o 
make th e progra m wor k a t  al l  [segment s 6 3 an d 6 5 o f 
35' s protocol] .  Thi s convictio n preclude s solutio n 
of  th e problem ,  unles s carefu l  re-analysi s o f  th e 
exampl e progra m lead s t o reformulatio n o f  th e rul e 
abou t  relationship s betwee n databas e objects . 
35 neve r  relinquishe s he r  belie f  tha t  a n activ e 
relationshi p nee d exis t  betwee n th e node s fo r 
recursio n t o work ,  an d he r  reformulation s o f  th e 
progra m ar e al l  guide d b y thi s singl e importan t  bu t 
wrong-heade d principle .  35* 3 protoco l  continues : 

156 This one about the BULLETHOLE and 
thi s on e wit h th e KISSE S ar e different . 
I  nee d t o sa y tha t  th e firs t  X ,  th e firs t 
paramete r  doe s somethin g actively.. .  t o 
th e secon d parameter .  Al l  I'v e go t  i s 
BULLETHOLE.  I n th e exampl e it' s  go t 
KISSES,  whic h i s a n activ e thing . 

Although 35 made several subsequent attempts to map 
th e BULLETHOLE proble m ont o th e INFEC T framework , 
th e poin t  o f  vie w fro m whic h th e mappin g occurre d 
neve r  change d an d n o solutio n resulted . 

CONCLUSION 
Because our programming problems use real-world 

example s rathe r  tha n abstrac t  programmin g tasks , 
th e subjects '  knowledg e o f  programmin g interact s 
wit h thei r  real-worl d knowledg e durin g th e reading , 
coding ,  an d debuggin g processes .  We hav e indicate d 

th e wa y (ofte n Imperfect )  knowledg e o f  progra a 
concept s pervade s proble m solvin g eve n i n it s 
earlies t  stages . 

lin g 

Our  subject s develo p schema s fo r  recursio n whic h 
ar e mor e o r  les s 'adequate '  fo r  solvin g th e 
problem s w e devise .  'Thi s adequac y range s fro m tha t 
of  subjec t  S 5 (wh o ca n no t  solv e an y o f  th e 
recursio n problem s w e hav e devised )  t o tha t  o f 
subjec t  3 8 (wh o ca n solv e many ,  bu t  no t  all ,  o f  ou r 
recursio n problems) .  When a  proble m map s ont o a n 
adequat e se t  o f  schema s i n a  novice' s stor e o f 
knowledge ,  th e novic e ca n tackl e th e task s o f 
proble m understanding ,  metho d finding ,  coding ,  an d 
informa l  verificatio n i n a  productiv e an d efficien t 
manner .  When a  proble m i s mappe d t o a n inadequat e 
se t  o f  schemas ,  th e proble m statemen t  i a ofte n 
poorl y understood ,  an d become s embedde d i n a 
progra m constructe d a s ouc h fro m worl d knowledg e a s 
fro m th e basi c element s o f  th e implementatio n 
language . 
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Natura l  Proble m Solvin g Strategie s 
and 

Programmin g Languag e Construct a (1 ) 

Jeffre y Bona r 
Compute r  an d Informatio n Scienc e Departmen t 

Universit y o f  Massachusett s 
Amherst ,  Massachusett s 0100 3 

1.  Introductio n 

Any Interesting computerized task soon 
involves  programming .  Experienc e wit h statistic s 
packages ,  wor d processing ,  an d eve n microwav e oven s 
shows tha t  w e alway s wan t  ou r  system s t o b e abl e t o 
follo w a  step-by-ste p specificatio n Involvin g 
decision s an d repeate d actions .  Eve n wit h a  ver y 
Intelligen t  computerize d assistant ,  w e woul d lik e 
t o giv e I t  detaile d instruction s a t  a n appropriat e 
leve l  o f  abstraction . 
This ubiquity of programming presents a 
problem ,  however .  I t  i s  widel y know n tha t 
programming ,  eve n a t  a  simpl e level ,  i s  a  difficul t 
activit y t o learn .  {2 )  Vfha t  i s i t  abou t  thi s 
cognitiv e skil l  tha t  i s  s o difficult ? I s i t 
inheren t  i n prograouning ,  o r  directl y relate d t o th e 
natur e o f  th e programmin g tool s currentl y use d fo r 
novices ? I n thi s repor t  w e wil l  presen t  evidenc e 
tha t  curren t  programmin g language s d o no t 
accuratel y reflec t  huma n proble m solvin g strategie s 
develope d i n a  contex t  o f  step-by-ste p natura l 
languag e specification .  Thi s evidenc e wa s gaine d 
by studyin g novic e compute r  program s collecte d fro m 
thei r  termina l  session s [Bona r  e t  al .  1982] , 
video-tape d interview s o f  novice s programming ,  an d 
writte n studie s focusin g o n specifi c  aspect s o f 
novic e programmin g techniques .  13 ) 
Step-by-step natural language specification 
provide s powerfu l  Intuition s fo r  novic e programmer s 
usin g a  prograomln g language .  We hypothesi s tha t 
thes e Intuition s tak e th e for m o f  frame-lik e plan s 
-  regula r  bu t  flexibl e technique s fo r  specifyin g 
how t o accomplis h a  task .  Prograoaln g knowledg e 
als o involve s frame-lik e plan s CSolowa y e t  al , 
1982 ]  [Waters ,  1979] .  Whil e a n individua l 
programmin g languag e pla n may hav e man y lexica l  an d 
syntacti c similaritie s t o a  correspondin g natura l 
languag e plan ,  th e tw o plan s ofte n hav e 
incompatibl e semantic s an d pragmatics .  Man y novic e 
programmer' s misconception s deriv e directl y fro m 
thes e incompatibilities . 

In this brief report we will show an example 
of  natura l  languag e an d programmin g languag e 
plans .  Usin g thos e plan s w e wil l  discus s a 
transcript s o f  novic e programmer s usin g a  natura l 
languag e plan s whil e attemptin g a  programmin g 

languag e problem .  We conclud e wit h a 
discussio n o f  th e implication s o f  thi s work . 

brie f 

(1 )  Thi s wor k wa s supporte d b y th e Nationa l 
Scienc e Foundatio n unde r  NSF Gran t  SED-81-12U03 . 
Any opinions ,  findings ,  conclusions ,  o r 
recommendation s expresse d i n thi s repor t  ar e thos e 
of  th e author ,  an d d o no t  necessaril y  reflec t  th e 
view s o f  th e U.S .  Government . 
(2) Our own conservative estimate from several 
introductor y programmin g course s i s tha t  mor e tha n 
1)0 1 o f  th e conscientiou s student s neve r  reall y 
understan d th e rudiment s o f  programming . 
(3) Du Boulay and O'Shea [1981] present an 
excellen t  overvie w o f  researc h int o ho w novice s 
lear n programming . 
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2.  A  Mismatc h B e t w n a  Natura l  Languag e Pla n an d 
a Progra m 

Consider the following problem: 

Probl e 1: Pleas e writ e a  se t  o f 
explici t  instruction s t o hel p a  Junio r 
cler k collec t  payrol l  informatio n fo r  a 
factory .  A t  th e en d o f  th e nex t 
payday ,  th e cler k wil l  b e sittin g i n 
fron t  o f  th e factor y door s an d ha s 
permissio n t o loo k a t  employe e pa y 
checks .  Th e cler k i s t o produc e th e 
averag e salar y fo r  th e worker s wh o com e 
out  o f  th e door .  Thi s averag e shoul d 
Includ e onl y thos e worker s wh o com e ou t 
befor e a  superviso r  come s out ,  an d 
shoul d no t  Includ e th e supervisor' s 
salary . 

The following natural language specification for 
thi s problem ,  writte n b y one  o f  ou r  subjects ,  i s 
typical : 
1. Identify worker, check name on 

list ,  chec k wage s 
2.  Writ e i t  dow n 
3.  Wal t  fo r  nex t  worker ,  identif y 

next ,  chec k name ,  an d s o o n 
4.  When supe r  come s out ,  sto p 
5.  Ad d nuobe r  o f  worker s you'v e 

writte n dow n 
6.  Ad d al l  th e wage s 
7.  Divid e th e wage s b y th e numbe r 

of  worker s 
There are several natural language specification 
plan s use d here .  Not e ho w step s 1  throug h 4 
specif y a  loop :  step s 1  t o 3  describ e th e firs t 
iteratio n o f  th e loop ,  indicatin g repetitio n wit h 
th e phras e "an d s o on" .  Ste p 1  add s a  stoppin g 
condition ,  assimiin g tha t  thi s conditio n wil l  ac t  a s 
a "demon" ,  alway s watchin g th e actio n o f  th e loo p 
fo r  th e exi t  conditio n t o becom e true .  Th e 
specificatio n als o assume s "canne d procedures "  fo r 
countin g inputs ,  ste p 5 ,  an d fo r  summin g a  serie s 
of  numbers ,  ste p 6 .  Not e however ,  tha t  thes e tw o 
procedure s ar e bot h denote d wit h th e wor d "add" . 
Now focus on the two actions performed in 
step s 1  an d 2 .  Th e pla n t o describ e thes e action s 
i s "ge t  a  valu e (ste p 1) ,  an d proces s tha t  valu e 
(ste p 2 ) " .  Thi s pla n i s nearl y universa l  i n thi s 
sor t  o f  description .  Unfortunately ,  man y 
programmin g language s suppor t  a  fa r  les s natura l 
plan :  "proces s th e las t  value ,  ge t  th e nex t  value" . 
To se e wh y thi s i s so ,  conside r  a  proble m analogou s 
t o Proble m 1  bu t  i n a  programmin g languag e domain : 
Problem 2: Write a program which 

repeatedl y read s i n integer s unti l  i t 
read s the y Intege r  99999 .  Afte r  seein g 



99999 .  i t  shoul d prin t  ou t  th e correc t 
average .  Tha t  is ,  i t  shoul d no t  coun t 
th e fina l  99999 . 

In Pascal, a popular novice progranmlng languag*, 
th e correc t  solutio n t o Proble m 2  is : 

begi n 
Count  : = Coun t  •  1 
Tota l  : s Tota l  •  I 
A««4 Jri ^  <cro3se d out > 
end 

progra m ProbleiD_2_Expert ; 
var  Count ,  Total .  Mew :  integer ; 
begi n 
Count  : i  0 ;  Tota l  : = 0 ; 
Read (New) ; 
whil e Ne w < > 9999 9 

do begi n 
Count  : = Coun t  *  1 ; 

Tota l  : = Tota l  +  New; 
Read (New ) 
end; 

i f  Coun t  >  0 
the n 

Writel n ('Averag e =•.Total/Count ) 
els e 

Writel n ('M o data.' ) 
end . 

and a  transcrip t  o f  th e subjec t  discussin g thi s 
progran : 

S: If I put a nunber in [at the top of the 
loop] ,  i t  come s throug h [th e loo p body] .  I 
don' t  thin k I  wan t  [th e insid e Read ]  rea d 
again ,  I  wan t  i t  rea d u p [a t  th e to p o f  th e 
loop ]  .. .  I f  I  rea d i t  [a t  th e botto m o f  th e 
loo p body] ,  what' s tha t  goin g t o d o fo r  me ? 
It' s no t  goin g t o d o anythin g fo r  me .  OK,  i f 
I  com e ou t  o f  th e loop ,  havin g entere d [ a 
value] ,  finis h al l  [th e loo p body] ,  the n i f  I 
rea d i n anothe r  on e [point s t o Rea d abov e th e 
while ,  trace s a  flo w fro m tha t  outsid e Rea d 
down throug h th e loop] .  I  gues s wha t  I  nee d 
t o figur e ou t  i s ho w d o I  ge t  bac k u p her e 
[point s t o th e Rea d abov e th e while] . Notic e th e peculia r  whil e loo p construction . 

Becaus e a  whil e loo p test s onl y a t  th e to p o f  th e 
loop ,  i t  I s necessar y t o hav e a  Rea d bot h abov e th e 
loo p an d a t  th e botto m o f  th e loop .  Withi n th e 
loo p w e se e th e pla n "proces s th e las t  value ,  rea d 
th e nex t  value" .  Thi s pla n i s  par t  o f  th e 
knowledg e use d b y experience d Pasca l  programmers . 
Do novic e programmer s easil y acquir e suc h a  plan ? 
Apparently ,  no . 
First of all, novices want the while to have a 
demon lik e structure .  Consider ,  fo r  example ,  th e 
followin g transcript : 
S: How do I get [the while loop] to do that over 

again ? See ,  I  gues s I  don' t  know ,  I  though t 
I  ha d it .  What  happen s now ,  ho w d o I  ge t  i t 
t o g o back ? .. .  I  sa y t o myself ,  wh y woul d 
i t  d o [th e whil e test ]  afte r  [th e las t  lin e 
of  th e loo p body] ? I t  seem s t o me tha t  i t 
woul d d o i t  a s soo n a s th e [variabl e teste d 
i n th e whil e condition ]  changes .  .. . 

I: So how will the while statement behave? 
S: Again, total guess here, I'm saying the while 

statement ,  here' s a  logica l  gues s 
everytim e [th e variabl e teste d i n th e whil e 
condition ]  i s  assigne d a  ne w value ,  th e 
machin e need s t o chec k tha t  valu e .. . 

The subjects "logical guess" is that the while 
behave s lik e a  demo n an d no t  a s a  specifi c  testin g 
ste p amon g othe r  steps .  Thi s i s  oonsistan t  wit h 
Englis h phrase s lik e "whil e yo u ar e o n th e highway , 
watc h fo r  th e Northfiel d sign" .  Solowa y e t  a l 
[1981a ]  repor t  tha t  31 X o f  a n introductor y 
programmin g cours e ha d th e "whil e demon " 
misconception . 
Novices also try to implement the "get a 
value ,  proces s tha t  value "  plan ,  eve n thoug h the y 
ar e programmin g i n Pascal .  Consider ,  th e followin g 
novic e progra m fragment . 

var  Count .  Total ,  I  :  integer ; 
begi n 
Count  : = 0 
Tota l  : = 0 
Writel n ('Ente r  integer' ) 
Read (I ) 
whil e I  < > 9999 9 d o 

The subjec t  want s t o pu t  th e Rea d a t  th e to p o f  th e 
loop ,  makin g th e tes t  i n th e middl e o f  th e loop . 
Thi s allow s th e "ge t  a  value ,  proces s tha t  value " 
plan .  I n a  separat e stud y Soloway ,  e t  a l  [1981b ] 
sho w tha t  a  ne w Pasca l  loopin g construc t 
supportin g thi s pla n significantl y improve d novic e 
and intermediat e performanc e wit h Proble m 2 . 

3.  Concluaion s 

The implication of these results is not simply 
t o mak e syntacti c fixe s t o prograDmln g languages . 
Instead ,  w e ar e suggestin g tha t  th e knowledg e 
peopl e brin g fro m natura l  languag e ha s a  ke y effec t 
on thei r  earl y programmin g efforts .  Shneiderma n 
and Maye r  [1979 ]  hav e propose d a  mode l  o f 
programme r  behavio r  base d o n languag e specifi c 
knowledg e (whic h the y cal l  "syntactic" )  an d mor e 
genera l  programmin g knowledg e (calle d "semantic") . 
Our  result s sugges t  tha t  ther e i s a  thir d bod y o f 
"natura l  languag e step-by-ste p specificatio n 
knowledge "  whic h strongl y influence s novic e 
programmin g behavior . 
Miller [1981], Green [1981], and others have 
previousl y looke d a t  step-by-ste p natura l  languag e 
specifications .  The y concentrate d o n lookin g a t 
th e suitabilit y o f  natura l  languag e fo r  directin g 
computers .  Base d o n th e ambiguitie s an d complexit y 
limitation s o f  natura l  language ,  the y conclude d i t 
woul d b e quit e difficul t  t o "program "  i n natura l 
languages .  Here ,  w e ar e no t  contradictin g tha t 
result ,  bu t  extendin g it .  We ar e findin g tha t 
•novic e programmer s d o us e natura l  language ,  eve n 
when the y thin k the y ar e usin g a  programmin g 
language . 
There are several implications of this work 
fo r  progranmln g education .  We ar e beginnin g t o 
explai n man y novic e programmin g error s throug h th e 
ide a o f  natura l  languag e step-by-ste p specificatio n 
plans .  Th e qualit y o f  thes e explanation s ha s 
prove d importan t  i n th e developmen t  o f  a  tuto r  t o 
do intelligen t  compute r  assiste d instructio n o f 
programmin g [Solowa y e t  al ,  1981c] .  I n th e future , 
we hop e t o exten d th e tuto r  t o understan d a 
stylize d for m o f  thes e natura l  languag e plans . 
Finally, what Is the key to cognitively 
appropriat e novic e computin g systems ? Ou r  wor k 
suggest s tha t  w e nee d seriou s stud y o f  th e 
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knowledg e novice s brin g t o a  computin g syatem . 
For  mos t  computerize d task s ther e I s som e mode l 
tha t  a  novic e wil l  us e I n hi s o r  he r  firs t 
attempts .  We nee d t o understan d whe n I s I t 
appropriat e t o appea l  t o thi s model ,  an d ho w t o 
move a  novic e t o som e mor e appropriat e model . 
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Taci t  Programmin g Knowledg e 
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1.  Introductio n 
'  Th e goal s o (  th e Cognitio i  an d Prograiiiiiiui (  Projec t  a t  Yal e 

Unhrenit y are : 
•  empiricaU y expbr e th e isaue s sarToaadis g progranunia g 

» wha t  doe s a a exper t  programme r  kaow ,  aa d ho w 
does thi s compar e t o wha t  a  Bovic e doe s (aa d 
doesn't )  lioo w [Solowa y e t  aL ,  1982a ,  Ehrlic h & 
Soloway ,  1982| , 

» wha t  make s •  programmia g laagnag e coostmc t 
'cogaitiret r  appropriate '  — aa d ca a w e desig n sac h 
construct s (Solowa y e t  aL ,  1981a | 

> wha t  i s th e relationship  betwee n algebr a kaowledg e 
and programmin g knowledg e [Erhlic h e t  aL , 
1982 ,  Solowa y e t  aL ,  1982 | 

•  buil d A I  baae d compute r  enrironmeat s whic h ca n ai d th e 
novic e programme r  i a learnin g t o progra m (Solowa y e t  aL , 
1981b ,  Solowa y e t  aL .  1082b| . 

In this short paper, we will deachbe soma teehaiqaaa we employ to 
investigat e th e firs t  issue :  wha t  d o programmer s know . 

2 .  P r o g r a n m i i n g P l a n s :  T h e T a c i t  K n o w l e d g e i n 
P r o g r a m m i n g 
A numbe r  o f  researcher s hav e replicate d th e ehes a experiment s o f 

deOroo t  (deGroot ,  1966 )  aa d Chas e t  Simo a (Chas e aa d Simoa ,  1V73 | 
i n th e domai n o f  programming ;  consisten t  wit h thos e earlie r 
experiment s wit h maste r  aa d oon-maatc r  chea t  player* ,  i t  appear s 
tha t  exper t  programmer s als o hav e mor e kaowledg e whic h i s mor e 
highl y chunke d tha n novic e programmer s [Shaeidermaa , 
1070 ,  Adeboa ,  1981 ,  McKeithea ,  Reitmaa .  Rnete r  aa d Hirtle ,  19811 , 
Building on this work, oar goal in to ideatiiy the tpaeifia 
kaowledg e whic h exper t  programmer s appea r  t o hav e aa d osa .  Th e 
proble m i s tha t  expert s ar e ofte a oaawar e o f  asia g thi s sor t  o f 
knowledg e — henc e th e ter m toet t  kaowledge .  CoUia s (CoUias , 
1978) ,  Larki a (Larki n e t  aL ,  1980) ,  Risalan d [Risslaad ,  1978) ,  etc .  hav e 
argue d fo r  th e importaac e o f  taci t  knowledg e i a varioa s domains ;  oa r 
objectiv e i s t o identif y th e taci t  knowledg e i n programming . 
To this end. we have developed a first order theory of the 
programmin g knowledg e underlyin g simpl e loopin g program s whic h 
we fee l  exper U hav e aa d nse .  Knowledg e i n thi s theor y i s encode d i a 
term s o f  plana :  stereotypi c chunk s o f  knowledge .  Fo r  example ,  w e 
posi t  tha t  ther e ar e contro l  (lo w plan s an d variabl e plans ;  i a Figur e 1 , 
we woul d sugges t  tha t  th e bod y o f  th e progra m i s a a implementatio a 
of  th e Runnin g Tota l  Loo p Plan :  ne w valne s ar e successivel y 
generated ,  i n th b cas e b y a  Read ,  aa d ar e adde d t o a  Rnnnia g Tota l 
Variable ,  Sum .  Also ,  ther e i s Counte r  Variable ,  Coaat ,  whic h keep s 
trac k o f  th e numbe r  o f  number s generated .  On r  approac h t o 
programmin g plan s i s simila r  i n spiri t  t o tha t  o f  Ric h [Rich ,  1980 )  aa d 
Water s (Waters ,  1979) . 
Profeica Read (• I set of ifltcfttn aid pnat ott ticir atartgt Stop 
rtadin ^  nuafecr ? vlit n bh t  floabcr  9999 9 i s sa« a Do NOT laclad f  ta « 
99999 i n tfe t  aafraft t 

PROGRAK 8l«tAlp«a(I«PUT/ .  OUrPUT) . 
VAR Coaat .  S» .  Daata r  ISTEOEII . 

«>«rat « REAL. 
BEQII 
Coaat 

Sai • 

Coaata r  Variati a Pli a 
•  0  < « i  • 

Raaaii i  Tota l  Vtriall a I  Pla a 
0.  <« « I Raaaia S 

Tota l 
Loop 
Pla a 

- « Raadi a (Naatar) . 
I  I 
I  I 
I  I 
I  t 
I  I 
I  I 
I  I 

-  I 
I 

'Tbi a wor t  wa j  fappofta d i a par t  b y th a Niiioaa i  Sdaae a roaadatioB ,  aadt r  NS P 
Glu t  SEIMI-IIMS . 

— — <« WHILE Saata r  "  9999 9 M 
BECK 

I 
« Si a •  Sa a •  Saatar .  <" -

I Coaat • Coaat • 1. «< 
I 

i < Raa«l > (Saabar ) 
ElO. 
Aaarata • Saa / Coaat. 
Vritala (A>ara|a) 

EM) 

ngnr* li Examples of Plans 

How does oae go about testing m theory of this sortf Simply 
askia g programmer s whethe r  o r  no t  the y us e th a Rnaain g Tota l  Loo p 
Pla n woul d no t  b e to o Qlnminatiag :  th e clai m i s tha t  the y ar e ofte a 
unawar e o f  havin g aa d usia g thi s typ e o f  kaowledge .  Belo w w e 
describ e techaiqae s whic h w e hav e fona d usefu l  i a thi s regard . 

3 .  T h e Ft l l - in-the-blan k T e c h n i q u e 
The first  techniqu e w e hav e use d draw s o a wor k doa e i a explorin g 

th e realit y o f  script s i n tex t  uaderstaadiag .  Fo r  exampl e Bower ,  Blac k 
aad Tome r  fona d that ,  i a respoas e t o qnestioa s abou t  a  story , 
subject s woul d Ti D ia '  fro m thei r  'script '  kaowledge ,  iaformatio a 
whic h wa a no t  explicitl y  give a i a th e text .  Simila r  i a llavar ,  w e giv e 
programmer s a  propa m i a whic h a  lia a o f  cod e ha t  bee a lef t  oat ,  aa d 
ask the m t o fill  i t  in .  W e purposel y d o no t  tel l  th e subject s wha t  th e 
progra m i s suppose d t o do ;  on r  objectiv e i s t o hav e subject s us e thei r 
experienc e wit h previou s programmin g problem s i n orde r  t o recogniz e 
what  lia e o f  cod e i s moa t  appropriat e i a th e particula r  sitnatioB .  I f 
subject s dida' t  hav e pla n structures ,  w e woul d expec t  th e answer s 
the y giv e t o b e arbitrary ,  an d thu s var y wildl y fro m subjec t  t o 
subject .  A s w e discus s below ,  th e answer s whic h novice s giv e 
typicall y d o var y significantly ,  whil e th e answer s whic h advance d 
programmer s giv e d o i a fac t  exhibi t  a  significan t  degre e o f 
consistency . 
We also add aa extra twist to the above design ia order to more 
precisel y hom e i n o n pla n knowledge .  W e creat e tw o version a o f  th e 
tes t  program :  i n th e firs t  version ,  th e informatio n neede d t o fill  i n th e 
blan k lin e b  mor e o r  les s unambigions ,  whil e th e secon d versio n 
contain s eott/lt'ets'n f  information .  Fo r  example ,  th e program s i n 
Figure s 2  an d 3  ai t  bot h intende d t o produc e th e squar e roo t  o f 
N.  Sinc e N  i s i n a  loo p whic h wil l  repea t  1 0 times ,  1 0 valne s wil l  b e 
printe d out .  Th e questio n is :  ho w shoul d N  b e set f  Th e techniqu e 
wil l  b e t o compar e th e performanc e o f  programmer s o n th e progra m 
whic h doe s no t  contai n th e pla n conflic t  (Figur e 2) ,  wit h thei r 
performanc e o n th e progra m whic h doe s contai n th e conflic t  (Figur e 
3) . 
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Plw M rampt^u  i W ̂ f iu a rmcmt u l i m M » w b y niOa *  i a Ik a bUt k II m 
(iwlinM d b y k  ban) .  Fil l  i a U t  blaa k wit k a  lia t  » l  Paaca l  nd *  wkie b i a 
roa r  opiiia a bai t  eomplata a Ik a pnpam . 

pro«raai Viaitt«lpii>(I>»il/. OnCpit). 
Tar  «  rea l 

I  laMfa r 
bafi a 
fo r  I  •  1  l a 1 0 d o 

I I. 
i r  <  <  0  tW a <  •  -I I 
VriMl i  (  SqrtO )  ) , 

(•  Sqr t  I S >  liilt-i i 

«ad 
sq«ar f  roo t  o f  it s  argaaait* ) 

n f l O N S i  Proble m ViolMAlph K 
Th « iaflaeac *  o f  a  liag k P U a 

I n th e p f o g m n i n Fignr e 2 ,  N  i s a  N e w Valo e Variable ,  sinc e it s 
fnnctio o b  merelj r  t o hol d successiv e values .  Th e pla n fo r  thi s typ e o f 
variabl e doe s so t  presen t  a n overridin t  constrain t  o n ho w i t  ihoal d b e 
set  i n th e blan k line :  a  Read(r4 )  o r  a  N  : •  N  -I -  SomeValn e woul d 
bot h b e acceptable .  However ,  contex t  doe s provid e a  stron g 
constraint .  Notic e th e I f  tes t  precedin g th e S<|rt(N )  instantiate s th e 
'juar d a  portio n o f  a  progra m fro m impropt r  data '  pla n b y 
protectin g th e Sqr t  fro m negativ e integer s (th e Sqr t  functio n ca n onl y 
wor k o n positiv e integers) .  Thi s tes t  speeific a a n importan t 
constraint :  N  shoul d tak e o n valae a tha t  coai d possibl y b e negative , 
otherwis e th e I f  tes t  woul d b e totall y  snperfloous .  Thus ,  N  shoul d 
PItaaa niaplaM tka piafna ha<WBt (ivM baia* bf lOBaf ia Ika Uaak liw 

Oadkaaad b j  a  b«) .  ri l  i a tk a bUa k vi U a  Ea a a f  Paaea l  cad a vkk k i a 
70 V ofiaia a baa t  eaasiala a tk a laat" " 

profra a vioittBataCIipit/ .  Oatpit) . 
Tar  N  raal . 

I  la(a«a r 
bcti a 
•  • 0 0 
fo r  I  •  I  t o 1 0 d a I I. 

i f  »  <  0  tka *  •  •  -a . 
XriM H (  Sqrt(a )  ) . 

(•  Sqr t  I S I  tiilt-i i 
fitctio a afeicf e ratiri s  ti a 
sqtir t  roo t  o f  it s  ir|iaaat* > 

FIgnr w a i  Proble m VioletBeta : 
A conflic t  betwee n Plan s 

not be set via an assignment statement to some simple funetian of N 
and/o r  th e inde x variabl e I .  e.g. ,  N : — N + 1 ,  N : — I ,  N : - N + l .  Rather , 
by settin g N  vi a a  Rea d statement ,  negativ e value s hav e th e 
possibilit y  o f  enterin g th e program .  Thi s argumen t  i s base d o n a 
principl e o f  taci t  coimnnaicatio a whic h states :  intiud a «Ni v 
rMesaeor y eod a i m a  prograsR .  B y includin g a  tea t  fo r  negativ e 
values ,  a n experience d programme r  i s informin g th e reade r  tha t  i t  i a 
possibl e tha t  suc h number *  coul d b e generated ;  i f  suc h number s coul d 
not  possibl y eate r  th e program ,  the n th e inchuio a o f  thi a tes t  woul d 
violat e thi s onwritte a rul e o f  communication . 
The blaak line ia the program ia Figure 2 ia strategically placed: 
we wante d t o Bq>lor e th e degre e t o whic h programmer s ar e sensitiv e 
t o th e contextua l  relationshi p whic h obtain s betwee n th e guar d pla a 
and th e initializatio n aspec t  o f  N e w Valu e Variabl e Plan . 
Program VioletBeta in Figure 3 is exactly the same as that ia 
Figur e 2  excep t  tha t  oo w N  i s give n *  valu e o f  0  befor e th e loop . 
Previousl y th e N e w Valu e Variabl e Pla a wa a aeutra l  wit h respec t  t o 
ho w N  shoul d b e set .  However ,  sinc e N  wa s initialize d vi a a n 
assignmen t  statemen t  t o 0 ,  th e genera l  rul e o f  relatin g initializatio n t o 
updat e shoul d com e int o play ,  aa d direc t  tha t  N  b e update d vi a a n 
assignment .  O n th e othe r  hand ,  th e I f  test ,  whic h realize s th e 'guar d 
plan '  an d protect s th e squar e roo t  operation ,  stil l  set s u p th e 

expectatio n tha t  N  wUI  b e rea d in .  I f  N  wil l  b e se t  vi a a  Rea d i n th e 
loop ,  th e settin g o f  N  t o 0  initiall y  i s  superfluous .  Thus ,  i n Progra m 
VioletBet a w e hav e purposel y create d a  situatio n i n whic h tw o plan s 
ar e i n conflict :  th e N e w Valu e Variabl e Pla a expee U N  t o b e update d 
vi a a n assignment ,  sinc e i t  wa s initialize d vi a a a assignment ,  bu t  th e 
guar d pla n o n th e Sqr t  operatio n expect s tha t  N  wil l  update d vi a a 
Read,  s o a s t o permi t  negativ e value s t o eate r  th e program . 
We felt that novices, with their limited experience, would be more 
sensitiv e t o th e constrain t  tha t  obtain s betwee n a  variable' s 
initializatio n an d update ,  a a compare d t o th e constrain t  tha t  obtain s 
betwee n a  guar d pla a an d a  variable' s update .  Hence ,  w e predicte d 
tha t  th e proportio n o f  novice s wh o Rea d i n th e valu e o f  N  woul d 
declin e whe n ther e wa s a  conflic t  betwee n plans .  O n th e othe r  hand , 
we fel t  tha t  mor e advance d programmer s woul d hav e ha d snfflcien t 
experienc e i n both ,  an d kno w whe n eac h i s mos t  appropriate ,  e.g. , 
non-novice s woul d realiz e tha t  th e tes t  fo r  a  negativ e N  shoul d tak e 
precedenc e ove r  th e initialiiatio a o f  N  t o 0 ,  sinc e th e 'guarding '  o f 
th e inpu t  i s usuall y ver y importan t  t o th e come t  runnin g o f  th e 
program .  Thus ,  w e predicte d tha t  non-novice s woul d fil l  i n th e blaa k 
wit h Read(N )  equall y ofte n i n bot h version s o f  th e problem . 

WVICES 
ALPHA BETA 

no 
coaflic t  coaflic l 
1 1 
1 • « 1 
1 1 
1 1 
1 7  1 
1 1 

1 
30 1 

1 
1 

I S 1 
1 

Catagor y t 
Sat  •  ¥i a Ras a 

Catagor y 2 
Sat  •  <i a assigaoaa t 

MN-WVICES 
ALPHA BETA 

ao 
coaflic t  coaflic t 
1 1 
1 2 0 1 
1 1 
1 1 
1 «  1 
1 1 

1 
2t  1 

1 
1 

4 1 
1 

cti-sqaara d •  S  20 .  p  <  0  OS cli-sqaara S <  1 .  I  S 

Tnblnli FOI-in-the-blank Responses 

Th e resp < of  novice s an d non-novice s o n thes e programs , 
shown i n Tabl e 1 ,  suppor t  ou r  predictions .  Non-novice *  chos e t o se t 
N vi a a  Rea d i n th e non-conflic t  cas e (VioletAlpha) ,  an d als o chos e t o 
set  N  vi a a  Rea d i n th e conflic t  cas e (Bete) .  Thi s i s consisten t  wit h 
our  hypothesi s tha t  non-novice s coul d us e contextaa l  informatio n 
— th e gnar d pla a constrain t  — t o overrid e th n variabl e pla n 
constrain t  i a th e coaflic t  case .  I n eoatraat ,  novice a chon s Rea d 
significantl y lea s ofle a i n th e eoafUe t  cas e U a a i a th *  Ba»«oafIie t 
cas e (chi-sqaared — 5.20 ,  p  <  0.06) .  Thi s i s coasistea t  wit h oa r 
hypothesi s tha t  novice s wer e mor e iaflaeaee d b y th e famiUa r  variabl e 
pla a coaatraia t  tha a b y th e les s fsmiliar ,  coatextaa l  gnar d pb a 
constraint . 

4 .  R e m d i n g T i m e Stntl ie s 
We als o wante d t o se e ho w readin g tim e wa s effecte d b y th e n o 

conflict/conflic t  situations .  Thus ,  w e carrie d ou t  studie s whic h 
tracke d th e tim e s  programme r  starte d readin g th e progra m t o th e 
tim e h e bega n t o Til l  i n th e blank .  Fo r  th n program a i n Figure s 2  an d 
3,  w e foun d tha t  novic e programmer s too k effectivel y th e sam e 
amount  o f  lim e t o respon d i n Progra m VioletAlph a a s i a Progra m 
VioletBe U (se e Tabl e 2) .  I n contrast ,  whil e th e advance d 
programmer s responde d quicke r  tha n th e novice s o n Progra m 
VioletAlpha ,  the y too k significantl y longe r  tha n th e novice s t o 
respon d t o Progra m VioletBeta .  W e fee l  thes e dat a als o suppor t  oa r 
hypothesi s tha t  Progra m VioletBet a coataine d a  conflic t  betwee n 
plans ,  t o whic h oal y th e advaace d programmer s wer e aeasitive ,  whi k 
ther e wa s n o simila r  coaflic t  i n Progra m VioletAlpha . 
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I  I  I 
I  10 9 I  IM  I  Hooce s 
I  I  I  •  ] 

1 
I  I  I 
I  n  I  IM  I  Hoi-lo o e n 
I  I  I  p  <  OS Ntl l  ktt« m Tim s 

I I  StCOItf S 
TablsS i  Readin g Time t  Stad r 

S.  C o n e l a d i n g R e m a r k a 
Tappin g int o th e taci t  knowledg e whic h programme n see m t o 

hav e an d us e i i  a  comple x task .  Th e basi i  fo r  o u experimenta l 
method !  rest s sqaaret y o n oar ,  albei t  pieiiminary ,  theoi y o t 
programmin g knowledge .  Tha t  is ,  w e neede d th e theor y i n orde r  t o 
creat e th e program *  whic h serr e a s oa r  stimulu s materials .  W e ar e 
currentl y workin g o n extendin g tha t  theor y t o mor e comple x 
programmin g problem s an d constmctiont . 
We are also carrying ont filtin-tho-blank stadia and reading time 
studie s wit h wnplan-lik e programs ,  an d program s whic h contai n bugs . 
One objectiv e I s  thes e studie s i s t o explor e th e exten t  t o whic h 
program s ca n b e perturbe d an d stil l  hav e peopl e recognix e th e correc t 
underlyin g intentions . 
A longer range goal is the developmeat of measares of program 
complexit y base d no t  jus t  o n feature s o f  th e progra m tex t  itself ,  ba t 
rathe r  o n th e cognitiv e demand s whic h th e progra m make *  o n th e 
programmer .  Blv k an d Sebrecht s [Blac k ft  Sebrechts ,  19S1 |  hav e 
argue d quit e permaaiTel y tha t  measure s o f  progra m complexit y base d 
on textoa l  feature s (e.g .  nnmbe r  o f  operations ,  lengt h o f  Tariabi e 
names)  canno t  b e effectir e measure* ,  i n th e sam e wa y tha t  th e ol d 
measure s o f  readin g eompletity ,  baae d als o o n textoa l  featares ,  wer e 
not  effectir e measure* .  Suc h measure *  ca n captur e oal y 'sorface ' 
information .  I n contrast ,  effectiv e measure *  mos t  b e baae d o n th e 
typ o an d numbe r  o f  inference s whic h a  programme r  mus t  mak e i n 
orde r  t o understan d th e program .  B y catalogin g th e type s o f 
inference s whic h programme n d o make ,  w e hav e take n a  firs t  ste p i n 
thi s enterprise . Aekaowiadc M ntn 

We woul d lik e t o than k Chuc k Ric h fo r  hi *  hel p i n developin g th e 
stimulu s material s use d i n thi s experiment ,  Joh n Lcdd o fo r  raaning 
th e readin g tim e study ,  an d Joos t  Breake r  an d Valeri e Abbo U fo r 
thei r  hel p i n analynn g th e data . 
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Abstrac t 

Learning a complex skill such as programming 
require s th e development s an d us e o f  conceptua l 
models ,  bot h o f  th e concept s i n th e programmin g 
language ,  an d th e 'behaviour '  o f  th e machine .  Th e 
latte r  ha s bee n referre d t o a s th e 'notiona l 
machine '  (d u Boulay ,  B. ,  O'Shea ,  T .  an d Monk , 
1981) .  Suc h a  conceptua l  model ,  however ,  mus t 
Interac t  an d buil d upo n model s an d metaphor s whic h 
student s alread y have .  I t  i s  thes e metaphor s an d 
some technique s fo r  studyin g the m whic h ar e 
discusse d i n thi s paper . 
Introduction and Background 
Behavioural studies of programming are motivated by 
a diversit y o f  >oals ,  fo r  exampl e a  desir e t o 
understan d th e tas k bette r  an d thu s ho w i t  ca n b e 
Derforme d mor e efficientlv :  o r  a  concer n abou t  th e 
Importanc e o f  developin g procedura l  literacy ,  (fo r 
example .  Shell ,  1980 ,  (b) )  o r  a n interes t  i n pro -
grammin g a s a n applie d exampl e o f  a  hig h leve l 
skill .  I t  i s  th e latter ,  mainly ,  whic h motivate s 
th e presen t  study :  th e overal l  question ,  althoug h 
I t  i s  fa r  fro m simple ,  ca n b e simpl y phrase d 'Wha t 
goes o n i n th e min d o f  th e learne r  prograamxer? ' Ther e i s no w a  substantia l  bod y o f  researc h o n pro -
gramming ,  althoug h Shell ,  (1980 )  argue s tha t  man y 
empirica l  studie s o f  programmin g hav e adde d ver y 
littl e t o ou r  knowledg e o f  wha t  i t  mean s t o lear n 
prograimning ,  partl y becaus e th e methodolog y i s 
fraugh t  wit h difficultie s bu t  mainl y becaus e w e 
stil l  kno w s o littl e abou t  wha t  th e tas k entails : 
how programmin g knowledg e i s organize d an d ho w i t 
can b e represented .  Ther e i s som e agreemen t  tha t 
i t  ca n b e though t  o f  a s a  collectio n o f  units ,  (o r 
'frames' ,  'paradigms '  o r  'schemas' )  organise d a s 
progra m fragment s wit h a  se t  o f  proposition s abou t 
It s behaviou r  an d rule s fo r  combinin g i t  wit h 
others .  (Ric h 1978 ,  Floyd ,  1979. )  Ther e i s n o 
evidence ,  however ,  tha t  novice s hav e acces s t o suc h 
structures ;  o n th e contrary ,  studie s o f  th e know -
ledg e organizatio n o f  expert s an d novices ,  i n th e 
programmin g domain ,  indicat e no t  unsurprisingly , 
tha t  novice s lac k suc h organizin g schemas . 
(McKeithe n an d Reitman ,  1981 ;  Adelso n 1981) .  I t 
has bee n argue d (d u Boulay ,  O'She a an d Monk ,  1981. ) 
tha t  on e o f  th e difficultie s o f  teachin g a  novic e 
programmin g I s ho w t o describ e a t  th e righ t  leve l 
of  detai l  th e machin e sh e i s learnin g t o control ; 
and a s a  wa y o f  doin g thi s the y sugges t  teachin g 
usin g th e ide a o f  a  notiona l  machin e -  a n idealise d 
conceptua l  compute r  whos e propertie s ar e implie d b y 
th e construct s i n th e prograomiin g languag e 
employed .  Th e notiona l  machin e i s simila r  t o th e 
'transactions '  whic h Maye r  use s t o describ e th e 
working s o f  a  BASI C machin e (Mayer ,  1979) ,  an d 
als o suggest s a s a  basi s fo r  teachin g BASIC .  Othe r 
studies ,  (e.g .  Miller ,  197A )  hav e als o emphasize d 
providin g novice s wit h carefull y though t  ou t  meta -
phor s an d model s t o hel p the m learn .  Th e gap , 
however .  I n al l  thi s i s wha t  th e learne r  hersel f 
bring s t o th e situation ,  an d tha t  is ,  al l  he r 
pas t  experienc e an d knowledg e whic h wil l  b e use d 
t o interpre t  an d organiz e th e ne w materia l  tha t  i s 
t o b e learnt .  Althoug h programmin g ha s man y 
specialise d terms ,  man y word s d o hav e everyda y 
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meaning s an d association s whic h ar e differen t  fro m 
thei r  programmin g us e an d may no t  facilitat e th e 
learnin g process .  Suc h word s wil l  no t  necessaril y 
hav e a  share d meanin g amon g novices .  McKeithe n an d 
Reitma n (1981) ,  i n studyin g th e organizatio n o f 
programmin g knowledg e foun d tha t  beginners '  organi -
zation s sho w a  ric h variet y o f  common languag e 
association s t o thes e programmin g concepts .  Botts ' 
stud y o f  learnin g ho w t o us e a  tex t  editor ,  (Bott , 
1979 )  suggest s tha t  suc h pre-association s ar e 
powerfu l  an d pervasive ,  an d may no t  b e easil y re -
place d b y ne w metaphor s an d models . 
The Stud y 

The study of novice programmers' Initial metaphors 
and model s i s bein g investigate d a s par t  o f  a 
large r  stud y o f  ho w student s lear n tw o ver y dif -
feren t  programmin g languages :  onl y on e o f  whic h 
wil l  b e discusse d here ,  a  languag e calle d SOLO. 
The student s usin g SOLO ar e takin g a n Ope n Univer -
sit y Cognitiv e Psycholog y course ;  an d SOLO provide s 
an environmen t  fo r  the m t o manipulat e a n asser -
tiona l  dat a base ,  a s a  too l  fo r  learnin g an d 
thinkin g abou t  knowledg e representation .  I t  wa s 
designe d t o mak e lif e eas y a s possibl e fo r  tota l 
novice s b y bein g restricte d t o a  smal l  numbe r  o f 
primitives ,  an d Incorporatin g man y use r  aids ,  suc h 
as a  spellin g corrector .  Nevertheless ,  learnin g t o 
progra m i n SOLO i s b y n o mean s trivial ,  an d s o i t 
has bee n necessar y t o fin d ou t  wha t  problem s th e 
student s hav e s o tha t  th e programmin g envlrormen t 
ca n b e tailore d t o sui t  thei r  needs .  (Eisenstadt , 
Laubsc h an d Kahrey ,  1981) .  I n orde r  t o buil d a 
reall y fool-proo f  environmen t  i t  i s  necessar y t o 
understan d precisel y wha t  th e novic e reall y think s 
i s goin g o n insid e th e SOLO machine .  Of  course , 
tryin g t o fin d ou t  wha t  someon e 'reall y thinks '  I s 
goin g o n i s a  tal l  order ,  an d t o a  larg e exten t 
thi s stud y ha s bee n concerne d wit h explorin g meth -
odologie s whic h wil l  provid e 'windows '  int o novi -
ces '  conceptua l  model s o f  th e SOLO machine . 
Severa l  suc h window s hav e bee n explored :  student s 
wer e aske d t o actuall y star t  learnin g SOLO i n th e 
laborator y an d t o tal k alou d whil e doin g th e 
exercise s i n th e primer ,  (fo r  thi s study ,  th e fac t 
tha t  SOLO i s learn t  a t  a  distance ,  fro m a  cor -
respondenc e text ,  i s  a  grea t  advantage ,  a s th e 
teachin g metho d an d technique s use d ar e mad e 
explici t  an d ar e consisten t  acros s students) ;  the y 
ar e interviewe d an d aske d t o tal k abou t  som e o f  th e 
concept s befor e the y started ;  the y complete d 
Repertor y grids ,  (Kelly ,  1970 )  an d th e worke d 
throug h som e ver y simpl e exercises .  Th e nex t 
sectio n wil l  briefl y discus s th e virtue s an d 
problem s o f  som e methodologie s fo r  specificall y 
explorin g th e metaphor s an d model s whic h student s 
brin g wit h them ,  an d som e example s o f  these . 

The Repertor y gri d 

Repertory grids are usually used to elicit con-
struct s rathe r  mor e genera l  Cha a chos e concept s 
use d i n programming .  The y ar e a  wa y o f  findin g ou c 
how a  perso n cacegocize a Ch e worl d o r  som e par e o f 
Che world .  Oche r  studie s o f  knowledg e structures , 

e.g .  Adelso n (1981 )  hav e investigate d ho w program s 



ar e organised .  Th e approac h use d her e howeve r  wa s 
CO as k sttident s c o categoriz e Ch e accoa l  promicive s 
of  Ch e SOLO language ,  an d subject s calke d alou d 
whil e Che y di d cb e exercise .  I n chl s exercis e 
chey wer e show n chre e o f  ch e SOLO 'words '  o n cards , 
and aske d i f  ther e wa s a  wa y i n whic h cw o wer e 
alik e an d on e wa s dissimilar ;  an d col d cha c che y 
woul d Che n cacegorlz e Ch e res c o f  ch e card s 
accordin g t o Chi s construct .  Thi s i s repeace d 
unti l  n o mor e construct s ca n b e elicited .  I n doin g 
thi s I  wa s intereste d i n th e construct s a  subjec t 
woul d choose ,  give n th e freedo m t o carv e u p th e 
'SOL O world '  howeve r  sh e wanted ,  an d als o whecher , 
give n a  construc t  elicite d fro m ch e firs t  tripl e i t 
woul d b e possibl e c o cacegoriz e Ch e remainin g SOLO 
cerm s i n accordanc e wit h it .  Fo r  example ,  on e 
subjec t  starte d wit h NOTE (a n 'Assert '  function) , 
CHECK ( a 'retrieve '  function )  an d LIS T -  whic h 
list s procedures .  Sh e sai d cha t  NOTE wa s C o d o 
wit h 'Givin g (th e database )  ne w things '  wherea s 
CHECK an d LIS T hav e a  retrieva l  functio n -  'che y 
sho w yo u whac' s there. '  It' s  no t  clea r  ho w muc h 
sens e suc h construct s hav e fo r  th e res t  o f  th e 
primitives .  Thi s subject' s categorizatio n fo r  thi s 
construc t  was : 
"Giving new things" "Retrieval" 
DESCRIBE IF PRESENT 

NOTE I F ABSENT 
To (Definin g a  procedure )  CHECK 
CONTINUE EDI T 
EXI T 
PRINT 
PARAMETER 
VARIABLE 
FORCET (delete ) 
In this case, che conscruct does make some sense as 
a wa y o f  categorizin g Ch e SOLO Cerms .  A s migh t  b e 
expecte d fro m othe r  relate d studie s (e g Adelson , 
1981 )  man y o f  thes e beginne r  programmer s use d con -
struct s whic h wer e Idiosyncrati c an d relate d t o 
everyda y knowledg e a s muc h a s t o programmin g know -
ledge . 

Eliciting such constructs is clearly a hard activi-
t y fo r  beginner s (a s indee d i t  i s  fo r  experts) ,  bu t 
althoug h subject s foun d i t  demandin g che y als o 
foun d i c rewardin g a s i c force d the m t o chin k abou t 
how the y organize d thes e concept s whic h the y wer e 
not  awar e o f  havin g categorised .  Thi s thinkin g i t 
throug h become s explici t  i n thei r  verbalization . 
What  seem s C o b e happenin g C o Chi s i s Cha t  Ch e 
sCudenCs ar e learnin g whil e doin g Ch e Cask .  Whils t 
thi s i s excitin g an d ca n provid e ric h dat a i t  I s 
als o clearl y problemati c fo r  analysi s a s Ch e 
learner' s scac e i s changin g durin g th e exercise . 

Secondly, some students seem Co "chain" concepts; 
t o los e crac k o f  ch e conscruc c o r  categor y an d t o 
cacegoriz e eac h elemen t  o r  concept s (th e primi -
tives )  accordin g t o it s similarit y o r  otherwise , 
t o ch e previou s one . 

The grouping of the constructs for each subject and 
difference s betwee n subject s ha s no t  ye t  bee n 
analysed ,  an d so ,  overall ,  i c  i s  dlfficul c a c ch e 
momenc C o asses s ho w usefu l  Chi s cechniqu e wil l  be . 

befor e startin g c o lear n abou t  it .  Informatio n 
abou t  ho w a  studen t  interpret s a  certai n wor d 
befor e eve n startin g provide s a  baselin e fo r  inter -
pretin g thei r  behaviour .  Some Interpretation s ar e 
remarkabl y common,  ye t  unsurprising ,  (i n retro -
spect! )  "Parameter" ,  i f  i t  elicite d an y repl y a c 
all ,  wa s "llmlcs" ,  "boundaries "  "constraints" ,  • 
whic h i s no t  particularl y clos e c o ic s programmin g 
use .  'Node' ,  o n Ch e othe r  hand ,  whic h i s a  wor d 
use d i n SOLO' s semanti c network ,  wa s fo r  man y th e 
biologica l  'node '  o f  a  nerv e network ;  -  a  no t 
inappropriat e metaphor . 
Protocols of students working chrough exercises 
i n th e teachin g ces c wer e als o caken .  Conside r  Ch e 
followin g extrac t  fro m a  CranscripC ,  whic h conern s 
how procedure s cak e paramenters : 
"I think of it in relation to a sort of work pro-
cessor ,  tha t  i f  I  wa s doin g a  lo t  o f  letter s I 
woul d d o a  lette r  an d pu t  a n X  i n 'Dea r  X '  an d Che n 
eac h on e I' d jus t  prin t  i n Fred ,  Mary. ,  s o Cha t 
eac h lette r  " 
This metaphor is very useful for a novice thinking 
abou t  th e ide a o f  a  procedur e cakin g a  parameter . 
I t  shoul d b e stresse d howeve r  cha t  chi s i s  some -
Chin g Ch e learne r  bring s wit h her ;  n o matte r  wha t 
metaphor s ar e offere d i n th e teaching ,  th e studen t 
must  map wha t  she' s learnin g o n t o he r  ow n experi -
ence .  Normall y thi s i s a  'hidden '  activity ;  bu t 
par t  o f  th e ai m o f  thi s researc h I s t o mak e i t 
'explicit' -  Suc h informatio n ca n pa y dividend s 
later ,  a s suc h metaphor s ma y onl y b e usefu l  fo r 
a fragmen t  o f  time ,  o r  fo r  learnin g o n particula r 
thing .  I n th e abov e example ,  th e metapho r  le d t o 
expectation s abou t  th e wa y th e edito r  woul d behave , 
-  tha t  i t  woul d b e abl e t o delet e singl e word s 
withi n a  lin e o f  th e procedure ,  whic h di d no t 
matc h it s actua l  behaviour ,  a s i n fact ,  whol e line s 
must  b e deleted ,  an d yet ,  suc h belief s wer e per -
sistent .  Bot h (1978 )  cite s th e wa y i n whic h suc h 
expectation s ca n lea d t o interpretation s whic h ar e 
false ,  ye t  ver y pervasive ,  an d ho w complicate d 
storie s ar e constructe d t o accoun t  fo r  th e mismatc h 
betwee n expectatio n an d reality ,  befor e Ch e learne r 
finall y discar d a n inappropriat e schema . 

Conclusion s 

In helping novices to learn programming, it is not 
enoug h t o provid e metaphor s an d models .  I n addi -
tio n w e mus t  stud y th e model s an d metaphor s 
student s alread y have ,  an d whic h the y brin g wit h 
the m C o Ch e learnin g situation .  Thi s pape r  ha s 
discusse d suc h metaphor s an d possibl e methodolo -
gie s fo r  Investigatin g them .  Th e aex c sCe p i s C o 
examin e ho w existin g metaphor s interac t  wit h 
experienc e i n Ch e developmen t  o f  conceptua l  mode s 
of  a  programmin g language .  Thi s i s a  vita l  issu e 
i n understandin g ho w novice s lear n programming . 
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Concep t  InCervlew s an d Talkin g Chroug h Exercise s 

The mosc frulcful technique so far for investiga-
tin g metaphor s ha s bee n a  combinatio n o f  concep t 
interview s an d student s calkin g alou d whil e work -
in g throug h ch e exercise s i n Ch e promer .  I n Ch e 
'concept '  Interviews ,  subject s wer e aske d t o tal k 
abou t  som e o f  th e word s use d i n th e SOLO languag e 

Reference s 

Adelson, B. Knowledge Structures of Computer 
Programmer s Proceeding s o f  3r d Annua l  Conferenc e 
of  Cognitiv e Scienc e Society ,  1981 ,  p p 243-248 . 

Bott, R.A. A Study of Complex Learning. Report 
No.  82 ,  Universit y o f  California ,  Centr e fo r 

153 



Human loformatlo n Processing ,  1979 . 

du Boulay, B.. O'Shea, T., and Monk, J. The black 
box Inald e th e glas s box :  presentin g computin g 
concept s t o novices .  In t  J  Ma n Mac h Studies , 
1981 ,  14 ,  237-249 . 

Elsenstadt, M. Artificial Intelligence Project, 
Cognitiv e Psycholog y Course ,  Ope n Universit y 
1978 . 

Elsenstadt, M., Laubsch, J., and Kahney, H. 
Creatin g Pleasan t  Programmin g Environment s fo r 
Cognitiv e Scienc e Students .  Proceeding s o f  3r d 
Annua l  Conferenc e o f  Cognitiv e Scienc e Societ y 
1981 . 

Floyd, R,W, "The Paradigms of Programming" Commus. 
ACM 22 8 (Augus t  1979 )  455-460 . 

Kelly, G.A. A brief Introduction to personal 
construc t  theory .  I n Perspective s I n Persona l 
Construc t  Theor y (BANNISTE R D .  Ed) ,  Londo n 
Academi c Press ,  1970 . 

Mayer ,  R .  A  Psycholog y o f  Learnin g BASI C Communi -
catio n o f  th e ACM,  Vol .  22 ,  No .  11 ,  Nov .  1979 . 

McKeithen, D.B. and Reltman, J.S. at al. Know-
ledg e Organizatio n an d Skil l  Difference s I n 
Compute r  Programmers .  Cognitiv e Psychology ,  13 , 
307-325 .  1981 . 

Miller, L.A. Programming by non programmers. Int 
J Man-Mac h Studies ,  1974 ,  Vol .  6 ,  273-260 . 

Rich, C, and Shrobe, H. "Initial report on a 
Lis p programmer' s apprentice" ,  IEE E trnas . 
Softw .  Eng .  SE- 4 (1978 )  456-467 . 

Shell, B. The Psychological Study of Programming, 
Computin g Surveys ,  Vol .  13 ,  Nol .  1 ,  Marc h 1980 . 

Shell, B(b). "Teaching procedural literacy" la 
Proc .  ACM Annua l  Coof .  1980 ,  p p 125-126 . 

154 



PROGRAMS,  THEORIES.  AND MODELS 

Paul Thagard 

Cognltiv* Scltnce Center, University 
of  Michigan ,  An n Arbo r 

Univeriity of Michigan-Dearborn' 

April, 1982 

Thi s pape r  make s us e o f  th e philosophica l 
literatur e o n theorie s an d model s t o develo p a n 
accoun t  o f  th e rol e o f  A l  program s i n psychologica l 
theorizing .  I t  i s  ofte n sai d tha t  program s ar e 
theorie s (e.g .  Winsto n 1977 .  P -  258 )  .  I  argu e tha t 
program s d o no t  constitut e theorie s o r  model s i n 
any precis e sense ,  bu t  tha t  th e importan t 
contributio n o f  program s t o psychologica l  theor y 
can b e describe d b y adoptin g a  ne w conceptio n o f 
theorie s a s definition s o f  kind s o f  systems , 
developin g a  cognat e conceptio n o f  model ,  an d 
interpetin g A I  program s a s simulation s o f  model s 
whic h approximat e t o theories . 
A program - 3 set of instructions which a 
compute r  ca n follo w -  I s clearl y no t  a  theor y 
according  t o wha t  use d t o b e th e standar d 
philosophica l  vie w tha t  theorie s ar e set s o f 
sentence s axiomatlze d I n a  forma l  syste m (se e 
e.g .  Hempel  1965 .  PP .  182-183 )  .  However ,  a  mor e 
plausibl e Interpretatio n o f  theorie s I s available . 
The alternative conception of scientific 
theorie s wa s originall y propose d b y P .  Suppe s 
(1957 ,  1967 )  an d ha s bee n develope d b y variou s 
author s an d applie d t o field s a s divers e a s 
physics ,  biology ,  an d economic s (se e e.g .  Snee d 
1971 ,  F -  Supp e 1972 .  1977 :  va n Fraassei r  1970 .  1972 ; 
Stegmuelle r  1976 .  1979 ;  Beatt y I98O ;  Hausma n 198I) . 
I t  ha s bee n variousl y referre d t o a s th e "semantic " 
conceptio n an d th e "structuralist "  vie w o f 
theories .  Ther e ar e importan t  difference s amon g 
thes e variou s accounts ,  bu t  i n wha t  follow s I  shal l 
eclecticall y adap t  whateve r  feature s o f  th e 
differen t  formulation s see m bes t  t o appl y t o 
cognitiv e science .  I n orde r  t o avoi d confusion .  I 
shal l  simpl y refe r  t o th e "new "  conceptio n o r 
accoun t  o f  theories . 
Whereas the traditional view of theories took 
the m t o b e set s o f  sentence s I n a n axiomati c 
system ,  th e ne w accoun t  take s a  theor y t o b e a  k  I  n d 
of  definition .  I n Suppes '  origina l  account ,  a 
theor y wa s a  definitio n o f  a  set-theoreti c 
predicate ,  bu t  fo r  presen t  purpose s I  shal l  emplo y 
a simple r  versio n o f  th e ne w accoun t  du e t o Gier e 
(1979) -  Fo r  Giere ,  a  scientifi c  theor y i s a 
definitio n o f  a  kin d o f  natura l  syste m (p .  69) -  H e 
Illustrate s hi s accoun t  b y applyin g I t  t o th e 
theor y o f  Newtonia n mechanics .  On th e traditiona l 
view ,  thi s theor y migh t  b e take n a s consistin g 
essentiall y  o f  Newton '  thre e law s o f  motio n plu s 
th e la w o f  universa l  gravitation .  On Giere' s view . 
Newtonia n theor y I s a  definitio n o f  a  kin d o f 
particl e system :  " A natura l  syste m I s a  classica l 
Newtonia n particl e syste m I f  an d onl y I f  i t  I s  a 
syste m o f  object s satisfyin g Newton' s thre e law s o f 
motio n an d th e la w o f  universa l 
gravitation. "  (p .  69) •  A s a  definition ,  suc h a 
theor y I s neithe r  tru e no r  false :  I n Itself ,  I t 
makes n o empirica l  claim .  However ,  i t  ca n b e use d 
t o mak e empirica l  claims ,  fo r  exampl e tha t  th e 
sola r  syste m i s a  syste m o f  th e kin d define d b y th e 
theory .  Gier e call s suc h claim s "theoretica l 
hypotheses" ,  bu t  I  shal l  ter m the m simpl y 
"theoretica l  claims" .  A  theoretica l  clai m ha s th e 
form :  rea l  syste m R  I s a  syste m o f  th e kin d 
define d b y th e theor y T . 

Whereas a  progra m I s clearl y no t  a  se t  o f 
sentence s comprisin g a  theor y o n th e traditiona l 
view .  I t  I s ver y temptin g t o thin k o f  a  progra m a s 
specifyin g a  kin d o f  cognitiv e syste m an d henc e a s 
qualifyin g a s a  theor y o n th e ne w conception .  Fo r 
example ,  Kosslyn' s imager y program s migh t  b e 
understoo d a s specifyin g a  kin d o f  syste m fo r 
processin g informatio n usin g menta l  images .  Joh n 
Anderson' s program s defin e a  differen t  sor t  o f 
processin g system ,  oriente d aroun d propositions . 
I n eithe r  case ,  w e migh t  mak e th e clai m tha t  th e 
rea l  huma n informatio n processin g syste m i s a  kin d 
of  syste m specifie d b y th e program .  Suc h a  clai m 
can b e empiricall y evaluated . 
A program Implicitly characterizes a processing 
syste m b y specifyin g wha t  knowledg e structure s ar e 
t o b e use d an d wha t  procedure s ar e t o operat e o n 
them .  Althoug h thi s make s I t  appealin g t o sa y 
tha t  a  progra m ca n b e a  theor y accordin g t o th e ne w 
conception ,  ther e ar e tw o importan t  reason s fo r 
resistin g th e appeal .  First ,  althoug h a  progra m 
can loosel y b e sai d t o "characterize "  a  processin g 
system .  I t  ca n no t  b e sai d t o defin e a  syste m i n 
th e wa y require d b y th e ne w conceptio n o f  theories . 
Second ,  w e woul d neve r  wan t  t o mak e th e theoretica l 
clai m tha t  an y rea l  syste m i s jus t  lik e th e syste m 
produce d b y th e program ,  sinc e an y progra m contain s 
a hos t  o f  implementation-dependen t  characteristic s 
whic h w e kno w t o b e extraneou s t o rea l  huma n 
cogn i  tion . 
To handle the latter difficulty, I want to 
develo p th e concep t  o f  a  model -  Thi s i s a 
dangerou s choic e o f  term ,  sinc e "model "  ha s bee n 
use d wit h eve n mor e ambiguit y an d vaguenes s tha n 
has "theory" .  However ,  th e ter m "model "  I s ofte n 
use d i n cognitiv e scienc e i n muc h th e wa y I  wan t  t o 
defin e It ,  an d I  hop e t o giv e a  definitio n 
sufficientl y precis e t o distinguis h model s fro m 
theories . 
As Giere and others have pointed out, "model" 
and "theory "  ar e sometime s use d synonymously ,  bu t  1 
thin k w e ca n outlin e tw o feature s whic h generall y 
distinguis h model s fro m theories .  (Cf .  Kossly n 
1980 ,  Pylyshy n 1978. )  First ,  model s ar e intende d 
onl y t o hav e analogie s wit h rea l  systems ;  the y ar e 
not  expecte d t o characteriz e the m wit h complet e 
accurac y (cf .  Hesse ,  1963) -  Second ,  model s ar e 
ofte n Intende d t o hav e a  relativel y narro w rang e o f 
application :  w e ca n hav e model s fo r  specifi c 
phenomena ,  wherea s theorie s ar e usuall y intende d t o 
hav e wid e generality .  I  shal l  no w sho w ho w thes e 
feature s o f  model s ca n b e characterize d withi n th e 
genera l  framewor k o f  th e ne w conceptio n o f 
theories .  We wil l  stil l  no t  b e abl e t o sa y tha t  a 
progra m i s a  model ,  bu t  th e accoun t  o f  model s wil l 
brin g u s close r  t o describin g th e rol e o f  program s 
i n mode l  buildin g an d theor y construction . 
On my interpretation models are like theories 
i n bein g definition s o f  a  kin d o f  system ,  an d s o 
ar e I n themselve s neithe r  tru e no r  false .  However . 
as indicate d above ,  w e expec t  model s t o Includ e i n 
th e definitio n o f  a  kin d o f  syste m feature s whic h 
we woul d no t  attribut e t o rea l  systems .  Model s 
defin e system s whic h w e kno w no t  t o b e exactl y lik e 
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rea l  worl d systems .  Accordingly ,  th e claim s whic h 
model s ar e use d t o mak e mus t  b e differen t  fro m th e 
claim s whic h theorie s ar e use d t o make .  Recal l 
tha t  theorie s ar e use d t o mak e theoretica l  claim s 
tha t  a  rea l  syste m i s a  syste m o f  th e kin d define d 
by th e theory .  Sinc e a  mode l  contain s 
specification s whic h ar e know n t o b e fals e o f  th e 
targe t  rea l  systems ,  i t  ca n no t  successfull y b e 
use d t o generat e suc h theoretica l  claims .  Fo r 
example ,  a  processin g mode l  base d o n th e compute r 
metapho r  may defin e a  kin d o f  syste m i n whic h 
processin g I s serial ,  eve n thoug h th e theorlze r 
believe s tha t  processin g i n th e brai n i s parallel . 
That  discrepanc y woul d b e enoug h t o defea t  an y 
theoretica l  clai m whic h sai d tha t  th e brai n i s a 
processin g syste m o f  th e kin d describe d i n th e 
model .  We nee d t o b e abl e t o us e th e mode l  t o mak e 
a weake r  claim . 
As Hesse (I963) and Kosslyn (196O) have 
pointe d out .  th e relatio n betwee n a  mode l  an d wha t 
i t  model s i s on e o f  analogy -  We d o no t  assum e tha t 
a mode l  exactl y describe s th e targe t  phenomena . 
onl y tha t  th e phenomen a ar e i n importan t  respect s 
lik e wha t  i s describe d i n th e model .  Unde r  th e ne w 
conception ,  w e ca n sa y tha t  a  mode l  define s a  kin d 
of  system ,  bu t  tha t  w e onl y expec t  th e system s s o 
define d t o b e analogou s t o rea l  systems .  Henc e 
instea d o f  a  theoretica l  clai m w e us e a  mode l  t o 
make wha t  1  shal l  cal l  a  "modellin g claim" ,  whic h 
has th e form :  a  give n rea l  syste m R  i s ver y muc h 
lik e th e kin d o f  system s define d b y mode l  H .  Thi s 
i s clearl y les s precis e tha n th e identit y clai m 
made i n a  theoretica l  claim . 

discusse d here ,  bu t  hi s basi c distinction s ca n b e 
translate d int o th e term s o f  th e curren t 
dlscussion . 

When a program is run on a computer, the 
compute r  i s a  simulatio n o f  a  system .  I n 
particular ,  th e syste m simulate d i s intende d t o b e 
a syste m o f  th e kin d define d b y th e model .  A  mode l 
define s a  kin d o f  system ,  an d th e program ,  whe n 
executed ,  perform s lik e a  syste m o f  th e sor t 
defined .  Th e progra m thu s embodie s man y importan t 
feature s o f  th e model .  Henc e a  progra m ca n b e use d 
indirectl y t o mak e claim s abou t  th e rea l  syste m 
abou t  whic h a  modellin g clai m i s made .  Sinc e th e 
progra m simulate s a  syste m o f  th e kin d define d b y 
th e model ,  an d sinc e th e mode l  ca n b e use d t o mak e 
th e clai m tha t  th e rea l  syste m i s a  syste m o f  th e 
kin d define d b y th e model ,  w e ca n us e th e progra m 
t o mak e a  siaulatio n claim :  th e rea l  syste m R  i s 
analogou s t o th e syste m S  simulate d b y executio n o f 
progra m P .  I n short ,  a  simulatio n clai m ca n hav e 
th e for m "progra m P  simulate s R" .  However ,  i t  mus t 
be kep t  i n min d tha t  th e clai m i n bot h thes e form s 
i s shorthan d fo r  a  descriptio n o f  a  muc h mor e 
comple x relatio n involvin g model s a s definition s o f 
systems .  I n sum ,  a  progra m ca n no t  b e sai d t o b e a 
theor y o r  a  model ,  bu t  provides ,  whe n executed ,  a 
simulatio n o f  a  syste m o f  a  kin d define d b y a  mode l 
whic h approximate s t o a  theory . 

REFEREHCES 

Model s ar e thu s les s ambitiou s tha n theories . 
Not  onl y d o the y includ e i n thei r  definition s 
characteristic s whic h rea l  system s ar e no t  expecte d 
t o have ,  the y ar e likel y t o defin e a  narrowe r  se t 
of  characteristic s tha n woul d a  theory ,  whic h woul d 
be expecte d t o giv e a  mor e complet e accoun t  o f  th e 
behavio r  o f  a  system .  Theorie s ar e als o expecte d 
t o appl y generall y t o a  numbe r  o f  differen t  kind s 
of  systems ,  wherea s model s ca n b e eithe r  genera l  o r 
specifi c  (Kossly n 198O) .  A  genera l  mode l  o f 
cognitiv e processin g i s on e whic h woul d b e lik e a 
theor y i n having  numerou s applications ,  generatin g 
numerou s modellin g claims .  Bu t  models ,  unlik e 
theories ,  ca n b e specifi c i n tha t  the y ar e intende d 
t o appl y onl y t o a  particula r  sor t  o f  system ,  an d a 
modellin g clai m i s mad e onl y abou t  tha t  kin d o f 
system .  Construin g model s a s definition s o f  kind s 
of  system s i s clearl y compatibl e wit h bot h thei r 
genera l  an d specifi c  uses . 
All this has been preparatory to asking the 
centra l  question :  ar e compute r  program s 
psychologica l  aodelS ^  Sinc e model s diffe r  fro m 
theorie s i n admittin g unrealisti c characteristic s 
as par t  o f  thei r  syste m definitions ,  i t  i s  temptin g 
t o constru e program s a t  leas t  a s model s o f  huma n 
informatio n processing .  Bu t  th e secon d impedimen t 
remains :  a  compute r  progra m may exemplif y a  system . 
but  i t  doe s no t  defin e a  kin d o f  system ,  an d 
therefor e ca n no t  qualif y a s a  mode l  i n th e precis e 
sens e develope d above .  Still ,  w e continu e t o ge t 
close r  t o bein g abl e t o specif y th e rol e o f 
program s i n th e constructio n o f  psychologica l 
theorie s an d models . 

Zeigle r 
betwee n a  rea l  s y 
say s tha t  wherea s 
and th e rea l  s 
relatio n betwee n 
of  simulation . 
model s a  rea l  sy s 
tha t  a  compute r 
Zeigler' s notio n 
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(1976 )  usefull y distinguishe s 
stem ,  a  model ,  an d a  computer ,  an d 

th e relatio n betwee n th e mode l 
yste m i s on e o f  modeUing ,  th e 
th e compute r  an d th e mode l  i s on e 
A compute r  simulate s a  mode l  whic h 
tem.  Indirectly ,  then ,  w e ca n sa y 

i s a  simulatio n o f  a  rea l  system . 
of  mode l  i s differen t  fro m th e on e 
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On Changin g th e "Logic "  o f  Propose d 
Logic s o f  Scientifi c  Discover y 

S.C. Grover 
Universit y o f  Calgar y 

Critic s o f  th e concep t  o f  a  logi c o f  discover y 
generall y hol d tha t  discover y Involve s Irrational , 
aestheti c an d metaphorl c component s whic h preclud e 
systemati c descriptio n o r  reductio n t o a n algo -
rithmizabl e procedur e (e.g .  1 ,  2 ) .  Thi s pape r 
reconsider s certai n o f  th e Issue s Involve d I n thi s 
philosophica l  controvers y an d discusse s th e possi -
bilitie s fo r  compute r  simulatio n o f  Inventiv e 
scientifi c  thinking . 

It has become increasingly clear via philosophi-
ca l  analysi s an d recen t  wor k i n artificia l  intel -
ligence ,  tha t  traditiona l  form s o f  logi c fal l  shor t 
of  providin g a n adequat e descriptio n o f  th e think -
in g underlyin g scientifi c  discover y (3) .  Fo r 
instance ,  Cohe n (4 )  ha s show n that :  "tiewto n 
derive s hi s Invers e squar e la w o f  gravitatio n b y a 
precis e mathematica l  derivatio n from ,  amon g othe r 
things ,  Kepler' s Thir d La w fo r  planets .  .  .W e ca n 
sho w logicall y tha t  Newton' s syste m contradict s 
Kepler' s Thir d Law ,  whil e Newto n cooll y derive s on e 
fro m th e other "  (5 ,  p .  260) .  Deductiv e logi c doe s 
not  see m t o b e th e basi s the n fo r  Newton' s creati -
vit y i n thi s instance .  Inductiv e logi c seem s ofte n 
t o far e n o bette r  a s a n explanatio n fo r  inventive -
ness :  " .  .  .mos t  o f  u s canno t  conceiv e tha t  ther e 
migh t  b e rule s tha t  woul d lea d u s fro m laborator y 
dat a t o theorie s a s comple x a s quantu m theory , 
genera l  relativity ,  an d th e structur e o f  DNA.  Ou r 
share d archetype s o f  significan t  scienc e virtuall y 
al l  Involv e theoretica l  entitle s an d processe s 
whic h ar e Inferentlall y  fa r  remove d fro m th e dat a 
whic h the y explain "  (2 ,  p .  178) . 
Inductive and deductive logic are incomplete 
model s fo r  a  logi c o f  discover y als o i n tha t  ofte n 
scientist s d o no t  begi n wit h "valid "  premise s o r 
"sound "  data .  Tec ,  the y frequentl y arrive  a t 
theorie s an d finding s whic h ar e deeme d highl y sig -
nifican t  an d legitimate .  S o I t  was ,  fo r  example , 
wit h Darwi n wh o arrive d a t  th e theor y o f  evolutio n 
— base d o n th e concep t  o f  natura l  selectio n — 
fro m hi s mona d theor y whic h posite d individua l 
primitiv e lif e form s tha t  aros e spontaneousl y o n a 
continua l  basi s (6) . 

An overrellance on traditional logic may account 
fo r  som e o f  th e limitation s i n contemporar y compu -
te r  simulation s o f  scientifi c  discover y processe s 
(whic h ar e quit e impressiv e nonetheless) .  Thu s th e 
Bacon - l  an d - 3 programme s mus t  b e give n dat a fre e 
of  nois e t o manipulate ;  les t  th e programmes ' 
Inductiv e processin g b e le d astray .  Th e ultimat e 
consequenc e o f  suc h a n approac h i s tha t  thes e 
programme s ca n rediscove r  certai n know n empirica l 
laws ,  suc h a s Ch e idea l  ga s law ,  bu t  canno t  gene -
rat e ne w discoverie s (7) . 
What other forms of logic might then be relevant 
t o th e proble m o f  scientifi c  discovery ? Th e sor t 
of  logi c require d t o accoun t  for ,  fo r  Instance , 
reformulation s o f  problem s Int o usefu l  researchabl e 
ones I s wha t  Achlnstel n term s a n "evaluativ e 
logic "  (8) .  Suc h a  logi c woul d includ e rule s fo r 
decidin g o n th e plausibilit y  an d importanc e o f 
researc h problem s an d "solutions" .  A  theor y migh t 
be considere d mor e plausibl e i f  i t  account s fo r 
more dat a o r  fo r  puzzlin g empirica l  findings . 
Achlnstel n use s a s a n exampl e Bohr' s notio n tha t 
th e hydroge n ato m consist s o f  a  nucleu s aroun d 
whic h a  singl e electro n revolve s an d sometime s 

Jumps fro m on e stabl e orbi t  t o another .  Achln -
stel n contend s tha t  Bohr' s hypothesi s wa s con -
sidere d plausibl e sinc e i t  wa s usefu l  i n explain -
in g th e spectra l  line s presen t  whe n hydroge n i s 
excite d b y hea t  o r  electricit y an d emit s light . 
Anothe r  exampl e i s Pauli' s  "discovery "  o f  th e neu -
trino .  Th e concep t  o f  th e neutrin o wa s initiall y 
reluctantl y accepte d a s plausibl e — despit e th e 
absenc e o f  empirica l  evidenc e fo r  a  "neutrin o 
event "  — becaus e i t  coul d explai n th e failur e o f 
energ y equation s t o balanc e befor e an d afte r  bet a 
deca y (9) . 

As the aforementioned examples illustrate, 
evaluativ e logi c differ s i n importan t  way s fro m 
deductiv e o r  Inductiv e logic .  I t  ma y lea d t o a 
concep t  o r  mode l  i n th e absenc e o f  direc t  empirica l 
suppor t  a s i n th e cas e o f  Pauli' s  neutrino .  I n 
addition ,  evaluativ e logi c i s a  flexibl e syste m 
whic h doe s no t  lea d Inexorabl y t o an y particula r 
conclusions(s )  a s i s th e cas e wit h deductiv e logic . 
Thus Bohr' s theor y may hav e bee n a  plausibl e on e 
or  th e mos t  plausibl e theor y advance d a t  th e time , 
however ,  th e "logic "  o f  th e argumen t  di d no t 
Inherentl y preclud e othe r  possibilities . 

Does this discussion not simply beg the question 
of  ho w ne w Idea s ar e generate d i n th e firs t  place , 
and substitut e fo r  tha t  questio n th e issu e o f 
theor y Justification ? Guttin g (10 )  hold s tha t  a 
logi c o f  hypothesi s generatio n i s intimatel y 
linke d t o a n evaluativ e logi c whic h assesse s idea s 
or  models .  A s Guttin g point s out ,  th e so-calle d 
truis m tha t  on e ca n thin k o f  almos t  anythin g i s 
false .  H e give s th e followin g example :  "Hos t 
people .  .  .eve n one s wit h sufficien t  Intelligenc e 
and imagination ,  coul d no t  hav e though t  o f  th e 
hypothesi s o f  electro n spin .  Onl y a  scientis t 
thinkin g o f  th e ato m i n term s o f  a  planetar y mode l 
coul d hav e though t  o f  suc h a  hypothesis .  O n th e 
othe r  hand ,  th e hypothesi s i s implici t  i n th e 
model  an d s o likel y t o occu r  t o anyon e wh o i s 
seriousl y concerne d wit h developin g thi s model .  S o 
i f  th e questio n i s raised :  Why di d Goudsmi t  an d 
Uhlenbec k thin k o f  th e spi n hypothesis ? a t  leas t 
a significan t  par t  o f  th e answe r  lie s i n a  concep -
tua l  analysi s o f  th e natur e o f  Bohr' s mode l  o f  th e 
atom "  (10 ,  p .  224-225) . 

Thus discoveries occur given a particular his-
torica l  an d theoretica l  context .  Suc h a  contex t 
or  backgroun d knowledg e i s no t  currentl y a  signi -
fican t  featur e o f  programme s suc h a s th e Baco n 
simulatio n attempts .  I t  i s  a s i f  th e programm e i s 
largel y expecte d t o operat e i n a  theoretica l 
vacuu m detectin g regularitie s i n th e dat a which ,  a s 
th e programme' s namesak e Franci s Baco n held ,  woul d 
"lea p out "  a t  th e observe r  (7) .  However ,  i n pro -
vidin g onl y "sound "  dat a devoi d o f  anomalie s onl y 
a lo w leve l  theoretica l  bia s o f  a  sor t  i s  buil t 
int o th e system .  I t  seem s tha t  man y attempt s a t 
simulatin g scientifi c  discover y are ,  perhap s unwit -
tingly ,  designe d s o a s t o b e consisten t  wit h th e 
notio n tha t  "scienc e begin s i n th e nothingnes s o f 
ignorance "  (11 ,  p .  12) .  However ,  a s Goul d point s 
out ,  theorie s alway s aboun d wit h th e resul t  tha t 
"scienc e advance s primaril y b y replacemen t  no t  b y 
addition "  ( U ,  p .  12) . 
Consider for instance Lavoisier's discovery of 
oxygen .  I t  wa s hi s rejectio n o f  phlogisto n cheml -
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ca l  theor y whic h wa s a  prerequisit e fo r  developmen t 
of  th e notio n o f  combustio n a s du e t o a  combinatio n 
effec t  rathe r  tha n a  dissociatio n reaction .  Hi s 
contemporary .  Priestly ,  di d no t  rejec t  phlogisto n 
theor y i n th e ligh t  o f  Lavoisier' s evidenc e tha t 
combustio n le d t o a n increas e i n th e weigh t  o f  a 
burne d compoun d an d no t  a  decreas e a s phlogisto n 
theor y necessitated .  Priestl y simpl y postulate d 
tha t  phlogisto n ha s a  "negativ e weight" .  Thi s 
cas e illustrate s Curd' s poin t  that :  "Th e factor s 
tha t  justif y ou r  inference s t o theorie s i n th e 
firs t  plac e ar e th e sam e a s thos e tha t  w e us e t o 
decid e whic h theor y t o pursu e afte r  the y hav e bee n 
generated. "  (12 ,  p .  215) . 
What is needed then are programmable rules which 
captur e somethin g o f  th e logi c o f  dat a an d proble m 
assessmen t  give n a  particula r  theoretica l  frame -
work .  Also ,  require d ar e highe r  orde r  set s o f 
rule s tha t  reflec t  o n th e theoretica l  assumption s 
upon whic h th e programm e operates .  T o accomplis h 
thi s migh t  b e aki n t o equippin g th e programm e wit h 
a metacognltlv e competency .  Programme s suc h a s 
Internlst- I  (13 )  com e close r  tha n other s t o opera -
tin g o n dat a give n certai n backgroun d knowledg e 
e.g .  a  classificatio n schem e fo r  al l  possibl e dis -
eases ,  an d thu s ar e mor e simila r  t o th e scientis t 
who als o come s t o hi s researc h proble m wit h a 
particula r  fram e o f  reference .  However ,  th e 
Internis t  programmes ,  lik e th e Baco n programmes , 
canno t  mak e ne w discoverie s e.g .  a  ne w diseas e i s 
not  generatabl e b y Internis t  I  o r  II .  Perhap s i n 
par t  thi s i s becaus e th e metacognltlv e featur e (fo r 
a lac k o f  a  bette r  term )  i s absent .  Fortunately , 
progres s i s bein g mad e i n huma n researc h i n th e 
understandin g o f  variou s aspect s o f  metacognltlv e 
competencie s (e.g .  14 ,  IS ,  16) .  Perhaps ,  th e 
additio n o f  a  metacognltlv e componen t  i n compute r 
simulation s o f  scientifi c  discover y processe s wil l 
allo w fo r  mor e flexibl e programme s tha t  mak e ne w 
discoveries ,  o f  a  sort .  Shoul d th e latte r  occur , 
a logi c o f  discover y woul d not ,  a s Wartofsk y no w 
claims ,  "dissolv e th e notio n o f  creativit y 
altogether "  (1 ,  p .  8 ) . 
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A Genera l  Mode l  fo r  Simulatin g Informatio n 
Processin g Experiment s 

Earl Hunt and Pollyanna Plxton 
The Universit y o f  Washingto n 

Psychologist s wh o stud y cognitio n hav e followe d 
tw o approaches .  On e I s t o Isolat e elementar y pro -
cesse s o f  though t  an d stud y the m I n laborator y 
settings .  Mos t  o f  experlaenta l  psycholog y follow s 
thi s tradition .  Alternatively ,  on e ca n stud y com -
ple x thinkin g directly ,  b y developin g description s 
of  th e processe s o f  ches s playing ,  mathematica l 
proble m solving ,  medica l  diagnosis ,  an d th e like . 
Thi s traditio n I s dominan t  i n Cognitiv e Science . 
The experimenta l  psycholog y approac h ha s produce d 
a se t  o f  reasonabl y concis e concept s applicabl e I n 
restricte d settings ,  bu t  i t  i s  no t  clea r  ho w thes e 
concept s ar e t o b e combine d durin g comple x reason -
ing .  Th e descriptiv e approac h ha s produce d con -
cept s tha t  describ e thought ,  bu t  th e concept s ar e 
so flexibl e tha t  i t  i s  ofte n difficul t  t o tes t 
them .  Th e widel y use d productio n notation ,  fo r 
Instance ,  I s a  wa y o f  thinkin g abou t  thinkin g 
rathe r  tha n a  testabl e mode l  o f  though t  processes . 
Our research attempts to unify the two 
approaches .  Instea d o f  tryin g t o buil d u p fro m 
elementar y processe s t o comple x acts ,  w e hav e take n 
a "to p down "  approach .  We assum e tha t  th e produc -
tio n notatio n i s a n appropriat e languag e fo r 
describin g thought ,  an d the n us e i t  t o construc t 
a unifie d mode l  o f  informatio n processin g tha t  l a 
applicabl e t o severa l  laborator y paradigms . 
If production notation programs ("production 
systems" )  ca n b e writte n t o mode l  an y though t 
process ,  the n th e mind .  I n general ,  mus t  b e a n 
Interprete r  fo r  suc h programs .  We hav e writte n 
suc h interpreter ,  usin g concept s derive d fro m 
experimenta l  psycholog y I n it s  construction .  Th e 
Interprete r  contain s section s dealin g wit h th e 
Inpu t  o f  Informatio n ove r  multipl e "sensory " 
channel s (Broadbent ,  1971) ,  th e manipulatio n o f 
Informatio n i n workin g an d lon g ter m memor y 
(Baddeley ,  1976) ,  th e activatio n o f  distinc t 
codin g systen s withi n lon g ter m memor y (Posner , 
1978) ,  an d th e executio n o f  informatio n processin g 
step s b y a  cascad e rathe r  tha n a  linea r  proces s 
(McClelland .  1979) . 

Overview  o f  th e Mode l 

The basic programming construct, a production, 
i s a  tw o par t  rule , 

patter n >•  actio n 

where "pattern" refers to a set of conditions that 
must  b e me t  fo r  a  productio n t o b e activated ,  an d 
"action "  refer s t o th e step s t o b e take n whe n th e 
production' s patter n condition s ar e met . 

Time in the interpreter is divided into cycles. 
Withi n eac h cycl e th e followin g event s tak e place , 
functionall y i n parallel .  Assimi e tha t  stimul i  ar e 
presen t  I n th e sensor y channel s an d I n workin g 
memory an d tha t  eac h productio n i n lon g ter m memor y 
has associate d wit h I t  a  numbe r  Indicatin g it s 
"leve l  o f  activation" .  Th e Interprete r  compare s 
Che stimul i  t o th e patter n hal f  o f  eac h production . 
The compariso n produce s a  numerica l  valu e tha t  wil l 
be calle d th e "strength "  o f  th e match .  A  produc -
tio n I s considere d "active "  I f  th e strengt h o f 
th e matc h exceed s a  threshol d associate d wit h th e 
pattern .  A  ne w activatio n leve l  i s  the n calcu -
lated ,  whic h I s monotonicall y Increasin g functio n 

relate d t o th e differenc e betwee n th e strengt h o f 
th e matc h an d th e threshol d value .  (I n mos t  o f 
our  work ,  w e simpl y us e th e difference) .  Th e 
activatio n leve l  i s  the n eithe r  Increase d o r 
decrease d b y th e activatio n leve l  o f  othe r  pro -
duction s linke d t o It .  Thi s process ,  whic h con -
stitute s "spreadin g activation "  i s  referre d t o a s 
priming .  Finally ,  a t  th e en d o f  eac h cycl e al l 
activatio n level s ar e reduce d ("decayed" )  t o a 
proportio n o f  thei r  previou s values . 
When the activation level of one production 
exceed s th e activatio n leve l  o f  al l  competin g pro -
duction s b y a  prese t  criterion ,  th e actio n hal f  o f 
th e productio n I s initiated .  Th e actio n may b e a n 
externa l  response ,  alteratio n o f  a n interna l  para -
mete r  i n th e model ,  o r  generatio n o f  a  stimulu s 
I n workin g memory .  I f  n o externa l  respons e i s 
made,  "time "  i s  Incremente d an d th e progra m con -
tinue s cyclin g throug h th e se t  o f  productions ,  no w 
usin g th e ne w stionilu s o r  th e ol d stimulu s wit h ne w 
parameters ,  i f  the y hav e bee n altered .  Firin g an d 
cyclin g continue s unti l  a n actio n terminate s th e 
progra m o r  th e progra m exceed s th e allowe d proces -
sin g time . 
The program Imposes psychologically justifiable 
constraint s upo n productio n execution .  Thi s i s 
done i n suc h a  wa y tha t  productio n processin g wil l 
produc e th e phenomen a observe d I n laborator y 
studie s o f  mechanisti c informatio n processing . 
Thes e constraint s ar e describe d i n mor e detai l  i n 
th e nex t  section . 
Details of the Program and Model 
The program, which we call MIND, is written 

i n standar d Pasca l  an d contain s abou t  100 0 line s 
of  code .  Productio n pattern-actio n pair s ar e 
currentl y represente d i n a n Interna l  symbo l  cod e 
rathe r  tha n brie f  Englis h statements . 

A. Initialization 
The input to the program consists of a set 

of  productions ,  th e threshol d level s fo r  eac h pro -
ductio n an d a n associatio n matri x whic h link s th e 
production s t o eac h othe r  i n a  negative ,  positiv e 
or  nul l  manner .  Othe r  progra m parameter s rea d 
durin g initializatio n ar e th e deca y rate ,  th e 
decisio n criterio n (DR) ,  a n Interna l  nois e scal e 
facto r  an d a  maximu m processin g time . 

Information (a stimulus) is presented over two 
externa l  classe s o f  sensor y channels :  visua l  an d 
auditory .  Associate d wit h eac h o f  thes e externa l 
classe s o f  channel s i s a  specia l  channe l  whic h i s 
referre d t o a s a n Immediat e memor y fo r  Informatio n 
of  tha t  class .  I n additio n ther e i s a  specia l 
clas s o f  channel s referre d t o a s "semantic "  chan -
nels .  Th e semanti c channel s an d th e Immediat e 
memory channel s ar e collectivel y referre d t o a s 
"workin g memory "  (WM) .  Eac h productio n i s  associ -
ate d wit h a  channe l  o r  channe l  class .  Onl y stimul i 
fro m externa l  source s ca n b e place d i n th e externa l 
channels .  Th e workin g memor y channel s ca n b e 
writte n t o onl y b y th e actio n sid e o f  a  production . 

Each pattern in a production Is an ordered 
strin g o f  features .  A  stimulu s consist s o f  on e 
or  mor e patterns .  Th e Initia l  stimulu s (pattern s 
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and patter n features )  i s rea d Int o th e progra m 
alon g wit h stimulu s featur e nois e levels .  Nois e 
level s ar e use d whe n comparin g th e stimulu s 
feature s wit h th e productio n patter n features . 
The initia l  stimulu s i s place d i n specifie d exter -
nal  channels • 
B. Response Queue 

The response queue contains all the actions 
whic h hav e bee n initiate d durin g th e previou s 
progra m cycle .  A t  th e beginnin g o f  eac h cycle ,  th e 
queu e i s examine d an d th e appropriat e actio n i s 
executed .  Detail s o f  possibl e action s ar e 
explaine d i n sectio n E . 
C. Production Activation 

A match is computed between the pattern part of 
eac h productio n an d th e stimulu s o n th e 
appropriat e channels .  A  patter n alway s specifie s 
tha t  i t  i s  t o b e matche d t o a  channe l  class ,  an d 
may specif y a  particula r  channe l  withi n tha t  class . 
The matchin g functio n use s Ch e confusio n matri x t o 
weigh t  heavil y th e mos t  likel y patter n matche s an d 
t o weigh t  lightl y th e leas t  likel y patterns .  "1" , 
a mos t  likel y patter n woul d be : 

see "1 "  •  recogniz e " I " 
and a  leas t  likel y patter n woul d be : 

see "2 "  — — recogniz e "2 " 
Stimulu s "7 " ,  bein g somewha t  simila r  t o "1" ,  woul d 
be a n intermediat e case .  Withi n th e patter n par t 
of  eac h production ,  stimulu s feature s are  weighte d 
by thei r  importanc e fo r  tha t  pattern . 

The strength of the match plus a noise term 
( a rando m numbe r  tha t  i s  scale d b y th e interna l 
nois e inpu t  parameter )  determine s th e activatio n 
level ,  y[i] ,  o f  th e it h production .  I f  th e 
activatio n leve l  i s  greate r  tha n th e threshol d 
level ,  th e productio n I s considere d activ e an d i s 
place d i n a  se t  o f  activ e productions ,  {act(y[i])} . 
I f  i t  i s  no t  greate r  tha n th e threshold ,  th e 
activatio n leve l  i s  se t  t o zero . 
In this process, all stimuli are compared to 
al l  production s i n th e appropriat e channe l  class . 
D. Decision Etule 
When production activation processing has been 
completed ,  al l  th e activ e production s ar e searche d 
t o identif y th e highes t  activatio n level .  I f  thi s 
most  activ e productio n exceed s al l  th e othe r  pro -
duction s b y som e decisio n rul e variable ,  D R (a n 
inpu t  parameter) ,  th e actio n hal f  o f  th e productio n 
i s place d i n th e respons e queue . 

E. Actions in the Response Queue 
Actions either: 

1.  Hak e a n externa l  response .  A  respons e wil l 
terminat e productio n processing . 
2.  Plac e a n effectiv e stimul i  i n on e o f  th e 
channel s i n workin g memory . 
3.  Alte r  a n interna l  paramete r  o f  th e progra m 
(suc h a s alterin g th e threshol d leve l  o f  a 
production) . 

Actions are seen as taking place in stages that 
exten d ove r  time .  Onc e th e actio n i s initiated ,  i t 
proceeds ,  on e stag e durin g eac h tim e cycle ,  i n 
paralle l  wit h an y othe r  action s tha t  may b e bein g 
execute d a t  th e sam e time .  Action s ca n no t  contai n 
any branche s o r  decisio n points . 

F.  Primin g 

After the decision rule has been processed, the 
activatio n level s o f  al l  th e production s are 
"primed" .  Usin g th e lin k forme d betwee n th e pro -
duction s b y th e associatio n matrix ,  y[l ]  i s  eithe r 
increase d (whe n th e lin k i s  positive) ,  decrease d 
(whe n th e lin k i s negative )  o r  no t  affecte d (i f 
ther e i s n o link) .  Essentially,  a  weighte d su m 
of  th e activatio n level s o f  th e othe r  production s 
i s adde d t o th e it h production' s activatio n level , 
yCi] . 
G. Decaying 

The activation level is also reduced by a 
delt a value ,  D ,  anothe r  inpu t  parameter .  Delt a 
I s alway s greate r  tha n zer o bu t  neve r  greate r  tha n 
one .  Th e deca y rul e is : 

y[l ]  •  D  *  y[l ] 
H. Time Cycling 

After the priming and decaying of the activa-
tio n level s ha s occurred ,  tim e I s Incremented . 
I f  th e tim e Che n exceed s th e maximu m processin g 
tim e specifie d durin g initialization .  Productio n 
processin g halts .  Otherwis e th e progra m check s 
th e respons e queu e an d continue s processin g th e 
productions . 
Preliminary Results 

The MIND program has been used Co recreate 
severa l  o f  th e mos t  reliabl e finding s observe d i n 
laborator y studies .  A s th e purpos e o f  th e simula -
tio n experiment s wa s t o evaluat e th e psychologica l 
reasonablenes s o f  th e interpreter ,  w e sough t  situa -
tion s i n whic h th e productio n system s t o b e inter -
prete d were ,  a t  th e progra m level ,  a s simpl e a 
psychologica l  mode l  a s possible .  The  logi c o f 
thi s approac h i s simila r  t o th e logi c behin d us e 
of  ver y simpl e program s t o tes t  th e arithmeti c 
capabilitie s o f  compute r  hardware .  A s i s wel l 
known,  ther e are  probabl y n o situation s tha t  dic -
tat e Ch e use  o f  on e an d onl y one  possibl e mode l 
fo r  huma n behavior .  We d o fee l  Cha t  th e labora -
Cor y sicuacion s w e hav e studie d approac h thi s 
idea l  i n varyin g degrees . 
The approach will be illustrated by a study 
of  Ch e "choic e reactio n time "  (CRT )  paradigm . 
A participant' s vie w i s show n i n Figur e 1 .  The 
Cask i s Co pres s Ch e buCCo n whos e numbe r  maCche s 
Che numbe r  appearin g o n Ch e screen .  Th e Cas k a s 
shown i s a  cw o choic e cask ,  fou r  an d eigh c choic e 
task s ar e conscrucce d o n Ch e sam e principle .  I c i s 
wel l  know n Cha c Ch e Clm e Co mak e a  choic e i n a  CRT 
experimen c i s a  logarichmi c functio n o f  th e numbe r 
of  alternativ e stimul i  tha t  may appea r  (Hick' s 
law) . 

Figure 2(a) shows a production system for exe-
cutin g a  cw o choic e CRT cask .  Figur e 2(b )  show s 
th e associate d productio n activatio n network .  The 
figur e illustrate s a n importan t  principl e tha t  i s 
use d i n constructin g ou r  networks .  I f  cw o 
productions ,  A  an d B ,  are  i n th e sam e channe l 
clas s an d ar e mutuall y exclusiv e alternativ e 
Interpretation s o f  a  stimulus ,  the n Ch e produc -
Cion s inhibi c eac h ocher .  However ,  i f  produccio n 
A produces ,  a s ic s accion ,  a  scimulu s cha t  migh t 
trigge r  produccio n B ,  Che n A  prime s B .  Th e prim -
in g relacio n may hol d fo r  producclon s i n Ch e sam e 
or  i n differen t  channe l  classes . 
Figure 3 presents Che resulcs of a simula-
d o n o f  CRT experiment s wit h varyin g number s o f 
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choices .  Tw o result s ar e shown ,  fo r  tw o differen t 
value s o f  th e D R parameter .  Dat a fro m a n actua l 
experimen t  (Taylor ,  1982 )  ar e als o shown .  Th e 
number  o f  cycle s require d b y th e MIN D progra m wa s 
approximatel y a  linea r  functio n o f  th e logarith m o f 
th e numbe r  o f  choices ,  bu t  departe d fro m linearit y 
slightl y a t  th e 8  choic e point .  Reactio n time s 
fro m th e psychologica l  stud y showe d th e sam e 
pattern . 
Another characteristic of CRT experiments is 
th e "speed-accurac y trad e off" .  Fo r  a  give n 
individua l  an d condition ,  th e faste r  a  respons e 
I s mad e th e mor e likel y a n erro r  i s  t o occur .  When 
accurac y i s  plotte d agains t  reactio n tim e th e 
functio n i s  almos t  invariabl y negativel y accellera -
te d (Pachella ,  1974) .  Figur e 4  show s a  speed -
accurac y curv e obtaine d fro m MIN D b y varyin g th e 
valu e o f  th e O R parameter ,  whil e keepin g al l  othe r 
parameter s an d th e numbe r  o f  choice s constant .  Th e 
progra m clearl y matche d th e functio n foun d i n huma n 
data . 
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FIGURE ) 

The speed-accurac y tradeof f  describe s th e 
relatio n betwee n accurac y an d latenc y fo r  a  give n 
individua l  an d condition .  Whe n on e change s 
eithe r  th e individual s bein g teste d o r  th e experi -
menta l  condit ions ,  spee d an d accurac y ar e ofte n 
positivel y correlated .  Fo r  instance ,  olde r  peopl e 
ten d t o perfor m mor e slowl y I n CR T tasks ,  an d t o 
make mor e error s (Welford ,  1977) .  Thi s resul t 
was simulate d b y  holdin g D R constan t  constant , 
and varyin g th e interna l  nois e parameter .  Th e 
result s ar e shov n i n Figur e 5 .  Agai n th e patter n 
i s simila r  t o tha t  obtaine d i n th e laboratory . 
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MIND ha s bee n use d t o simulat e a  ntsnbe r  o f 
othe r  result s fro m th e literatur e i n experimenta l 
psychology .  Thes e includ e th e Stroo p phenomeno n 
(Stroop ,  1935) ,  th e effect s o f  repetitio n o f  th e 
same stimulu s ove r  trial s i n CR T paradigms ,  an d 
interferenc e effect s whe n tw o task s ar e don e 
simultaneously .  Thes e result s wil l  b e reporte d 
i n a  large r  paper .  Whil e w e d o no t  clai m t o hav e 
modele d th e microstructur e o f  al l  thes e phenomen a 
perfectly ,  th e initia l  result s ar e encouraging . 
The range s o f  paramete r  value s tha t  ar e adeqtiat e t o 
simulat e on e tas k overla p considerabl y wit h thos e 
require d i n othe r  tasks .  Thi s i s a  particularl y 
encouragin g finding .  I t  appear s tha t  th e value s 
of  th e parameter s o f  thi s mode l  mus t  b e hel d t o a 
rathe r  tigh t  rang e i f  th e mode l  l a t o wor k a t  a l l , 
bu t  tha t  withi n thi s rang e reasonabl e result s ca n 
b e obtained . 
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Ni«»« r  o f  cycl M t o dtctslo r  pain t  (t«f t  ordlint* )  o r  retctlo n ti n 
(righ t  ordinate .  I n Mi  1 1 Utcondl )  4 S a  functio n o f  tn e nu«M r  o f 

cnoict s 

Accurjc y o f  cKolc e (ortlntte )  vs .  nu>*« r  o f  cydt s (ADelss*) . 
Each poin t  rrprvstnt a a  differen t  valu e o f  th e interna l  nois e 
paraaeter .  T w choic e U»k . 

Figur e 4 

781 

Accurac y o f  choic e (ordinate )  vs -  nunoe r  o f  cycle s reouire d t o 
reac h a  decision .  Eac h poin t  represent s a  aifferen c «dlu e o f 
th e (3 R paraiwter . 
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ARCHITECTURE-DIRECTED PROCESSING 

Richard M. Young 

MRC Applied Psychology Unit, Cambridge, England 

Abstract .  Certai n genera l  characteristic s o f  huma n 
cognitio n may b e du e t o propertie s o f  th e function -
al  architectur e o f  th e cognitiv e processor .  Whil e 
propose d cognitiv e architecture s ar e almos t  alway s 
"universal "  an d ca n b e force d t o execut e arbitrari -
l y  chose n computations ,  nonetheles s I t  I s possibl e 
t o delineat e a  clas s o f  "compliant"  processe s tha t 
allo w th e architectur e o f  th e processo r  t o influ -
enc e th e cours e o f  processing .  A  speculativ e cas e 
i s mad e tha t  suc h complian t  processin g i s responsi -
bl e fo r  invariant s o f  huma n cognition ,  suc h a s tha t 
proble m solvin g occur s a s heuristi c searc h i n a 
proble m space ,  tha t  long-ter m memor y searc h take s 
plac e i n cycle s o f  retrieva l  an d re-description , 
and tha t  uncertai n informatio n i s deal t  wit h b y 
prominenc e heuristics . Complian t  processe s 

A central theme in Cognitive Science Is the 
explanatio n o f  feature s o f  huma n cognitio n i n term s 
of  propertie s o f  th e program s tha t  generat e an d 
regulat e behaviour .  Th e paradig m i s t o accoun t  fo r 
th e empirica l  phenomen a observe d i n som e domain , 
e.g .  th e tim e take n t o decid e th e trut h o r  falsit y 
of  simpl e propositions ,  b y showin g tha t  the y 
deriv e fro m propertie s o f  th e processe s responsibl e 
fo r  th e behaviour .  Fo r  al l  it s  undoubte d merits , 
ther e i s a  ga p a t  th e hear t  o f  thi s approach . 
Althoug h suc h computationa l  explanation s hav e 
genuin e scientifi c  value ,  fo r  exampl e b y offerin g a 
singl e coheren t  accoun t  fo r  a  rang e o f  apparentl y 
divers e phenomena ,  ther e i s a  nee d als o t o tr y t o 
understan d wh y thos e particula r  program s ar e foun d 
but  no t  conceivabl e others . 

The idea explored in this paper Is that the 
functiona l  architectur e o f  th e processo r  Itsel f 
influence s an d constrain s th e kin d o f  program s i t 
ca n execute ,  an d henc e lead s t o Invariant s I n th e 
resultin g behaviour .  Ther e i s littl e novelt y i n 
thi s idea :  al l  I  hop e t o d o her e i s t o dra w 
togethe r  a  ntmbe r  o f  thread s fro m variou s places . 
The ide a derive s mainl y fro m th e wor k o f  Pylyshy n 
(1980 )  an d especiall y Newel l  (1973 ,  1980) . 
Pylyshy n (1980 )  discusse s th e notio n o f  th e func -
tiona l  cognitiv e architecture ,  i.e .  th e fixe d 
structura l  propertie s o f  th e himia n cognitiv e sys -
tem.  Buildin g o n tha t  notion ,  w e exten d i t  t o th e 
propertie s o f  th e processe s tha t  th e architectur e 
supports .  Th e argumen t  i s Inspire d by ,  an d i s 
closel y simila r  to ,  tha t  o f  Moor e &  Newel l  (1974) . 
I n describin g a  syste m calle d Merli n buil t  roun d a 
singl e processin g mechanism ,  tha t  o f  assimilatio n 
by analogy ,  the y sugges t  tha t  certai n genera l  prob -
le m solvin g method s (Generat e an d Test ,  Heuristi c 
Search ,  etc. )  aris e withi n Merli n a a "natura l 
methods" .  I n othe r  words ,  Merli n exhibit s thes e 
method s no t  becaus e i t  run s a  progra m directin g i t 
t o d o so ,  bu t  becaus e the y aris e a s consequence s o f 
It s singl e processin g technique .  I n a  simila r  way , 
thi s pape r  i s proposin g tha t  certai n genera l  char -
acteristic s o f  huma n cognitio n aris e a s "natura l 
methods "  fro m th e functiona l  architectur e o f  th e 
cognitiv e processor . 

It may be helpful to consider an analogy, both 
t o understan d th e ide a bette r  an d als o t o highligh t 
It s Idlosyncracles .  Mos t  o f  u s ar e familia r  wit h 
th e ide a tha t  differen t  programmin g language s len d 
thanselve s selectivel y t o differen t  sort s o f  pro -

164 

grams fo r  differen t  sort s o f  tasks .  I t  i s  possibl e 
i n principl e t o us e LIS P fo r  commercia l  programmin g 
and COBOL fo r  lis t  processing ,  bu t  i n practic e 
certai n kind s o f  progra m fi t  "naturally "  int o 
certai n language s an d onl y wit h difficult y int o 
others .  Note ,  however ,  tha t  thi s "naturalness " 
i s extremel y har d t o pi n dow n i n a  forma l  defini -
tion . 
The notion of architecture-directed processing 
i s somewha t  similar .  I t  centre s o n th e ide a tha t 
fo r  a  give n architectur e certai n program s wil l  ru n 
"naturally" ,  whil e other s ca n onl y b e coaxe d o n 
wit h a  sledgehammer .  However ,  architecture-direct -
ed processin g goe s beyon d th e ide a o f  naturalness , 
sinc e i t  allow s th e architectur e t o influenc e th e 
actua l  selectio n an d sequencin g o f  th e step s t o 
be taken .  T o som e exten t  thi s i s als o tru e o f 
programmin g languages .  Wit h ordinar y sequentia l 
flo w languages ,  suc h a s FORTRAN an d PASCAL,  ther e 
i s a  kin d o f  "default "  contro l  structur e (i.e . 
execut e th e nex t  statement )  whic h th e programme r 
ca n overrid e whe n sh e want s t o (b y Iterations , 
Jumps,  subroutines ,  an d s o on) .  However ,  I n norma l 
practic e programmer s us e thi s sequentia l  contro l  i n 
orde r  deliberatel y t o specif y th e orde r  o f  execu -
tion ,  s o t o regar d i t  a s a  defaul t  i s  a  littl e 
misleading .  Wit h architecture-directe d processin g 
th e influenc e i s mor e pervasive ,  sinc e a t  leas t  fo r 
certai n productio n syste m architecture s (PSAs ) 
(Newell ,  1973 ,  1980 ;  Anderson ,  1976 ;  Waterma n & 
Hayes-Roth ,  1978 )  th e progra m doe s no t  hav e t o 
specif y a n orde r  o f  executio n a t  all .  Onc e th e 
repertoir e o f  possibl e step s ha s bee n supplied ,  th e 
selectio n an d sequencin g ca n b e lef t  t o th e 
architecture ,  whic h appropriat e PSAs ca n perfor m 
i n a  highl y flexibl e manne r  responsiv e t o th e par -
ticular s o f  th e tas k (Young .  1977 ,  1979) .  Th e 
progra m ca n still ,  o f  course ,  specif y th e contro l 
structur e wher e i t  need s to .  Thi s freedo m lead s t o 
th e ide a tha t  responsibilit y  fo r  th e flo w o f  con -
tro l  ha s bee n spli t  betwee n th e progra m an d th e 
architecture .  I t  follow s tha t  program s wil l  diffe r 
i n th e exten t  t o whic h the y insis t  upo n a  particu -
la r  contro l  regime .  Program s tha t  allo w th e archi -
tectur e t o hav e largel y it s ow n wa y w e wil l  cal l 
compliant .  No t  t o b e take n to o seriously ,  bu t  a s 
a startin g point ,  w e ca n offe r  a  tentativ e 

Definition .  A  progra m i s "compliant "  t o 
th e exten t  tha t  i t  allow s th e selectio n 
and sequencin g o f  step s t o b e determine d 
by th e architectur e i t  run s on . 

The example s give n belo w wil l  tr y t o demonstrat e 
that ,  give n a n architecture ,  complianc y lead s t o 
th e appearanc e o f  certai n invariant s i n th e genera -
te d behaviour . 

It' s  har d t o b e precise.. . 

I n on e Importan t  respec t  thi s notio n o f  "compli -
ancy "  i s ver y simila r  t o th e ide a o f  "naturalness " 
i n programmin g languages ,  an d tha t  i s i n th e diffi -
cult y o f  makin g i t  mor e precise .  Despit e ou r 
recognitio n o f  th e selectiv e suitabilitie s o f 
differen t  language s fo r  differen t  kind s o f  pro -
grams ,  i t  remain s th e cas e tha t  th e language s ar e 
almos t  alway s computationall y "universal" ,  an d 
therefor e formall y equivalen t  i n power .  I t 
follow s tha t  an y progra m can ,  i n principle ,  b e 
writte n i n an y o f  th e languages ,  an d tha t  i t  i s 



har d o r  Impossibl e C o capcur e th e Ide a o f 
"naturaloess "  i n a  formall y precis e way .  S o fa r 
as I  know ,  eve n Ch e recen c progres s I n compuca -
dona l  complexlc y ha s nochln g C o sa y abou c chl s 
Imporcan c pracclca l  problem .  Th e scor y I s simila r 
fo r  compliancy .  Propose d cognlclv e archlceccure s 
ar e almos c alway s universal ,  an d chu s I C I s possi -
bl e I n principl e Co ru n an y progra m o n an y archl -
ceccure .  I n mos c cases ,  o f  course ,  Chl s wil l 
requir e a  non-compllan C progra m whic h impose s a n 
alie n concro l  scruccure .  Ou r  Inceres C i s I n Ch e 
case s wher e Chl s kin d o f  bruC e forc e I s no c needed . 
The following examples will make clear chac 
furche r  progres s depend s uoo n bein g abl e C o speci -
f y wha c I s mean c b y complianc y I n mor e precis e 
cerms .  I  a m no c cocall y opclmlsd c cha C w e wil l 
succee d I n Chls ,  bu c I  ca n se e Cwo avenue s worc h 
exploring .  Th e flrs c i s Co cak e advancag e o f  Ch e 
fac e Cha c complianc y ha s Co d o specificall y wlc h 
flo w o f  concrol .  Ther e I s a  sens e I n whic h Ch e 
seep s o f  compllan C program s execuc e a c "bas e 
level" ,  wherea s non-compllan C program s requir e a n 
extr a leve l  o f  inCerprecadon .  I f  chl s differenc e 
can b e ca p cure d reasonabl y precisely ,  cher e i s 
some hop e o f  derivin g Ch e consequence s o f  complian -
cy i n a  mor e rigorou s way .  Th e secon d possibilit y 
depend s o n achievin g som e underscandin g o f  Ch e 
mechanism s b y whic h ne w program s ar e acquired . 
Thi s migh c provid e a  muc h stronge r  basi s fo r  plac -
in g conscraint s o n Ch e kind s o f  progra m Ch e cognl -
clv e processo r  wil l  run :  no C Cha c non-compllan c 
program s ar e "unnatural" ,  bu t  b y showin g tha t  onl y 
compllan C program s coul d eve r  b e learned . 

Example s 

Ther e follo w chre e example s C o illuscrac e ho w 
complian t  program s lea d t o Ch e appearanc e i n 
behaviou r  o f  cercai n invarianc s dictate d b y th e 
underlinin g architecture .  Tw o warning s nee d t o b e 
given .  On e i s tha t  th e difficult y o f  makin g th e 
notio n o f  complianc y eve n moderatel y rigorou s make s 
i t  impossibl e i n an y stric t  sens e t o deriv e th e 
invariant s fro m Ch e archiceccure .  Th e argtmenC s 
given ,  thoug h Intende d C o b e plausible ,  hav e t o b e 
regarde d a s hand-waving .  Th e othe r  i s tha t  thes e 
example s ar e speculative .  I  woul d no t  wis h C o 
giv e Ch e Impressio n cha t  th e argument s ar e summa-
rie s o f  a  mor e complet e stor y alread y worke d out . 
Rathe r  the y shoul d b e regarde d a s th e goal s fo r 
a programm e o f  wor k stil l  Co b e undertaken . Ex.1 :  Proble m solvin g I s carrie d ou t  b y heuristi c 
searc h i n a  proble m space .  Tha t  assertio n ca n 
reasonabl y b e take n a s th e one-sentenc e conclu -
sio n o f  Newel l  &  Simon' s (1972 )  stud y o f  huma n 
proble m solving .  I t  arise s a s a  consequenc e o f 
complian t  program s runnin g o n PSAs o f  certai n 
types .  Thi s i s th e cleares t  o f  th e thre e examples , 
and Ch e argumen t  I s essentiall y  du e t o Newel l 
(persona l  coomunicatlon) . 
Consider a PSA which is like OPS (Forgy & 
McDermotC,  1977 )  I n Ch e followin g respecc .  When-
eve r  mor e tha n on e productio n rul e i s applicable , 
th e on e t o fir e i s determine d b y Ch e followin g 
principle s ("conflic t  resolucion") .  (1 )  Recency : 
rule s whos e condlcion s ar e sensidv e Co mor e 
recen c informacio n Cak e priorit y ove r  thos e match -
in g onl y olde r  information .  (2 )  Specia l  case : 
rule s whic h ar e specia l  case s o f  othe r  rule s tak e 
priorit y ove r  them .  (Fo r  furthe r  detail s se e 
McDermot C &  Forgy ,  1978 ;  Forg y &  McDermott ,  1977) . 
Suppos e tha t  knowledg e o f  th e proble m domai n i s 

code d b y specifyin g th e possibl e move s tha t  ca n 
be take n i n circumstance s C  a s rule s like : 

Rul e 1 :  C  &  < ? sid e condltlona > -  <actlonl > 
Rul e 2 :  C  &  < ? sid e condltions > '  <action2> , 
etc . 

Not e cha c suc h rule s provid e a  highl y complian t 
representation .  The y impos e onl y loca l  conscralnc s 
on ho w Che y ar e used ,  an d Chu s hav e individually , 
as i t  were ,  n o opinio n abou c Ch e mor e globa l  flo w 
of  concrol .  Suppos e tha t  C  i s known .  The n on e 
of  th e rule s show n wil l  fire ,  Rule l  say .  I f  th e 
actio n Cake n lead s Co som e ne w informacio n an d 
ther e exis t  rule s responsiv e t o tha t  Information , 
the n b y th e recenc y principl e i t  wil l  b e on e o f 
thos e rule s tha t  fire s next .  An d s o I c concinuea , 
as lon g a s Cher e i s ne w informacio n an d rule s C o 
respon d t o it .  Onc e tha t  i s n o longe r  so ,  proces -
sin g fall s back ,  sa y t o th e rule s shown ,  an d on e o f 
Che alcernatlv e rule s a t  tha t  leve l  wil l  fire ;  i n 
thi s case ,  Rule2 .  I n othe r  words ,  a  depth-firs t 
searc h i s performed .  O n th e othe r  hand ,  i f  a t  an y 
tim e a  rul e whic h i s sensitiv e t o a  particula r 
configuratio n o f  Informatio n become s satisfied , 
the n b y specia l  cas e i t  wil l  b e Ch e on e t o fire . 
I n oche r  words ,  specifi c  knowledg e I s brough c C o 
bear  whe n approprlaCe .  Th e upsho t  o f  al l  thi s i s 
tha t  th e principl e o f  recenc y generate s depth-firs t 
search ,  whil e specia l  cas e add s heuristi c guidance . 
It is worth emphasising Che concraac between 
thi s explanatio n an d virtuall y al l  earlie r  account s 
I n th e cognitiv e modellin g literatur e (including , 
fo r  example ,  Newel l  &  Simon ,  1972) .  We hav e Jus t 
argue d Cha t  peopl e solv e problem s b y heuristi c 
search ,  no t  becaus e the y ru n a  "heuristi c searc h 
program" ,  bu t  because ,  i n th e absenc e o f  guidanc e 
t o th e contrar y — i.e .  wit h a  complian t  progra m 
— heuristi c searc h i s Ch e natura l  thin g fo r  th e 
PSA t o do . 

Ex.2 :  Indirec t  recal l  fro m lon g ter m memory .  When 
Che cue s presence d ar e insufflclen c C o elici t  som e 
targe t  informatio n fro m lon g ter m memor y directly , 
bot h theor y (Norma n &  Bobrow ,  1979 )  an d th e experi -
ment  (William s &  Hollan ,  1981 )  sugges t  tha t  recal l 
occur s I n a  serie s o f  cycle s o f  alternatin g retrie -
va l  an d re-descrlptlon . 
Again, this behaviour is a consequence of the 
conflic t  resolutio n principle s o f  a  PSA.  Suppos e 
tha t  th e targe t  Informatio n i s o n th e actio n sid e 
of  a  rule .  The n b y supposition ,  no t  al l  th e infor -
matio n o n it s conditio n sid e i s ye t  presen t  (th e 
poin t  i s  t o gathe r  I C s o tha t  th e rul e doe s fire) . 
Whateve r  informatio n i s present ,  constitutin g a 
partia l  descrlpclo n o f  Ch e ICe m bein g sought ,  wil l 
trigge r  som e rul e o r  oCher .  Thi s i n C u m wil l  ad d 
CO Ch e description .  Specia l  cas e ensure s tha t  eac h 
ite m recrieve d i s relevan c Co th e curren t  descrip -
tion ;  I f  ther e i s n o relevan t  information ,  the n 
genera l  procedura l  heuristic s wil l  fire .  A s i n 
proble m solving ,  th e recenc y principl e ensure s tha t 
newl y retrieve d informatio n i s followe d u p first . Ex.3 ;  Uncertai n informatio n i s deal t  wit h b y 
"prominence "  heuristic s (Fox ,  1980a) ,  suc h a s 
representativenes s an d availabilit y  (Tversk y & 
Kahneman,  1974) .  Th e implie d contras t  i s  wit h 
rational ,  non-heuriscl c Cechnique s suc h a s Ch e 
use o f  Bayes '  Cheore m an d Ch e maximisatio n o f 
expecte d value .  Fo r  thi s exampl e w e hav e t o mov e 
beyon d th e OPS architecture ,  t o a  PS A whic h assigns 
differen t  strength s t o differen t  items ,  an d there -
by recognise s a  degre e o f  matc h betwee n th e dat a 
and a  rule .  Example s ar e HPSA (Newell ,  1980 )  an d 
th e PSYCO architectur e use d fo r  simulatin g medica l 165 



diagnosi s (Fox ,  1979 ,  1980b) .  Th e argumen t  essen -
tiall y  follow s thos e tw o authors . 

The key issue is the representation of the 
degre e o f  certainty .  I f  i t  i s  code d expllctl y a s 
simpl y anothe r  componen t  o f  th e data , 

e.g .  (DISEASE-I S GASTRIC-ULCER C F -  0.7) . 
the n I t  wil l  b e treate d a s par t  o f  th e informatio n 
conten t  b y whateve r  rule s happe n t o proces s it , 
and n o consequence s follo w fro m th e architecture . 
If ,  o n th e othe r  hand ,  certaint y i s code d a s th e 
strengt h o f  th e item , 

(DISEASE-I S GASTRIC-ULCER)  [0.7] , 
the n th e certaint y ha s effect s a t  th e leve l  o f  th e 
architectur e (i.e .  i t  appear s a s a n aspec t  o f  th e 
for m rathe r  tha n th e conten t  o f  th e item) ,  an d 
influence s processin g a t  thi s level .  What  happen s 
of  cours e i s tha t  certaint y enter s a s a  facto r  i n 
conflic t  resolution ,  wit h stronge r  items ,  othe r 
thing s bein g equal ,  bein g processe d befor e weake r 
ones .  Th e outcom e i s tha t  processin g o f  uncertai n 
informatio n I s dominate d b y th e dat a tha t  fo r  what -
eve r  reaso n ar e mor e "prominent "  i n memor y (Fox , 
1980a) .  Item s whic h ar e highl y familiar ,  alread y 
i n workin g memory ,  o r  mor e closel y linke d t o othe r 
relevan t  item s wil l  b e th e firs t  t o com e t o min d 
and wil l  carr y mor e tha n thei r  fai r  shar e o f 
responsibilit y  fo r  guidin g behaviour . 
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1.  Introductlo Q 
I  hav e develope d a  questio n answerin g progra m tha t 

wil l  answe r  question s abou t  simpl e stories .  I n m y pro -
gram ,  question-answerin g i a divide d u p int o tw o separat e 
processes :  1 )  answerin g formatio n an d 3 )  answe r  expres -
sion .  Th e progra m first  look s dow n a  causa l  chai n whic h 
i s forme d b y th e story-understandin g progra m an d 
figures  ou t  i n wha t  par t  o f  th e chai n th e answe r  lies .  Th e 
answer  ca n als o b e a  subse t  o f  th e chain ,  sometime s a 
quit e lon g one .  Th e secon d par t  o f  th e progra m take s 
thi s lon g chai n an d decide s wha t  thing s ar e importan t  t o 
expres s t o th e questioner .  Thi s answe r  expresse r  use s 
genera l  rule s o f  expressio n t o figure  ou t  wha t  i t  need s t o 
includ e t o mak e th e answe r  understandable ,  informativ e 
and interesting . 

Thi s solutio n i s diSeren t  fro m othe r  question -
answerin g algorithm s (e.g .  Winogra d 1972 ,  Lehner t  1977 ) 
whic h vie w questio n answerin g a s on e process .  Thes e 
program s gathe r  possibl e answers ,  an d the n choos e th e 
"best "  answe r  fro m amon g them .  M y syste m first  get s th e 
chai n whic h I  conside r  t o b e th e answe r  t o th e question , 
and the n figures  ou t  whic h part s o f  th e chai n shoul d b e 
generate d int o Englis h a s th e answer .  Th e advantag e o f 
my approac h i s tha t  i t  allow s on e t o trea t  th e answe r  a s 
one entit y an d us e th e answe r  expressio n mechanis m t o 
expres s wha t  peopl e ar e intereste d in .  Th e resxiltin g 
answer s ar e generall y mor e informativ e an d conversa -
tionall y appropriat e tha n thos e generate d b y othe r  algo -
rithms . 

The progra m work s i n conjunctio n wit h PAMELA,  a 
stor y understandin g progra m tha t  specialise s i n goal -
base d stories .  (¥Uensk y 1977 ,  WUensk y 1981 .  Norvi g 
1982 )  Afte r  a  stor y i s initiall y  'read '  b y PHRAN,  a  parser . 
(Aren s 1981 )  i t  i s  the n passe d t o thi s PAMELA an d 'under -
stood' .  Th e questio n answerin g progra m i s passe d a  data -
bas e whic h consist s o f  events ,  inferences ,  an d mos t 
importantly ,  fo r  m y purpose ,  causa l  chain s whic h 
instantiat e event s i n th e stor y a s step s o f  particula r 
plan s an d plan s fo r  particula r  goals .  Containe d i n thi s 
causa l  chai n i s th e actua l  'understanding '  o f  th e 
sequenc e o f  event s i n th e story ,  wha t  cause d what ,  an d 
what  goa l  actor s ha d i n min d whe n the y performe d a  par -
ticula r  ac t  o r  plan .  Afte r  a  questio n i s asked ,  thi s ques -
tio n i s parse d b y th e sam e parse r  tha t  parse d th e story , 
and the n th e answe r  i s formulate d b y lookin g a t  th e 
database .  Finally ,  th e answe r  i s passe d t o th e answe r 
expresse r  whic h send s th e answe r  t o a  natura l  languag e 
generator . 
2. Program Ezamplea* 

The followin g example s wer e processe d b y m y pro -
gram . 
Story :  Susa n save d he r  mone y fro m he r  allowance .  On e 

day sh e rod e he r  bik e t o th e bookstor e an d bough t 
th e boo k tha t  he r  teacher  ha d recommended . 
Susa n di d ver y wel l  o n he r  mat h tes t  th e followin g 
week. 

Q:  Why di d Susa n bu y th e book ? 
A:  S o tha t  sh e coul d stud y fro m i t  an d 

do wel l  o n he r  exam . 

Q:  Ho w di d Susa n d o s o wel l  o n he r  mat h exam . 
A;  Sh e bough t  a  boo k tha t  he r  teache r  ha d 

recommende d an d studie d fro m it . 
Q: How did she get the book? 
A:  B y ridin g he r  bik e t o th e bookstore . 

3w nndin g th e Bes t  Answe r 

A difficult and important part of answering a ques-
tio n i s no t  i n finding  a n answe r  t o th e question ,  bu t 
finding  th e bes t  answer .  I n a  databas e o f  causa l  chains , 
i f  on e ca n find  a n even t  i n th e databas e the n ther e m a y 
be m a n y possibl e answer s t o a  give n question .  Conside r 
th e previou s story . 
If we ask: 
Question2: Why did Susan buy the book? 

The following answers ais obtained by stepping at 
diSeren t  o n th e causa l  chain . 
Answer2a :  Becaus e sh e wante d t o hav e it . 
AnswerSb :  Becaus e sh e wante d t o rea d it . 
Answer2c :  Becaus e sh e wante d t o kno w math . 
AnswerSd :  Becaus e sh e wante d t o d o wel l  o n he r  exam . 
Not e tha t  th e item s neare r  th e to p o f  th e goa l  structur e 
constitut e bette r  answer s althoug h th e bes t  answe r 
woul d b e somethin g like : 
Answer2e: So that she could study it and do well 

on he r  mat h tes t 

However ,  i n a  mor e complicated  story ,  merel y look- . 
in g t o th e en d o f  chai n migh t  no t  wor k quit e a s wel L Fo r 
example ,  i f  i n th e previou s stor y w e added : 

She pu t  th e boo k o n he r  hea d an d learne d th e 
materia l  throug h osmosis .  Susa n di d ver y wel l  o n 
her  mat h tes t  th e followin g week . 

Clearly ,  Answer2 d i s n o longe r  a  goo d ainswer . 
One possibl e solutio n includin g onl y 'Important ' 

answers .  Importan t  inference s migh t  includ e abnorma l 
plans ,  natura l  disasters ,  etc .  Th e proble m wit h thi s wa s 
tha t  eve n thoug h thes e 'important '  inference s definitel y 
shoul d b e include d i n th e answer ,  on e shoul d no t  neces -
saril y  sto p a t  tha t  poin t  i n th e chai n an d sa y tha t  thi s i s 
th e answer .  Fo r  example ,  jus t  stoppin g a t  'important ' 
event s i n respons e t o question 2 on e woul d get : 
Answer2f: So that she could put it put it on her head. 
An3wer2g :  S o tha t  sh e coul d lear n b y osmosis . 
which is less desirable than: 
Answer2h :  S o tha t  sh e coul d lear n fro m th e mat h 

boo k b y osmosi s an d d o wel l  o n he r  exeim . 
4. OividiDc up the Questioa Answering Process 

My progra m i s abl e t o find  thes e bette r  answer s be -
caus e o f  th e separatio n o f  finding  th e einswe r  (th e subse t 
of  th e chain )  fro m expressin g th e answe r  t o th e user .  In -
stea d 1  us e th e tw o programs : 
Answer-Formulato r  look s dow n a  causa l  chai a figures 

out  wher e wha t  part s o f  th e chai n ar e relevan t  t o a n 
answer  an d return s a  chain . 

Intelligent-Expresser :  take s thi s causa l  chai n a s input , 
figure s ou t  fro m it s genera l  rule s o f  expressio n wha t 

Thi *  researc h wa s sjxjnaore d i n par t  b y th e Offic e o f  Nava l  Researc h 
under  contrac t  N00014-80-C-073 Z an d th e Nationa l  Scienc e Foundatio n 
under  gran t  UCS79-0ee43 . 
•At this point the program is not connected to the natural language 
parse r  a t  Berkele y calle d PHBAN o r  th e generato r  PEIRE O (Wilenak y an d 
Arens ,  1980) .  Th e question s an d onswer s ar e therefor e translate d from . 
th e conceptua l  for m I  no w use . 
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i s  importan t  t o sa y s o tha t  th e questione r  wil l  a ) 
understan d th e answe r  an d b )  ge t  th e lan d o f  infor -
matio n tha t  peopl e ar e generall y intereste d in ,  an d 
output s t o a  natura l  languag e generator ,  som e in -
termediat e for m fro m whic h i t  coul d generat e a n 
answer . 
For  example ,  m y progra m woul d produc e answerS e 

abov e b y th e followin g process .  Firs t  i t  woul d find  Susa n 
buyin g th e boo k i n th e databas e an d the n follo w th e 
chain ,  i n thi s case ,  t o wher e i t  find s tha t  sh e di d wel l  o n 
her  exam .  Thi s whol e par t  o f  th e chai n woul d b e passe d 
t o th e expressio n mechanis m whic h woul d notic e tha t 
studyin g th e boo k an d doin g wel l  o n he r  exa m wer e 
importan t  part s o f  th e answer .  I n thi s case ,  th e 
Intelligent-Expresse r  use s th e genera l  conversationa l 
rul e o f  no t  informmin g someon e o f  somethin g the y 
alread y know .  Havin g th e boo k an d readin g th e boo k ar e 
thereb y eliminate d becaus e the y ar e store d i n th e dat a 
bas e a s normativ e purpose s fo r  buyin g an d fo r  havin g a 
book ,  respectively . 

Thi s approac h als o allow s on e t o generat e answer s 
tha t  wer e otherwis e problemati c t o represen t  i n a  con -
ceptua l  form .  Fo r  example ,  th e simpl e question : 
Questions: Did Susan go to the bookstore? 
Answers :  Yes .  sh e rod e he r  bik e there . 
The answer is obviously yes, because this event appears 
i n th e database .  However ,  'yes '  i s  somethin g tha t  i s 
dUEcul t  t o represen t  i n conceptua l  form.  'Yes '  i s  no t 
reall y a  concep t  bu t  rathe r  a  wor d tha t  i s almos t 
exclusivel y use d i n a  conversation .  Th e answe r  formatio n 
par t  o f  m y syste m look s i n th e databas e fo r  concept s 
simila r  t o goin g t o th e bookstore .  Realizin g tha t  ridin g 
t o th e bookstor e wa s simila r  t o goin g ther e i t  woul d 
answer : 
(ride 

(acto r  (perso n (objec t  susanl)) ) 
(objec t  (bicycl e (objec t  bicycl e 1)) ) 
(destinatio n (bookstor e (objec t  bookstorel)}) ) 

This part of the chain and the context in which the ques-
tio n wa s aske d i s passe d t o th e answe r  expressio n par t  o f 
th e program ,  tha t  woul d a )  se e tha t  thi s i s  a  simpl e ver -
if y question ,  b )  realiz e tha t  th e concep t  t o b e verifie d 
was i n fac t  foun d i n th e databas e i n a  slightl y dUIeren t 
for m an d c )  figur e ou t  tha t  i t  shoul d answe r  'yes '  plu s 
some uitermediat e for m tha t  represent s tha t  i t  shoul d 
includ e th e rid e concept . 

Thi s sam e metho d ca n b e extende d t o othe r  type s o f 
verif y questions .  Fo r  example , 
Question4: Did Susan ride her bike to the bookstore 

so tha t  sh e coul d d o wel l  o n he r  mat h test ? 
Answer4 :  Yes ,  sh e bough t  a  boo k a t  th e bookstor e 

whic h sh e use d t o stud y fo r  he r  exam . 
Questions: Did Susan buy the math book so that she 

coul d d o wel l  o n he r  mat h test ? 
AnswerS :  Yes ,  sh e use d i t  t o stud y fo r  he r  exam . 

The answer formation part looks to see if a chain with 
th e startin g plac e o f  'ridin g t o th e bookstore '  an d end s 
wit h 'doin g wel l  o n he r  mat h test' ,  exist s i n th e database . 
Thi s whol e chai n doe s exis t  an d includes ,  sh e rod e t o th e 
traokstor e wa s a  pla n fo r  bein g a t  th e bookstore ,  whic h 
was a  preconditio n fo r  buyin g a  book ,  whic h wa s a  pla n 
fo r  havin g th e boo k whic h wa s a  ste p o f  readin g th e book , 
whic h wa s a  pla n fo r  knowin g th e mat h material ,  whic h 
was a  goa l  fro m doin g wel l  o n he r  exam. . 

The answe r  expressio n par t  o f  th e progra m get s thi s 
chain ,  realize s i t  shoul d answe r  'yes '  an d decide s ho w 
much i n additio n t o th e 'yes '  i t  woul d nee d t o includ e i n 
th e answer .  Notic e ho w i n Answer *  i t  ha d t o includ e 
mor e informatio n fro m thi s chai n tha n i t  ha d t o includ e 
i n Answers . 

not  somethin g tha t  i s designe d t o b e use d exclusivel y i n 
question-answerin g bu t  woul d b e a  syste m tha t  woul d b e 
valuabl e i n an y contex t  wher e a n interactiv e natura l 
languag e syste m woul d b e Important .  I t  difler s fro m a 
generato r  i n tha t  i t  doe s no t  merel y generat e somethin g 
fro m a  conceptua l  for m Int o English ,  bu t  rathe r  decide s 
what  kind s o f  thing s ar e importan t  t o b e said ,  whic h i s 
the n passe d t o a  generator .  Hopefully ,  thi s kin d o f  sys -
te m coul d b e expande d t o wor k o n othe r  conversationa l 
task s a s well . 
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5.  Concluaio a 
Thi s intelligen t  expressio n par t  o f  th e progra m i s 
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li has been understood for some ume that the organisation 
of  knowledg e int o even t  schemat a an d visua l  schemat a ca n 
ai d signillcantl y i n th e inference-makin g process .  I f  w e 
kno w tha t  w e ar e i n a  typica l  room ,  t o us e Minsky' s 
exampl e [1974] ,  the n w e expec t  t o se c windows ,  wall s tha t 
ar e perpendicula r  t o a  ceiling ,  etc .  I f  w e kno w tha i  w e ar e 
at  a  restaurant ,  t o us e Schank' s exampl e (I975| ,  the n w e 
ca n expec t  t o b e seate d b y a  maitr e d'hotel ,  t o b e give n 
menus,  etc .  li y  classifyin g situation s accordin g l o a  smal l 
collectio n o f  schemati c situations ,  a  wid e variet y o f 
inference s becom e immmediaiel y clea r  an d simple . 
This same kind of schematic reasoning conslituies the 
hear t  o f  severa l  well-know n theorie s o f  low-leve l 
comprehension ,  especiall y b y Schan k 119721 ,  Wilk s [19?]) , 
etc .  B y classifyin g iinguisU c clause s int o a  smal l  numbe r  o f 
semanti c categories ,  suc h a s physica l  transfer s o f  locatio n 
( P T R A N S ) ,  propellin g o f  object s (PKOI'LL) .  etc. ,  a 
n u m b er  o f  inference s ar e suaighiforward .  Certai n kind s o f 
paraphras e ar e simple ;  "buying "  an d "selling "  ar e 
represente d i n almos t  th e sam e way ;  "running, "  "walking, " 
an d "biking "  hav e m u c h i n c o m m o n i n thei r  semanli c 
representations .  T h e schem a fo r  abstrac t  transfer s o f 
possessio n ( A I R A N S )  lead s u s t o expec t  exchang e o f  on e 
thin g fo r  anothe r  fro m on e perso n t o another .  I f  an y o f 
thes e ar e no t  specificall y specified ,  the y ca n b e inferre d 
easily ,  further ,  suc h a n abstrac t  transfe r  probabl y too k 
plac e becaus e on e perso n wante d t o o w n somethin g tha i 
ha d bee n owne d b y someon e else ,  th e othe r  perso n 
probabl y didn' t  wan t  i t  s o m u c h anymore ,  an d simila r 
kind s o f  simpl e inferences .  Th e M A R G I I i  syste m [Schan k 
et  al ,  1973 )  exhibite d ver y impressiv e behavio r  withou t 
usin g m u c h mor e tha n schemati c inference s base d o u th e 
semanti c representatio n schem e o f  Conceptua l 
Dependenc y ( C D ) . 
Unchunkint' Schemata 
III this short paper, we suggest a framework lor the iliidy 
II I  :i(.heinaU c aspect s o l  natura l  l.iiit.'ii.ig L u>iii|ia-ticiibi(>i i 
spe«.ifii.jll v  w c puiMu -  ili e uu i  i. l  Itliiinn i  |l')7(i ]  ii i 
I'K'lt̂ nini ;  lilt ,  dyiiaiii u i.illic i  lli.i n .l.ili > .I'liikiii K <i l 
•  ' .  . "  I l  .lu i  lIl C MM-  II I  |i,ll,,l| i  1 1 1 .  ,  . .  'iMl. '  I 
knowledg e representatio n facilitate s tha t  goal .  Th e 
approac h draw s fro m previou s wor k i n schemati c 
representatio n an d reasonin g [Miiisky ,  1974 ;  Schank , 
1975) ,  spreadin g activauo n [Quillian ,  I96«| ,  parsin g [Small , 
1980 ;  Marcus ,  1979] .  speec h recognitio n (Ixjwerre ,  1976) , 
psycholinguistic s [Dell ,  1980 ;  McClellaiu l  an d Rumelharl , 
1980] ,  an d compute r  visio n [llallard ,  1981 ;  Marr ,  197H| .  B y 
decomposin g schemati c knowledg e int o diilus e unit s an d 
by studyin g th e wa y thes e facet s o (  knowledg e ar e 
connecte d (inferentially) ,  w e expec t  t o sho w iinporian i 
result s i n severa l  areas : 
- how a language comprehension system can 

maintai n diffus e loc i  o f  contro l  (hypxaiticses ) 
simultaneously ,  bu t  stil l  coni c t o a  ilcxisioi i  whe n 
required ; 

-- how to obtain schematic reasoning (and 

expectations )  fro m distribute d unit s no t  a  prior i 
committe d t o representin g uniqu e siali c  siiuaUons ; 

-- how to merge schematic inference mechanisms 
fro m th e top-dow n (e.g. ,  scripts )  an d fro m th e 
boitom-u p (e.g. ,  cas e frames) ;  an d 

" how to relate experimeniai psychological data (e.g.. 
reactio n tune s o n normal s an d aphasics )  t o 
compute r  models . 

The modelling etTort employs an architecture significantly 
dilTeren t  fro m th e typica l  compute r  an d close r  l o tha t  o f 
th e h u m a n brain .  W e us e a  particula r  spreadin g activatio n 
or  acliv e semanli c networ k scheme ,  calle d conneciiom înt , 
whic h consist s o f  a  massiv e numbe r  o f  appropriatel y 
connecte d computin g unit s tha t  communicat e throug h 
weighte d level s o f  excitatio n an d inhibitio n [leldma n an d 
Ballard ,  1982] ,  Whil e suc h a n architectur e doe s no t  solv e 
any problem s pe r  se ,  w e believ e tha i  a  numbe r  o f 
question s becom e easie r  t o se i  fort h an d mor e 
straightforwar d t o solve .  Thi s pape r  intend s onl y t o sugges t 
th e direction s o f  ou r  curren l  researc h i n addressin g severa l 
languag e comprehensio n issue s fro m th e ne w perspective . 
Some Main Issues 

In particular, we show how a number of classical problems 
i n th e theor y o f  schemat a migh t  b e approache d i n a  ne w 
way.  Thre e principa l  issue s ar e discussed :  (1 ) 
Comprehensio n take s plac e o n a  numbe r  o f  interactin g 
level s o f  processing ;  (2 )  multipl e hypothese s ar e 
simultaneousl y maintdine d a l  a  numbe r  o f  ditfiis e 
processin g loci ;  an d (3 )  contex t  atVect s proLcvsin g i n bot h 
top-dow n an d hoiloi n u p iliicLiioii h i  ipriiiiieiita l 
psychologist s iu c hcgiiuiiii x  l o iiiiiIiinI.iiii !  iiic i  issue r 
throug h rcaciioi i  iiim :  .i.ii. i  M i  i  lili.,ii. l  ..n. i  i-i f  i .  Iliai i 
[1980 ]  hav e identifie d tw o processin g levels ;  Del l  [I98(i | 
present s dat a suggestin g interaction s withi n th e phonemi c 
level ;  Swinne y [1979 ]  show s way s u i  whic h contex t  Joe \ 
not  affec t  processing ;  Seidenber g e t  a l  [1980 ]  illustrat e a n 
entir e tim e cours e fo r  processin g a t  th e lexica l  level ;  an d 
Samuel  e t  a i  [1982 ]  presen t  dau i  suggestin g th e 
mechanism s o f  lette r  processin g an d th e wor d superiorit y 
effect . 
Multiple Levels of Comprehension 
While it is sometimes the case that a language 
understande r  need s t o kno w th e primitiv e schemati c 
action s tha t  compos e a  mor e comple x acUon ,  ofte n h e doe s 
not .  T h e relevan t  informatio n carrie d b y paruciila r  word s 
an d expression s i s precisel y tha t  informatio n tha t  aid s th e 
heare r  t o understan d th e intende d meanin g o f  th e speaker . 
Thi s alway s lake s plac e i n som e contex t  an d canno t  b e 
separate d fro m it .  I n a  dialogue ,  a  heare r  mus t  iiiierpre t 
th e word s an d expression s i n ligh t  o f  th e coiiiiiiiiiiicaiiv e 
goal s o f  th e speaker ;  i n a  story ,  a  leade r  iriiis t  serv e t o 
connec t  ne w fragment s o f  tex t  wii h th e existin g 
interpretatio n o f  stor y structure .  Iiiriher ,  genera l 
knowledg e abou t  th e worl d mus t  b e applie d wher e neede d 
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10 th e comprehensio n proces s (eve n a l  ih e leve l  o f 
individua l  word s an d phrases) ,  an d ih e stoi ^  o r  goa l 
siruciure s consuucie d mus i  b e coiisiraine d b y u . 

Il seems unusual to consider certain ucuoiis in leniis of 
thei r  decomposiuon s (i n th e sens e o t  C D )  int o slructurc s 
o f  primitiv e units .  Ther e ar e ver y fe w coiuexi s i n whic h 
th e sentenc e "Rici c kisse d Joanie "  woul d b e bes t 
understoo d b y focusin g o n th e (nonetheles s valid )  lat i  tha i 
"Rici t  m o v e d hi s hea d t o i n fron t  o f  ih e hea d o f  Joani c s o 
tha t  the y wer e bot h facin g eac h other ,  an d the n puckere d 
hi s lip s an d touche d the m t o Joanie. "  Thi s lon g descripuo n 
must  b e represente d a s th e algorithmi c (functional ) 
concep t  underlyin g kissing .  Thi s descriptio n woul d b e 
require d l o understan d th e sentenc e "Joani e caugh t  Kick' s 
cold "  occurrin g next .  I t  woul d certainl y no t  hel p i n 
undersundin g th e sentenc e "Joani e bough t  hersel f  a  ne w 
blouse. "  Th e understandin g o f  thi s secon d conceivabl e 
utteranc e require s a n entirel y differen t  se t  o f  relauonship s 
concernin g kissing . 
Multiple Stmultaneowi Loci of Control 

Thus, we need at least two diflereni kinds of associations 
o f  kissin g t o understan d sentence s i n whic h i t  i s  a  centra l 
action .  W h e n hearin g suc h a  sentence ,  bot h o f  thes e kind s 
o f  association s ar e acuvated ,  an d eithe r  on e lu u b e relevan t 
t o undcrsiaiiilin g wha t  come s nex t  l-iiithcriiuiie ,  th e 
luiMrK I  |iu\i<i(i' ,  I d (h e kis.Mtl K .ictloi i  ti.iili l  lin c l o mak e 
liiii '  " I  l u .illii i  <• !  iliC' C av>o i  uilii>ii \  ilii '  |iiiiiiiiiicii l  iili c 

ili > .1 1 .l i  !  Kiii.lllil ;  I  111 .  i-iiUii .  L  "I'l .  ̂  dlil h I 
car e abou t  th e flu "  woul d faciliui e undersundin g th e nex t 
sentenc e i n a  wa y mor e heavil y weighe d towar d th e 
algorithmi c associatio n o f  kissin g tha n th e emotiona l  one . 
Likewise ,  th e precedin g senieiict :  "Kic k fel t  strongl y 
atTected "  shoul d facilitat e th e othe r  associations .  A n activ e 
processin g networ k work s throug h simultanou s activit y i n 
m a ny processin g locations ,  permituii g a  cognitiv e mode l  t o 
avoi d irrevocabl e all-or-nou e decision s i n favo r  o f  a  mur e 
continuou s approach .  Thi s lead s t o plausibl e explanation s 
o f  subsequen t  contex t  elTects ,  indiidin g puns . 

Context Effects on Comprehension 
In building a computer model of language comprehension, 

we mus t  conside r  thes e phenomena .  Ih e contex t  precedin g 
an utteranc e mus t  serv e t o favo r  certai n inierpretation s 
ove r  others .  A s i n th e exampl e presente d here ,  th e 
competin g interpretation s nee d no t  b e incompauble :  th e 
contex t  mus t  simpl y facilitat e th e comprehensio n o t 
subsequen t  utterance s b y focusin g o n on e leve l  o f 
imerpreutio n ove r  others .  I t  shoul d tak e longe r  fo r  a 
heare r  t o understan d ho w Kic k coul d ge t  th e (l u fro m 
Joani e i f  conditione d t o focu s o n thei r  emotiona l 
involvement ,  tha n t o understan d th e sam e utteranc e afte r 
contextua l  condidonin g t o focu s o n th e mechanic s o f 
kissing .  Th e result s o f  Seidenber g e t  a l  [1980 )  sugges t  tha t 
analogou s contextua l  elTect s hol d wit h respec t  l o lexica l 
access . 

Ihe computer model should make accessible all levels of 
interpretatio n o f  utterances ,  bu t  shoul d no t  mak e 
everythin g a s easil y accessibl e a s everythin g else .  W h e n 
knowledg e o f  th e mechanic s o f  kissin g ar e require d t o 
understan d a  fragmen t  o f  text ,  i t  mus t  b e available .  I f  th e 
tex t  i s  abou t  som e romanti c relationship ,  thi s knowledg e 
woul d usuall y b e a n obstacle ,  rathe r  tha n a  help ,  t o 
understanding ,  l u suc h u  case ,  i t  shoul d b e availabl e i f 
neede d (thoug h perhap s slowly) ,  bu t  mosU y i t  shoul d no t 
be involved . 

Ihe Kxploded Connection Scheme 
We propos e a  unifor m representatio n schem e fo r  bot h 
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high -  an d low-leve l  languag e processin g tha t  share s som e 
o f  th e flavo r  o f  th e schemati c approaches ,  bu t  whic h 
incorporate s flexibihl y throug h thre e methods : 

(1) The use of incredibly large numbers (and wide 
variety )  o f  schemati c situation s {units) ; 

(2) A focus on the relationships among- these situations 
rathe r  tha n (Ji i  ih e siliialion s themselve s {cunn n turns) ,  an d 

(.1) The list of iiumciii.il piUcniial:. in vvci(ih 
(comparatively )  th e iclcvaiii. e .> i  .ii u (.iiiuiil. u Mliiniuii i 
situatio n t o th e dat a {activatio n levels) . 

We call the approach an Exploded ( onncction Si heme 
( E C S ) ,  an d ar e usin g i t  t o buil d a  iinilie d theor y o f  low -
an d high-leve l  languag e comprehensio n Ih e demenia l 
unit s o f  E C S encompas s th e gamu t  o f  traditiona l  element s 
o f  comprehensio n models ,  fro m phoneme s an d 
m o r p h e m e s t o case s an d semaiiu c primitive s t o concept s 
an d even t  sequences .  W e believ e tha t  ihcr e ar c larg e 
number s o f  eac h kin d o f  unit ,  an d tha t  reasonin g lake s 
plac e throug h th e richnes s o f  th e uni t  vocabului ^  an d th e 
connection s a m o n g th e individual s S u m c o f  ou r  curren t 
idea s o n th e organizatio n o f  thes e ex(jludci l  unit s ca n b e 
foun d i n [Coiirell ,  1982] . 
What we are arguing for is a highly difliibe active 
representatio n o f  knowledg e an d it s processing .  Iradiiionu l 
model s [Schan k e t  al ,  1973 ;  Small ,  198(J |  represe m th e 
meanin g o f  utterance s i n single ,  large ,  comple x siriiciuie s 
o f  s o m e smal l  numbe r  o f  primitiv e elemenis .  Larg e 
processe s the n manipulat e thi s knowledge ,  encodin g an d 
decodin g th e larg e symbo l  structures .  Alternatively ,  w e ar e 
suggestin g representin g meanin g i n a  ver y larg e numbe r  o f 
(exploded )  activ e processin g units ,  whic h comput e 
activatio n a s a  functio n o f  incomin g weighte d excitatio n 
an d inhibition .  T h e schem e focusses  o n th e comple x 
interaction s a m o n g diffus e knowledg e unit s an d reduce s 
th e complexit y o f  individua l  processes .  Suc h processin g 
unit s tha t  d o no t  manipulat e comple x symbo l  structure s 
ca n interac t  frequently  an d tightly . 
The Pair Principle 

Each unit of a particular type uiggers activauon in other 
simila r  unit s tha t  ar e likel y t o c o m e nex t  i n meaningfu l 
speech .  Thi s happen s a t  ever y leve l  o f  processing ,  withi n 
th e leve l  itsel f  an d i s  calle d th e pai r  principle .  Th e 
principl e stale s tha t  ever y elemen t  o f  knowledg e U'igger s 
othe r  element s (o f  th e sam e kind )  tha t  ar e likel y t o succee d 
th e give n on e (temporall y o r  inferenually )  i n meaningfu l 
speech .  Del l  (1980 )  show s a  mode l  fo r  speec h productio n 
i n whic h connection s accordin g t o thi s pai r  principl e lea d 
t o plausibl e explanation s o f  experimenta l  result s i n 
productio n o f  speec h errors ,  li y  addin g connection s 
betwee n levels ,  activit y spread s throug h th e networ k i n a 
way tha t  lead s t o prediction s a t  ever y leve l  o f  processin g 
abou t  wha t  i s comin g next .  Th e spreadin g activauo n mode l 
o f  McClellan d an d Kumelhar t  [1980 ]  show s suc h 
prediction s throug h grapheme/lexem e interactions .  Th e 
result s o f  Samue l  [1980 ]  o n wor d superiorit y als o suppor t 
thi s view . 
I xamples ot the pair principle can be sciii at every 
conceivabl e leve l  o f  Liu^ua^ e proccsMiii; .  A  plioiiciii e iini i 
.tcllvatc s tllo- A utiic r  liliiilKUi e iilill: .  lli.i t  .  ,i i  lolii.i- .  llii ' 
give n on e unde r  th e rule s o f  th e phonologica l  syste m o t  a 
particula r  languag e (o r  th e phonologi c rule s know n l o ili c 
hearer) .  A  high-leve l  activit y uni t  jciivaic b th e unii: ,  to r 
othe r  high-leve l  activiue s tha i  ca n reasonabl y com e iicx l 
unde r  th e rule s o f  cultura l  bchavio i  o t  a  societ y (o r 
analogously ,  thos e rule s know n t o th e umlcistandcr )  A n 
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uclio n uiii i  iiiLrea;>e ^  Ih e poieiuui U o f  lyp c iiiiil s  ihu i 
represen t  (h e kind s o f  (tiing s iha i  umk l  li e iti c  Lab c tiller! > 
ot '  tha i  puriicula r  aLiioii .  Th e pui r  iiiMuipI c iiiiilcihe b th e 
way w e g o abou t  connectin g uniL s logctlic i  withi n 
particula r  Icvel; ^  o f  th e coiiiprchenMo n nuiJc l 

Sclieinata 

At the level of high level aciiviiies the paiiwibc 
connecuon s o f  unit s migh t  see m lê i  ohvimi N iha n a l  ih c 
leve l  o f  phonemes .  TTi e ioiin d paiitri i  o l  langiiaKe s ar c 
well-known ,  bu t  no t  s o th e cultura l  regulaiitic s luiiher , 
th e difference s amon g individual s ma y sccii i  gicate r  whe n 
i t  come s t o thei r  expectation s abou t  cvcni i  i n ih e worl d u b 
oppose d t o thei r  us e o f  sounds .  W e cuiiicn d tha i  ihi s i m no t 
so.  Th e restauran t  scrip t  o f  Schan k 11975 |  coiistiiuie s a 
goo d exampl e o f  th e expectation s » {  peopl e fro m oa r 
cultur e abou t  th e high-leve l  activiue s involve d i n eatin g a t 
a restaurant .  T w o ftindamental  problem s .û e know n t o 
exis t  wit h scripts :  (1 )  ho w d o yo u kno w whe n on e i s 
relevant ;  an d (2 )  ho w d o yo u us e informatio n fro m on e 
scrip t  i n understandin g activitie s i n another ? 
Schank [1979| has begun to address these qiiesiions in his 
recen t  wor k o n M O F s ,  o r  memor y organisatio n packet s I n 
our  wa y o f  viewin g languag e comprehension ,  th e Yal e 
grou p ha s shifte d slightl y m emphasis ,  the y ar e increasin g 
th e numbe r  an d natur e o f  th e schemati c situation s the y 
recogni/ e an d the y ar e focusin g a  hi t  mor e o n th e 
coiinecuon s amon g situations .  I'hei r  restauran t  scrip t  i s 
no w connecte d t o othe r  schemat a representin g th e genera l 
notion s o f  visitin g a  busines s establishment ,  preparin g an d 
eatin g a  meal ,  out-of-hous e socia l  activities ,  etc .  W e agre e 
wit h thi s shift ,  an d pus h i t  t o i b logica l  conclusion ,  a s 
enumerate d abov e i n ou r  thre e representalio n methods . 
A conceivable pair matrix for several example high-level 
activiue s o f  restaurant-goin g i s show n i n ligur e 1 .  W e ca n 
envisio n additiona l  pai r  mauice s fo r  eac h activit y foun d o n 
th e right-han d sid e o f  th e on e showii-th e entir e se t  o f 
connection s bein g quit e large .  Durin g th e comprehensio n 
process ,  th e activatio n o f  on e activit y uni t  cause s 
concomiun t  mode l  activit y i n thos e tha t  follo w it .  further , 
thi s pairwis e triggerin g doe s no t  sto p a t  th e unit s tha t  ar e 
onl y on e connectio n away ,  bu t  continue s (a t  a  smaller -
value d potential )  fo r  a  goo d distance ,  activatin g a  larg e 
iiumhe r  o f  iiniU i  unti l  th e eve r  decreasin g valu e i s n o 
Iniigc i  signiticaiil . 

Ente r  Restauran t *  Ge t  aske d ho w man y 
^  Ge l  seale d 

Si t  dow n 
* G o t o loung e 
'Pu t  nam e o n lis t 

Giv e mone y t o maitr e d ' 

Si t  D o w n a t  Restauran t  ̂ G e t  wate r  glasse s tille d 
,;vOrde r  drink s 
*;  H e give n menu s 
VOrder  foo d 
"Reques t  win e lis t 

Figure 1. Aciiviiy Pair Relitiions 

parlies ? Likewise ,  i n hi i  late r  cxploraiioi i  o l  ih c worl d o t 
paintin g [1977] ,  ho w doe s a  bchcm a drive n moile i 
understan d a n even t  i n a  stor y tha t  ha s nothin g t o d o wid i 
painiiiig ? A n attempte d solutio n wiihii i  th e singl e proces s 
approac h ha s bee n t o us e som e sor t  o l  slac k mechaiii.si n 
fo r  th e schematii ,  suc h tha i  on e contex t  get s pushe d (t o us e 
th e compute r  metaphor )  an d anothe r  take s over .  Again , 
th e proble m arises ;  whic h .schem a t o activat e whe n ih c 
previou s on e i s  pushed ? An d whe n i s  i t  popped' ! 

T"he soluuon to this classic problem within the l-xploded 
Connectio n Schem e involve s connection s amon g 
hierarchica l  level s o f  activ e knowledg e units '  i n th e model . 
Researc h i n semanti c network s ha s le d t o interesun g 
epistemologie s an d compute r  representations .  Ih e wor k o f 
Fahlma n [1979 ]  i n particula r  show s ho w th e differen t 
level s o f  descnpiio n migh t  b e relate d t o eac h odie r  i n ou r 
o wn scheme .  Th e mai n differenc e betwee n hi s  Nl'l'l . 
approac h an d E C S center s o n ih e elimmauo n o f  a  centra l 
controlle r  i n favo r  o f  multipl e competin g processin g loci , 
eac h wit h a  dynami c activatio n (confidence )  level . 
The pair matrix that shows some of the activities involved 
i n goin g t o a  restauran t  an d th e activitie s likel y t o follo w 
the m i n everyda y circumstance s i n ou r  cultur e (l-ig .  1 ) 
seems specifi c t o tha t  overal l  activity ,  i.e. .  resuiuran i  going . 
I'h e event s liste d ar e exploded ,  i n ih e sens e tha t  ihe y 
describ e "enterin g a  resuuraiii "  an d "bein g seate d a l  a 
restaurant, "  rathe r  tha n "walking "  an d "siiiii m down. " 
Thi s explosio n lllcall̂ .  ilia l  ih i  i k ar c . i  l.wii c  iiiinibc r  n l 
differen l  unii s .il l  i < pi .  >  i.iiii g il n ..un e knn l  ̂ l  a t  iivii y  i n 
differen t  contexts .  I f  w e leav e thing s a s such ,  ther e ar e 
many problem s o f  schema-base d model s tha t  wil l  caus e 
troubl e i n ou r  scheme .  H o w ca n w e reaso n tha t  "sittin g 
down i n a  restaurant "  coul d lea d nex t  t o a  "kne e spasm, " 
fo r  example ? Whethe r  w e represen t  th e knowledg e a s "th e 
sittin g down "  actio n o f  th e "restauran t  schema "  o r  a s th e 
"sittin g dow n i n a  restaurant "  uni t  i n a  connecte d network , 
th e inferenc e i s no t  possibl e (unles s "kne e spasms "  ar e 
explicitl y  linke d t o th e "sittin g dow n i n a  restaurant "  unit , 
an unacceptabl e soluuon) . 
Our  solutio n t o thi s proble m i s t o connec t  ever y uni t  i n ih e 
explode d networ k wit h a  numbe r  o f  unit s tha t  represen t 
th e sam e even t  les s specifically .  Th e meihoi l  w e use ,  calle d 
th e hierarch y principle ^  involve s represeiiUii g event s i n a n 
eve r  mor e specifi c  hierarchy ,  fro m coinplciel y context-fre e 
actions ,  suc h a s ingesting ,  t o ver y particula r  ones ,  suc h a s 
"eatin g squi d a t  a  Spanis h restauran t  m Georgetown. "  A 
smal l  se t  containin g a  fe w intermediat e kind s o f  eatin g i s 
illustrate d i n Figur e 2 .  Whil e i t  migh t  see m lik e ther e ar e 
fa r  to o man y unit s i n thi s hierarch y t o b e plausibl e a s a 
representatio n o f  knowledg e fo r  comprehension ,  i i  i s 
importan t  t o realiz e that ;  (1 )  mos t  o t  ih e possibl e unit s d o 
not  exis t  i n eac h individual ;  (2 )  th e hierarch y i s a  tangle d 
one ;  an d (3 )  onl y th e unit s a t  th e highes t  level s ar e fairl y 
fixe d i n th e natur e o f  wha t  the y represem . 
INGES'f 

I 
HUMAN-EAT 

EAT-A-SNACK 
I 

E A f - A - P R E T Z E L 

H U M A N - D I NE 

HUMAN-DINI'.-OUI 

Hierarch y 

One kind of inference has always been a (iroblLin lor 
schema-base d model s o f  comprehensio n h.iie d o n siali c 
chunk s o f  knowledg e an d a  singl e processin g focu.s .  I n th e 
birthda y part y scenari o o f  Charnia k 119721 ,  ̂̂ 'î n doe s th e 
model  d o i f  somethin g happen s no t  diuvil y relate d t o 

EAT-OUT-FAST-FOOD EAl-OU'l-IANC Y 

EAl-OUT-MACDONALDS 

EAT-OUT-UURGER-KING 

Figure 2. Hierarchical Aciivtin':! 
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Connection s an d Spreadint ;  Activatio n 

Let us refer lo the pairwise connections that are based on 
th e tempora l  orde r  o f  processin g (e.g. ,  phonemes ,  evenis ) 
as tempora l  connections ,  thos e base d o n mundan e 
inferenc e a s (mundane )  inferenc e connections ,  an d thos e i n 
th e hierarch y a s hienirchtcu l  connections .  Sometime s i t  i s 
convenien t  l o cul l  tuiincction s o f  th e firsl  tw o liiiid s /(i//o> v 
connections .  Ih c i.(>iiil'iii.aiu n d I  spreadin g aclivuiiui i  .ilon g 
thes e dil'tcici H pail.w.iv s piovulc s a n answc i  t o lli c 
proble m wit h schema-base d comprehensio n mentione d 
previously .  Th e tempora l  an d inferenua l  orde r  o f  event s 
n o w trigger s activatio n i n even t  iinii s  i n tw o dimensions , 
leadin g i n th e horuonia l  directio n l o expectatio n o f 
specifi c  schemati c events ,  an d i n th e veruca l  directio n t o 
non-schemati c event s o f  a  lessspecifi c  nature .  Not e tha t 
th e vertica l  activatio n cause s activatio n horî ontiill y  amon g 
thes e mor e genera l  activit y uniis . 
The restaurant-going example can be used lo illustrate the 
natur e o f  thi s activation .  W h e n th e "bein g seate d a t  a 
restaurant "  uni t  become s active ,  a  numbe r  o f  even t  unit s 
alon g th e follo w connectio n pathway s ar e als o activated . 
Thes e includ e suc h thing s a s 'bein g give n a  inciin, " 
"askin g fo r  a  win e list, "  etc. ,  a s show n i n th e pai r  matri x o f 
I'igur e 1 .  Tha t  activatio n i n tur n cause s additiona l 
activatio n a t  a  lowe r  leve l  alon g th e nex t  se t  o f  follo w 
connections ,  an d s o on ,  unti l  th e eve r  decreasin g aclivauo n 
has becom e essenuall y zero . 
Simultaneously, however, activation procecils along the 
hierarchica l  connecuon s a s well ,  likewis e decreasin g fo r 
eac h ne w radiu s o f  connection .  O f  course ,  eac h even t  uni t 
i n th e hierarch y ha s bot h hierarchica l  an d tempora l 
connections ,  an d activatio n fro m hierarchica l  path s 
proceed s ou t  alon g al l  connections ,  regarille.s s o f  type ,  thu s 
creatin g a  ne w se t  o f  even t  pa u cxpcciauons .  Th e wa y tha t 
"bein g seate d i n a  restaurant "  <,a n naturall y lea d t o th e 
comprehensio n o f  a  "kne e spasm "  throug h a  combinatio n 
o f  hierarchica l  an d tempora l  pathway s i s show n i n (igui e 
3.  B y th e decreasin g activatio n idea ,  th e p<iteniia l 
(activatio n level )  o f  "kne e spasm "  shoul d b e significantl y 
les s tha n tha t  fo r  thing s lik e "look:n g a t  th e menu, "  bu t 
tha t  i s  perfectl y consisten t  wit h ou r  though b o n ho w 
contex t  strongl y affect s percepuo n o f  ne w inputs . 
follow connections (one-way) 
MOVING-KNEES >~ > KNEE-SPRAIN 

~'~~—*  KNEE-SPASM 

CHANGING-LEG-POSITIONS 

hierarchical connecuons 
(two-way ) 

SnTING-DOWN 

lU-ING-Sl-AflD 
t 

BEING-SKATED-AT-A-
RESTAUllANT 

Figure 3. Schema Interaction 

rurlticniuire. ni cases when siiiiiiili > niilil he inui|iit d .1 in 
•iiui c tha n (jii c  way .  ilii s  scliciii c  kjU s Hi  Iiv| m id .  , . 
(experimentall y tesuble )  abou t  th e preferre d 
interpretation .  Th e rol e o f  perceptio n i s als o importan i  i n 
th e scheme ,  sinc e th e activatio n leve l  o t  unit s depend s o n 
input s alon g al l  dimension s o f  connectivit y i n ih e network . 
T h e potentia l  o f  a  uni t  ca n b e change d b y direc t 
perceptua l  sumulauon ,  stimulatio n t'ro m abov e o r  belo w i n 
th e is a hierarchy ,  from  previou s event s alon g th e lollo w 
pathways ,  o r  fro m othe r  source s ye t  t o b e ideniitieil .  Ih e 
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potentia l  represent s i n a  unifor m wa y th e stiniulaiioi i 
provide d b y a  combinatio n o f  al l  incomin g connecuons . 
T h e constructio n o f  ou r  mode l  involve s idciiiifyin g ih e 
natur e o f  connection s an d unit s (whic h w e ar e no w doing ) 
an d th e natur e o f  th e combinauo n rule s to r  eac h kin d o f 
uni L 

Summary and Conclusions 

The research program we are coiiimeiicing the 
constructio n o f  a  compute r  mode l  o f  hmiiai i  languag e 
comprehensio n -  represent s a n interdisciplinar y etibr t  i n 
cognitiv e science .  Th e pla n involve s cDiinedin K u p a  larg e 
n u m b er  o f  iieiuon-leve l  coinpiiiin g unii s l o pioccs s 
cohesiv e text .  I'mpirica l  constraint s o n ih e oigani/atio n o t 
th e activ e networ k consis t  o f  processin g Lvulcnc e fro m 
psychology ,  physiologica l  evidenc e abuu i  th e brain ,  an d 
computationa l  plausibility .  I'hu s far ,  w e hav e mad e som e 
preliminar y studie s i n parsin g an d .schcmai u reasoning , 
an d hav e a  workin g networ k sniuilaKj r  tha i  ha s bee n 
applie d successfull y t o som e simpl e problem s i n hig h leve l 
constrain t  relaxation . 
In  this paper, several issues regarding the organi/aiujii <il 
schemati c knowledg e fo r  languag e comprehensio n hav e 
bee n describe d withi n th e connectionis i  Iraiiiework .  W e 
hav e suggeste d mechanism s fo r  (1 )  obtainin g schemati c 
reasonin g fro m diffus e computin g units ;  (2 )  mergin g to p 
d o wn an d bottom-u p contro l  i n schemati c re;isoiiing ;  (3 ) 
maintainin g diffus e loc i  o f  contro l  ye t  coordinatin g globa l 
behaviors ;  an d (4 )  directl y relatin g psychologica l  evidenc e 
t o computationa l  model s i n cognitiv e science .  Ih e result s 
presente d ar e certainl y i n a  preliminar y state ,  bu t  ar e 
leadin g t o interestin g simulation s an d valuabl e 
collaborativ e work . 
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1.  Introdactia a 
Thi s pape r  describe s th e languag e understandin g 

componen t  o f  th e Uni x Consultan t  (UC )  syste m bein g 
develope d a t  th e Berkele y Artificia l  Intelligenc e 
Researc h project .  Hi e purpos e o f  U C i s t o hol d a  conver -
satio n wit h a  naiv e use r  o f  th e Uni x operatin g syste m 
whil e h e o r  sh e i s workin g o n th e computer ,  answerin g 
question s an d solvin g problem s fo r  th e user .  Vc m syste m 
has severa l  othe r  components ,  includin g th e c o m m o n 
sens e planne r  PANDORA (Faletti .  1982) .  an d th e pla n 
understande r  PAMELA (Norvig .  1982) . 

Our  natura l  language  understandin g syste m con -
tain s a s a  subpart  th e PHRAN phrasa l  analysi s progra m 
nruensk y an d Arens .  1980a )  (WUensk y an d Arens .  1980b ) 
Arens .  1981) .  PHRAN' s knowledg e bas e consist s o f 

Pattem-CoQcep t  Pair s -  pairing s o f  languag e structure s 
wit h a  conceptua l  representatio n o f  thei r  meaning .  I t 
operate s b y matchin g th e patter n part s o f  th e pair s 
agains t  th e inpu t  an d usin g th e correspondin g concep t 
t o describ e it s meaning . 

The current  syste m attempt s t o dea l  wit h th e fac t 
tha t  P H R AN b y itsel f  unabl e t o dea l  wit h reference ,  an d 
canno t  disambiguat e unles s th e linguisti c pattern s use d 
requir e a  particula r  semanti c interpretatio n o f  th e 
words .  I n addition ,  w e wis h t o accoun t  fo r  th e fac t  tha t 
th e sam e utteranc e m a y b e interprete d diflerentl y i n 
differen t  contexts .  Thes e inabilitie s o n th e par t  o f 
P H R AN originat e i n th e fac t  tha t  PHRAN' s knowledg e i s 
almos t  entirel y o f  th e language ,  a s oppose d t o knowledg e 
abou t  th e entir e conversation ,  mor e genera l  worl d 
Imowledge .  etc .  Of  course ,  i n orde r  t o specif y th e pat -
terns .  P H R AN need s a t  leas t  som e informatio n abou t  th e 
semantic s o f  th e word s appearin g i n th e sentence s i t 
analyzes ,  bu t  thi s i s limite d t o th e semanti c categorie s 
th e object s describe d b y th e languag e belon g t o (e.g . 
Perso a Vehicle )  an d a  Conceptua l  Dependenc y represen -
tatio n (Schank .  1975 )  o f  th e actions .  I n orde r  t o bol d a 
meaningfu l  an d usefu l  conversation ,  however ,  i t  i s  clea r 
tha t  suc h a  syste m mus t  g o beyon d th e (almost )  purel y 
linguisti c analysi s o f  th e sentenc e t o includ e th e effec t 
and th e interactio n thi s iuialysi s ha s o n ou r  mode l  o f  th e 
conversatio n an d o n ou r  knowledg e a s a  whole . 

The syste m w e ar e currentl y constructin g ha s a  sin -
gl e mechanis m whic h addresse s m a n y o f  thes e problems . 
whic h w e cal l  th e Contex t  Uode L Th e Contex t  Mode l 
contain s a  recor d o f  knowledg e relevan t  t o th e interpre -
tatio n o f  th e discourse ,  wit h associate d level s o f  activa -
tion .  Ther e ar e rule s governin g ho w element s introduce d 
int o th e Contex t  Mode l  ar e t o influenc e i t  an d th e 
system' s behavior . 

P H R AN an d th e Contex t  Mode l  interac t  continually . 
P H R AN passe s it s limite d interpretatio n o f  th e inpu t  t o 
th e Contex t  Model ,  an d i t  i n tur n determine s th e focu s o f 
th e conversatio n an d use s i t  t o resolv e th e meanin g o f 
ambiguou s terms ,  o f  references ,  etc. .  an d passe s thes e 
bac k t o PHRAN. 

Althoug h i t  to o Involve s th e us e o f  spreadin g activa -
tio n an d association s amon g semanti c structure s fo r  th e 
purpos e o f  understandin g text ,  th e Context  Mode l  differ s 
substantiall y i n scop e fro m Quillian' s wor k i n TL C a s 
describe d i n (Quillian .  1969) .  TL C wa s concerne d mainl y 
wit h th e determinatio n o f  th e conceptua l  representatio n 
of  th e inpu t  sentence ,  a  tas k whic h i s handle d her e mostl y b y th e phrasa l  analyzer .  Th e Contex t  Mode l group s relate d entrie s i n i t  an d arrive s a t  a  notio n o f  th e 
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situatio n bein g discussed .  Alternativ e situation s i n whic h 
a concep t  m a y appea r  ca n b e ignored ,  thu s enablin g th e 
syste m t o hav e a  mor e directe d spreadin g o f  activation . 

(Crosz ,  1980 )  develop s i n grea t  detai l  a  schem e fo r 
determinin g focu s o f  a  tas k oriente d dialo g an d usin g i t 
t o resolv e references .  Grosz' s syste m relie s heavil y o n 
th e inheren t  tempora l  structurin g o f  th e tas k -  wherea s 
we ar e tryin g t o develo p a  mor e genera l  approach , 
independen t  o f  th e typ e o f  subjec t  matte r  discussed . 
Our  syste m mus t  hav e th e abilit y  t o shif t  focu s freel y 
accordin g t o th e user' s input ,  includin g th e abilit y t o 
stor e an d recal l  previou s context s int o focus . 

The resultin g syste m i s abl e t o convers e an d answe r 
questions ,  whil e allowin g th e use r  t o mov e i n a  relativel y 
fre e manne r  fro m on e topi c t o another ,  a s th e nex t 
exampl e illustrates . 
1.1. Enmple 

The exchang e describe d belo w take s plac e wit h th e 
UNDC Consultan t  (UC )  syste m bein g constructe d a t 
Berkeley .  Th e purpos e o f  th e syste m i s t o answe r  th e 
question s o f  naiv e user s o f  th e UNDC operatin g syste m 
wtiil e the y ar e usin g th e computer .  Se e (WUensky ,  1982) . 

[1 ]  Use r  Ho w d o I  prin t  th e file  fetcb. 1 o n th e lin e 
printer ? 

[2 ]  UC :  T o prin t  th e fil e fetch. 1 o n th e lin e printe r 
typ e 'Ip r  fetch.r . 

(intervening commands and questions) 
;3 Usen Has the flle fetch.1 been printed yet? 

4 U C Ih e flle  fetch. 1 i s i n th e lin e printe r  queue . 
| 5 User :  Ho w ca n I  cance l  it ? 
' 8 UC :  T o remov e th e fil e fetch. 1 tro m th e lin e 

printe r  queu e yo u mus t  typ e 'Ipr m arens' . 
In this example the user first asks a question [l] 
and receive s a  repl y fro m th e system ,  llie n com e 
severa l  othe r  question s an d answers ,  an d the n th e 
secon d par t  o f  th e example .  Hi e use r  ask s anothe r  rela -
tiwl y straightforwar d questio n an d the n a  mor e prob -
lemati c one .  I n orde r  t o repl y t o th e las t  questio n th e 
syste m mus t  fin d th e referen t  o f  'it' .  Th e languag e use d 
implie s tha t  thi s mus t  b e a  command ,  bu t  th e c o m m a n d 
i n questio n wa s issue d lon e ago .  Th e syste m i s abl e t o 
determin e th e meanin g o f  [5 ]  onl y becaus e th e contex t 
of  [1 ]  an d [2 ]  ha d bee n store d an d s o coul d b e recalle d 
upo n th e seein g o f  [3] .  Thi s exampl e wil l  b e discusse d i n 
mor e detai l  i n sectio n 3 . 

2. The CoatAzt Model and Its Hanipulatioa 
The Contex t  Mode l  i s i n a  constan t  stat e o f  flux. 

Entrie s representin g th e stat e o f  th e conversatio n an d 
th e system' s i-elate d knowledg e an d 'Intentions '  ar e con -
tinuall y bein g added ,  deleted ,  o r  ar e havin g thei r  activa -
tio n level s modified .  A s a  resul t  th e sam e utteranc e m a y 
be interprete d i n a  differen t  manne r  a t  differen t  times . 
Followin g ar e shor t  description s o f  th e differen t  ele -
ment s o f  th e system . 

2.1. Entries 
The Contex t  Mode l  consist s o f  a  collectio n o f  entrie s 

wit h associate d level s o f  activation .  Thes e entrie s 
represen t  th e system' s interpretatio n o f  th e ongoin g 
conversatio n an d it s knowledg e o f  relate d information . 
The activatio n leve l  i s  a n indicatio n o f  th e prominenc e o f 
th e informatio n m th e curren t  conversationa l  context ,  s o 
tha t  whe n intereste d i n a n entr y o f  a  certai n typ e th e 



syste m wil l  prefe r  a  mor e highl y activate d on e amon g al l 
thos e tha t  ar e appropriate . 

Ther e ar e variou s type s o f  entries ,  an d thes e ar e 
groupe d int o thre e genera l  categories : 
1)  ABaertioQ S -  statement s o f  fact s know n t o th e sys -

tem . 
2)  Object s -  object s o r  event s whic h th e syste m ha s 

encountere d eui d tha t  m a y b e referre d t o i n th e 
future . 

3)  InUntlooa -
a)  Entrie s representin g informatio n th e syste m 

intend s t o transmi t  t o th e use r  (i.e .  output )  o r 
othe r  component s o f  a n understandin g syste m 
(e.g .  goa l  tracker ,  planner) . 

b )  Entrie s representin g informatio n th e syste m 
intend s t o determin e fro m it s knowledg e base . 

2.2. QiuUn 
The entrie s i n th e Contex t  Mode l  ar e groupe d int o 

eluater s representin g situations ,  o r  associate d piece s o f 
knowledge .  I f  an y on e m e m b e r  o f  a  cluste r  i s reenforce d 
i t  wil l  caus e th e res t  o f  th e member s o f  th e cluste r  t o b e 
reenforce d too .  I n thi s manne r  input s concernin g a  cer -
tai n situatio n wil l  continu e reenforcin g th e sam e cluste r 
of  entrie s — thos e correspondin g t o tha t  particula r  situa -
tion .  Thu s th e syste m arrive s a t  a  notio n o f  th e topi c o f 
th e conversatio n whic h i t  use s t o hel p i t  choos e th e 
appropriat e interpretatio n o f  furthe r  inputs . 
2.3. Reenforcemeot 

When th e pars e o f  a  ne w inpu t  i s receive d fro m 
PHRAN th e syste m insert s a n appropriat e entr y int o th e 
Contex t  Mode l  I f  ther e alread y exist s a n entr y matchin g 
th e on e th e syste m i s addin g the n th e activatio n level s o f 
al l  entrie s i n it s cluster(s )  ar e increased .  Tb e leve l  o f 
activatio n decay s ove r  tim e withou t  reenforcement ,  an d 
urtie n i t  fall s  belo w a  give n threshol d th e ite m i s removed . 
2.4. Stored Quatan 

Upon insertin g a  ne w ite m i n th e Contex t  Mode l  th e 
syste m retrieve s fro m a  databas e o f  cluster s al l  thos e 
tha t  ar e indexe d b y th e ne w item .  Unificatio n i s don e 
durin g retrieva l  an d th e entrie s i n th e additiona l  cluster s 
ar e als o inserte d int o th e Model ,  followin g th e sam e pro -
cedur e describe d her e excep t  tha t  the y air e give n a 
lesse r  activation .  We thu s bot h avoi d loop s an d accom -
modat e th e intuitio n tha t  th e mor e intermediat e step s 
ar e neede d t o associat e on e piec e o f  knowledg e wit h 
anothe r  th e les s th e mentio n o f  on e wil l  remin d th e sys -
te m o f  th e other . 

The syste m begin s operatio n wit h a  give n indexe d 
databas e o f  clusters ,  bu t  cluster s representin g variou s 
stage s o f  th e conversatio n ar e continuall y adde d t o it .  I n 
principle ,  thi s shoul d b e performe d automaticall y whe n 
th e syste m i s cue d b y th e conversatio n a s t o th e shiftin g 
of  topic ,  bu t  currentl y th e syste m use r  mus t  instruc t  i t 
do so .  Upo n receivin g suc h a n instruction ,  then ,  al l  bu t 
th e leas t  activate d entrie s i n th e Contex t  Mode l  ar e 
store d a s a  cluste r  indexe d b y th e mos t  highl y activate d 
among them .  Thi s enable s th e sjrste m t o 'recall '  a  situa -
tio n late r  whe n presente d wit h a  relate d inpu t 
2.S. Operations on Entries in the Context Model 

Afte r  a  ne w entr y i s mad e i n th e Contex t  Mode l  th e 
proces s describe d abov e take s plac e an d eventuall y th e 
activatio n level s stabilize ,  wit h som e o f  th e item s bein g 
deleted ,  perhaps .  The n th e syste m look s ove r  eac h o f 
th e remainin g entrie s and .  i f  i t  i s  activate d highl y 
enough ,  perform s th e operatio n appropriat e fo r  it s  type . 
The allowe d operation s consis t  o f  th e following : 
1) Deleting an entry. 
2)  Addin g another  entry . 
3)  Transmittin g a  messag e t o anothe r  componen t  o f 

th e syste m (i.e .  outpu t  t o tn e use r  o r  dat a t o 
anothe r  program ,  e.g .  PANDORA (Faletti .  1982) ,  fo r 
mor e processing ) 

4)  A s par t  o f  th e U C system ,  gettin g informatio n fro m 
th e UNI X syste m directl y (an d insertin g a n entr y correspondin g t o th e result) . 

3.  DetaU s o f  th e Exampl e 
I n [l ]  th e use r  ask s a  simpl e question .  P H R AN 

analyze s th e questio n an d send s th e Contex t  Mode l  a 
strea m o f  entrie s t o b e Inserted .  Amon g the m ar e th e 
fac t  tha t  'fetch. r  i s  th e nam e o f  a  file,  an d tha t  th e use r 
aske d wha t  i s th e pla n fo r  printin g i t  o n th e lin e printer . 
The syste m record s thes e fact s i n th e Contex t  Model . 
Indexe d unde r  th e entr y representin g th e user' s desir e 
t o obtai n a  goa l  ther e i s a  cluste r  containin g entrie s 
representin g th e system' s inten t  t o find a  pla n fo r  th e 
goal  th e use r  ha s an d instructin g th e syste m t o tel l  th e 
use r  o f  thi s plan .  Thi s cluste r  i s instzintiate d her e wit h 
th e goa l  bein g th e particula r  goa l  expresse d i n th e ques -
tion .  Th e entr y expressin g th e system' s nee d fo r  a  pla n 
fo r  th e user' s goa l  lead s t o th e pla n i n questio n bein g 
introduce d also .  Thi s happen s becaus e th e syste m hap -
pen s t o alread y hav e thi s associatio n stored .  Whe n th e 
syste m look s ove r  th e entrie s i n th e Contex t  Mode l  an d 
comes t o th e on e concernin g th e nee d t o fin d th e pla n i n 
questio n i t  wil l  chec k t o se e i f  a n entr y fo r  suc h a  pla n 
alread y exists ,  an d i n ou r  cas e i t  does .  Bu t  i f  n o pla n 
wer e found ,  th e syste m woul d inser t  a  ne w entr y int o th e 
Contex t  representin g it s inten t  t o pas s th e informatio n 
abou t  th e user' s reques t  t o th e planner  PANDORA 
(Faletti .  1982) .  PANDORA wi U i n tur n retur n th e pla n t o 
be inserte d i n th e Contex t  Mode L 

So th e syste m finds  th e pla n (issuin g th e c o m m a n d 
above )  an d insert s a  ne w entr y instructin g th e syste m t o 
outpu t  i t  t o th e user .  An d eventuall y tha t  i s  don e -
henc e [2] . 

The topi c shift s an d th e previou s contex t  i s  store d 
(wit h th e operator' s aid ,  a s mentione d above) ,  indexe d 
by th e mos t  highl y activate d entries ,  includin g th e file 
name,  th e mentio n o f  th e lin e printer ,  th e even t  o f  print -
in g th e file,  an i  th e conunan d issued . 

I n [3 ]  an d [4 ]  w e hav e a n exchang e simila r  t o th e 
previou s on e excep t  tha t  th e syste m actuall y ha s t o con -
sul t  th e operatin g syste m i n orde r  t o find  th e answe r  t o 
th e question .  Ther e i s on e majo r  additio n howeve r  — a s a 
resul t  o f  th e existenc e o f  th e ne w cluste r  describe d 
above ,  th e syste m ha s al l  thi s extr a informatio n trig -
gere d an d loade d int o th e Contex t  Model .  An d thi s i s 
wtia t  make s i t  possibl e fo r  th e syste m t o determin e th e 
referen t  o f  'it '  i n [5] .  Severe d othe r  command s wer e 
mentione d an d execute d mor e recently ,  bu t  i n th e ne w 
cluste r  jus t  loade d m a n y entrie s matc h alread y existin g 
one s causin g al l  — includin g th e c o m m a n d intende d fo r 
cancellatio n — t o b e mor e h^hl y activated . 
4w abartcamings 

The syste m i s no t  currentl y abl e t o determin e o n it s 
own tha t  th e topi c ha s change d an d tha t  i t  mus t  stor e 
th e curren t  context .  I n additio n t o linguisti c  cues ,  w e 
shoul d b e abl e t o us e th e Contex t  Mode l  to o i n orde r  t o 
hel p i n suc h a  determination ,  bu t  thi s wor k ha s no t  bee n 
don e ye t 

When i t  i s  instructe d to ,  th e curren t  syste m store s 
essentiall y  a  cop y o f  th e mor e highl y activate d element s 
of  th e Contex t  Mode l  whe n creatin g a  ne w cluster .  The y 
ar e no t  assume d t o hav e an y particula r  structur e o r 
relation s amon g the m othe r  tha n al l  bein g highl y 
activate d a t  th e sam e time .  Thi s cause s tw o problems : 
1)  A s a  resul t  i t  i s  ver y difficul t  t o generaliz e ove r  suc h 

cluster s (cf .  Lebowitz ,  1980) .  Th e syste m m a y a t 
some poin t  determin e a  pla n fo r  changin g th e own -
ershi p o f  a  particula r  file,  an d stor e a  cluste r  con -
tainin g i t  I f  i t  i s  face d wit h th e nee d t o chemg e th e 
ownershi p o f  another  file,  however ,  th e syste m wil l 
not  b e abl e t o us e thi s information .  I n th e exampl e 
abov e thi s proble m wa s no t  encountere d becaus e 
th e cluster s use d wer e preprogramme d t o includ e 
variable s i n plac e o f  particula r  &es . 

2)  Ther e i s n o wa y t o compar e tw o cluster s an d deter -
min e tha t  i n fac t  the y ar e similar .  Thu s w e m a y 
hav e man y cluster s indexe d b y a  certai n entr y al l  o f whic h actuall y describ e essentiall y  th e sam e situa -tion . Anothe r  elemen t  missin g fro m th e syste m i s a model  o f  th e user .  Certai n assumption s ar e m a d e a s t o th e knowledg e th e use r  ha s o f  th e Uni x operatin g system ,  bu t  thes e ar e buil t  i n an d canno t  b e modifie d accordin g t o pas t  interactions .  Constructin g suc h a 
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model  wil l  probabl y requir e wor k beyon d th e scop e o f 
thi s project . 
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ABSISACT 

In the course of understanding a text, a suc-
cessio n o f  decisio n point s aris e a t  whic h reader s 
ar e face d wit h th e tas k o f  choosin g amon g alterna -
tiv e possibl e interpretation s o f  wha t  they'r e 
reading .  Carefu l  analysi s o f  a  wid e rang e o f  sam -
pl e text s reveal s tha t  suc h decision s ar e ofte n 
base d o n ccople x evaluation s o f  th e interpretatio n 
bein g constructed ,  an d sometime s caus e th e reade r 
t o construc t  an d discar d a  numbe r  o f  intermediat e 
inference s befor e settlin g o n a  fina l  interpreta -
tio n fo r  a  text . 
Itiis paper describes Judgmentcd. Inference 
theor y a s a  propose d schem e o f  evaluatio n metric s 
and mechanisms ,  derive d fro m examinatio n o f  infer -
enc e decision s arisin g durin g tex t  understanding . 
A serie s o f  programs ,  ARTHUR,  HAOMOUUR an d JUDGE 
ar e briefl y described ,  whic h incorporat e som e o f 
th e metric s an d mechanian s o f  Judgmenta l  Inference , 
enablin g the n t o inderstan d text s mor e conple x tha n 
thos e tha t  ca n b e handle d b y othe r  understandin g 
systems . 
1.0 Introduction 
Many national newspapers carried front-page 
version s o f  th e followin g stor y earl y thi s year : 
[1] A Nicaraguan soldier, who last year made a 

publi c statemen t  allegin g Cuban ,  Ethiopia n an d 
Nicaragua n militar y ai d t o Salva^cia n leftis t 
guerrillas ,  toda y publicl y retracte d hi s stor y 
at  a  Stat e Departmen t  new s conference . 

Why di d th e Nicaragua n soldie r  mak e th e statenent s 
he made ,  a  yea r  ag o an d now ? Why di d th e Stat e 
Departjnen t  hol d thes e tw o new s conferences ? I t  i s 
possibl e tha t  th e Stat e Departmen t  ha d sem e reaso n 
fo r  holdin g th e new s conference ,  in«-pnHfn o th e 
Nicaragua n soldie r  t o recant ;  bu t  mos t  reader s 
assume tha t  th e Stat e Departmen t  ha d differen t  in -
tention s tha t  wer e no t  fulfilled ,  fo r  reason s ou t 
of  thei r  control .  Indeed ,  mos t  reader s don' t  eve n 
consciousl y thin k o f  th e forme r  interpretation , 
eve n thoug h i t  i s  a  logica l  possibl e alternativ e 
explanatio n o f  th e events . 

Our  analysi s o f  example s lik e thi s ha s le d t o 
th e identificatio n o f  decisio n point s a t  whic h hu -
man unde r  S t  ander s ar e face d wit h th e tas k o f 
choosin g particula r  inferentia l  path s fro m amon g a n 
curra y o f  possibl e alternatives .  Thes e inferenc e 
decision s ar e base d o n ccnple x evaluatrin n metric s 
fo r  judgin g th e appropriatenes s o f  a  particula r 
inference ,  an d o n mechanism s fo r  constmgfir ^  an d 
revisin g interpretation s durin g understanding . 
Judgmenta l  Inferenc e theor y (Grange r  [1982] )  con -
sist s o f  a  se t  o f  evaluatio n metric s an d mechanism s 
derive d fro m examinatio n o f  inferenc e decision s 

arisin g durin g tex t  understanding .  Thi s pape r  de -
scribe s ho w som e o f  thes e judgmenta l  metric s an d 
mechanism s ar e applie d durin g understanding . 

Hie view this work as ccnciatlble with and coor-
plementar y t o researc h tha t  focuse s primaril y o n 
representationa l  issue s i n tex t  understanding ,  suc h 
as Schan k an d Abelso n [1977] ,  Wilensk y [1980] , 
Cbamia k [1980] .  B y examinin g th e occurrence s o f 
inferenc e decision s dbrin g understanding ,  w e inten d 
t o provid e a  loo k a t  th e me^aoiaiB .  b y whic h suc h 
representation s ar e chosen ,  constructed ,  judged , 
confirme d and/o r  discarde d durin g th e processin g o f 
a text . 
2.0 Illustration of understanders' decisions 
2.1 Evaluating and supplanting inferences 

Consider the following example: 

[2] Katfay and Chris were playing golf. Kattay hit 
a sho t  int o th e rough .  Sh e wante d t o le t  he r 
good frien d Chri s wi n th e game . 

Host readers assmte that the reason Katfay hit her 
sho t  int o th e roug h wa s t o increas e he r  opponent' s 
chance s o f  winning ,  ou t  o f  friendship .  Bowever , 
conside r  th e following : 

[3 ]  Ke n an d Car l  wer e playin g 
sho t  int o th e rough . 

golf .  K « hi t  a 

1)11 3 researc h wa s supporte d i n par t  b y 
Ocean System s Cente r  unde r  contrac t 
Na0123-81-C-1078 . 

th e Nava l 

Pro m readin g jus t  thi s two-sentenc e version ,  peopl e 
infe r  tha t  K M an d Car l  bot h wer e playin g t o win , 
and tha t  K M ' s ba d sho t  therefor e wa s acddentad , 
and wil l  hinde r  hi s goa l  o f  winnin g th e game . 
However ,  afte r  reader s hav e rea d th e thir d sentenc e 
tha t  appear s i n versio n [2] ,  the y appea r  t o hav e 
change d thi s initlc a interpretatio n a  grea t  deal . 
I t  i s  no t  jus t  tha t  Kati ^  doesn' t  wan t  t o wi n th e 
game,  bu t  als o tha t  sh e probabl y mad e he r  ba d sho t 
en purpose ,  no t  accidentally .  Virtuall y al l  read -
er s curriv e a t  thi s interpretatio n b y th e en d o f 
thi s example ,  b y mippianHn a som e o f  thei r  initia l 
inference s wit h ne w one s (se e Grange r  [1980]) . 
2.2 Broluation metrics of cohesion and parsimony 
Why do people arrive at this different inter-
pretatio n abou t  Katfay' 3 actio n i n tfal s example ? 
The answe r  i s fa r  fro m obvious .  I n particular , 
ther e i s n o questio n o f  logica l  consistenc y here ; 
th e interpretatio n tha t  Katfa y hope d t o los e th e 
game bu t  tha t  he r  ba d sho t  wa s nonetheles s acci -
denta l  i s  jus t  a s logicall y consisten t  a s th e on e 
tha t  peopl e actuall y infer ,  namel y tha t  he r  ba d 
sho t  wa s intentional ,  no t  accidental . I t  turn s ou t  tha t  th e scop e o f  thi s phenomeno n 
i s ver y wide :  peopl e ofte n arriv e a t  interpreta -
tion s tha t  appea r  t o involv e th e supplantin g o f 
initia l  inferences ,  eve n whe n tha t  extr a wor k i s 
not  necessar y o n ground s o f  logica l  consistency . 
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( A larg e nunbe r  o f  additiona l  tex t  example s o f  thi s 
pbencmeno n ar e give n i n Grange r  [1980 ]  an d [1982]. ) 

Ibe decision to reject an initial inference, 
then ,  mis t  depen d o n a n evaluatio n o f  the  repre -
sentatio n base d o n sem e metri c othe r  tha n logica l 
consistency .  Cki e suc h evaluatio n metri c tha t  wa s 
(iiqplicitly )  incorporate d int o previou s theorie s o f 
inferenc e generatio n (e.g .  Rumelhar t  [1981] , 
Crotber s [1978] ,  BoMer ,  Blad e an d Turne r  [1979] , 
Schan k [1973] )  w e henr e terme d the  'cobeaJO I  met -
ric* .  Th e cobeaio n metri c require s tha t  ever y 
statemen t  i n a  tex t  b e connecte d t o a t  leas t  one 
other ,  resultin g i n al l  th e piece s o f  tb e tex t 
representatio n bein g tie d togethe r  vi a eithe r  ref -
erential ,  causa l  o r  intentiona l  connectiv e infer -
ences . 
Cohesion by itself is not sufficient to eval-
uat e tbe  goodnes s o f  a  tex t  representation ,  boir -
ever .  Anothe r  evaluatio n metric ,  identifie d i n ou r 
previou s vrorl c (Grange r  [1980]) ,  measure s the 
narrrimm y o f  a  representation ,  wit h respec t  t o the 
goal s tha t  motivat e the  event s i n tb e text .  Fo r 
instance ,  conside r  th e followin g exan^le : [4 ]  Dou g wen t  t o a  ga s station . 

got  awa y wit h $50 . 
Be robbe d i t  an d 

(a )  Dou g wen t  t o the  ga s statio n intendin g t o 
get  gas ,  an d the n h e change d hi s min d an d 
decide d t o ro b tbe  statio n instead ; 

(b) Doug went to the gas station intending to 
ro b it . 

Jus t  a s i n th e 'golf '  exanpl e [3] ,  thi s exaopl e ca n 
be interprete d i n tw o differen t  ways ,  bot h o f  whic h 
are  no t  onl y logicall y consistent ,  bu t  als o refer -
entiall y  an d causall y cohesive ,  sinc e Dou g ha d t o 
get  t o tb e ga s statio n befor e h e coul d ro b it ,  re -
gardles s o f  hi s intention s i n performin g thos e ac -
tions . 
Iterefore, tbe cohesion metric does not dif-
ferentiat e betwee n thes e tw o alternativ e interpre -
tations ,  bu t  peopl e do :  tbe y universall y see n t o 
generat e interpretatio n (b) ,  whic h consist s o f  a 
singl e goa l  (gettin g mone y fro a tbe  ga s station) , 
and i n fac t  the y rarel y eve n consciousl y notic e tbe 
possibilit y  o f  (a) ,  whic h consist s o f  tw o separat e 
goal s eac h explainin g on e o f  Doug' s actions .  Th e 
evaluatio n metric  o f  parsimon y essentiall y  test s 
tha t  a n interpretatio n b e maximall y parsimoniou s 
wit h respec t  t o the  nunbe r  o f  goal s use d t o explai n 
the  event s i n the  story ;  i.e. ,  th e fewe r  separat e 
motive s inf^re d t o accoun t  fo r  th e stor y events , 
tbe  better . 
(Note: an evaluation of an unparsimonious 
interpretatio n wil l  no t  alway s resul t  i n the  deci -
sio n t o supplan t  inferences ;  sometime s reader s 
leav e 'loos e ends *  i n thei r  interpretation ,  t o b e 
resolve d later .  Se e Grange r  [1982 ]  fo r  a  discus -
sio n o f  loos e ends. ) 
2.3 Shaping interpretations of behavior We hav e identifie d som e furthe r  evaluation s 
tha t  understander s perform ,  beyon d cohesio n an d 
parsimony ,  whic h aris e whe n a  reade r  i s le d t o 
'doubt '  an y par t  o f  hi s interpretatio n o f  a  text . 
Such doubt s ca n b e instille d eithe r  b y informatio n 
presente d i n th e text ,  o r  b y 'extra-textual '  fac -
tor s (se e Grange r  [1981] )  whic h may stee r  th e 
reade r  awa y fro m a n otherwis e plausibl e interpre -
tation .  Qeanple s o f  suc h 'doubt-factors '  includ e 
th e reader' s knowledg e o f  th e reliabilit y  o f  th e 
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tex t  sourc e (e.g. ,  th e differenc e betwee n th e Ne w 
Zor k Time s an d th e Nationa l  Ehquirer) ;  knowledg e 
of  a n actor' s deviousnes s (e.g. ,  a  ca r  aalcwna n 
vs .  a  priest) ;  relativ e boredo m o r  interest ,  i.e. , 
th e reader' s desir e t o pursu e possibl e alternativ e 
interpretation s vs .  jus t  settlin g o n a  defaul t  in -
terpretatio n that' s 'goo d enough' .  A n eas y wa y t o 
induc e a  doub t  facto r  i n a  reade r  i s t o siipl y tei t 
hi m tha t  hi s initie d interpretatio n i s incorrect ; 
i.e. ,  explicitl y  as k fo r  a  ne w an d differen t  in -
terpretatio n o f  a  text . 
It turns out that readers are very capable of 
producin g a  serie s o f  suc h alternativ e interpreta -
tion s o f  text s whe n they'r e continuall y tol d thei r 
initia l  interpretatio n i s incorrect .  Fo r  instance , 
followin g i s a  stor y adnptfi d fro m a  newspape r  text , 
alon g wit h a  serie s o f  interpretation s informall y 
elicite d fro m a  subject : 
[5] Tbe Pakistani ambassador to tbe United States 

made a n unschedule d sto p i n Albani a e n hi s wa y 
home t o wha t  a n aid e o f  th e ambassado r  de -
scribe d a s * a workin g vacation* . 

(31) Why did the ambassador go to Albania? 
Al )  I t  look s lik e h e wa s o n vacatio n — h e wen t 

t o Albani a firs t  an d the n t o home ,  I  gues s 
i n Pakistan . 

QZ) No, that's not the real reason. Why did he 
go t o Albania ? 

A2)  Wbll ,  mayb e ther e wa s san e anergenc y reaso n 
i t  sai d i t  wa s unscheduled ,  s o mayb e 

i t  wa s tha t  somethin g wen t  wron g an d the y 
had t o sto p there ,  an d the n the y wen t  on . 

(13) Still not it, but try again; why did he go 
t o Albania ? 

A3)  Ok ,  maybe ,  wel l  he' s a n ambassador ,  s o h e 
coul d hav e bee n suppose d t o g o t o Albani a 
.. .  s o i t  coul d hav e bee n a  meeting ,  lik e 
'shuttl e diplomacy *  .. .  bu t  i t  wa s sup -
pose d t o b e a  secret ,  s o that' s wta y the y 
sai d i t  wa s unscheduled . 

Thes e differen t  interpretation s o f  [5 ]  ar e 
eac h base d o n differen t  interpretation s o f  th e 
actor' s reason s fo r  doin g wha t  b e did .  I t  i s  nat -
ura l  tha t  differen t  behavio r  interpretation s shoul d 
giv e ris e t o differen t  tex t  interpretations ;  mos t 
curren t  theorie s o f  tex t  representatio n focu s pri -
maril y o n representatio n o f  th e event s describe d i n 
th e text ,  rathe r  tha n o n a  mor e 'syntactic '  analy -
si s o f  th e structur e o f  the  tex t  itself . 
Our analysis of this and similar examples has 
reveale d a  larg e clas s o f  inferenc e evaluation s 
peopl e perfor m base d o n thei r  attempt s t o decid e 
vrtia t  kin d o f  behavio r  a n acto r  ha s performed ,  fo r 
instance : 
1. 'sisfile* goal pursuit, e.g., 'John was hungry, 

so h e at e a  hamburger' ; 
2. 'complex* goal pursuit, (i.e., goal interac-

tions ;  see  Wilensk y [1979] )  — e.g. ,  'Joh n 
wante d t o se e th e footbal l  gam e bu t  h e als o ha d 
a pape r  du e the  nex t  day '  (goa l  conflict) ; 

3. deceptive or intentionally misleading behavior, 
e.g. ,  'Clar k wante d Loi s t o thin k h e wa s drunk , 
so h e smile d an d fel l  of f  th e barstoo l  ont o th e 
ground* ; 

4. accidental (non-goal-directed) behavior, e.g., 
'Jac k smile d an d fel l  of f  th e barstoo l  ont o th e 
ground'd) ; 



5.  ispccBft u reaction s t o unplanned-£o r  CGntin -
gencies ,  e.g. ,  "Bil l  t h r w himael f  unde c th e 
jee p whe n h e sa w th e ma n pul l  a  gun* . 

Our  classificatio n schem e fo e dividin g u p th e 
gamut  o f  possibl e interpretation s o f  behavio r 
(e.g. ,  intentiona l  vs .  unintentiona l  a t  th e to p 
level ,  subdividin g intentiona l  behavior s int o sint -
ple ,  dec^Jtive ,  pre-planned ,  iii|)ranptu ,  etc. ,  an d 
unintentiona l  behavio r  int o variou s type s o f  fail -
ure s suc h a s skil l  failure ,  infonnatio n failure , 
etc. )  i s  describe d i n detai l  i n Grange r  [1982] .  Vf e 
cal l  eac h o f  thes e subdivision s a n 
interpretation-'shape" ,  sinc e categorizin g a n 
actor' s behavio r  int o on e o f  thes e classe s wil l 
resul t  i n a  particula r  shap e o f  th e representatio n 
grap h constructed ,  an d becaus e re-interpretin g a n 
actor' s behavio r  result s i n re-shapin g th e repre -
sentation . 
Vfe have inplemented two ccnputer programs, 
ARIHUR an d MACARIHUR,  whic h incorporat e th e evalu -
atio n metric s o f  cohesion ,  parsimony ,  an d shape s t o 
produc e interpretation s o f  text s tha t  canno t  b e 
handle d b y othe r  text-understandin g systems . 
Grange r  [1982 ]  give s saispl e outpu t  o f  th e operatio n 
of  thes e program s o n som e o f  th e tex t  example s 
discusse d above . 
3.0 Additional categories of inference decisions 
3.1 "Suspicious" understanding 
It is often iiqpossible for an understander to 
identif y th e "correct "  interpretatio n shap e fo r  a n 
actor' s behavior .  Fo r  instance ,  conside r  th e fol -
IcMin g versio n o f  a  stor y tha t  wa s o n th e fron t 
page o f  a  numbe r  o f  nationa l  newspaper s earlie r 
thi s year : 
[6] A report by the New York State Racing and 

wagerin g Boar d release d toda y state s wnequiv -
ocall y tha t  leadin g jockey s conspire d t o "fix " 
at  leas t  1 3 race s i n th e mld-1970's ,  an d tha t 
th e jockey s hav e bee n "patentl y wbelievable " 
i n denyin g thei r  involvemen t  i n th e scheme . 

Qiderstandin g [6 ]  require s th e recognitio n 
tha t  th e observe d behavio r  o f  jockey s ca n b e ver y 
difficul t  t o classif y a s eithe r  "accidental "  o r 
"deceptive" .  Hence ,  a  jocke y (o r  a  jai-ala i 
player ,  boxer ,  etc. )  may los e a  ccnpetitio n withou t 
an observer' s bein g abl e t o tel l  whethe r  h e di d i t 
intentionall y o r  accidentally . 

nies e ar e specia l  case s o f  th e genera l  proble m 
of  detectin g deceptiv e behavio r  b y usin g knowledg e 
of  'eovB T stories" .  Some recen t  wor k i n A I  (e.g. , 
Bruc e an d Newman [1978] )  ha s pointe d ou t  tha t  a 
metho d o f  maintainin g separat e "belie f  spaces "  fo r 
differen t  actor s i s crucia l  fo r  understandin g de -
ception .  However ,  understandin g deceptio n ca n als o 
requir e a  grea t  dea l  mor e tha n this ;  i n particu -
lar ,  a  mor e subtl e deceive r  wil l  typicall y tr y t o 
caus e observer s t o infe r  fo r  themselve s som e fals e 
interpretatio n o f  hi s actions ,  thereb y coverin g u p 
th e rea l  reasons .  Politica l  propaganda ,  adver -
tisement s fo r  products ,  an d face-savin g "whit e 
lies "  ar e al l  example s o f  thi s kin d o f  deception . 
The abilit y  t o understan d (an d generate )  conple x 
deceptiv e behavio r  suc h a s thi s depend s no t  onl y o n 
separat e belie f  spaces ,  bu t  als o o n th e abilit y  t o 
construc t  plausibl e alternativ e explanation s fo r 
events .  "Vh e mor e plausibl e th e alternativ e ex -
planation ,  th e mor e likel y th e deceptio n i s t o 
succee d i n misleadin g understanders . 

A "suspicious '  understande r  i s on e wh o ca n (a t 
least )  construc t  alternativ e interpretation s o f 
events ,  an d the n ca n atten^ t  t o decid e amon g them , 
typicall y b y gatherin g additiona l  infonnation . 
Such information-gatherin g i s base d o n findin g a 
possibl e motive ,  i.e. ,  findin g a  plausibl e explan -
atio n tha t  th e "obvious "  explanatio n i s intende d t o 
cover .  Th e JUDGE program ,  currentl y unde r  con -
struction ,  i s  bein g designe d t o mak e us e o f  knowl -
edge o f  th e shape s o f  alternativ e interpretation s 
t o detec t  plausibl e cove r  storie s i n th e domai n o f 
crimina l  investigation .  Fo r  mor e description s o f 
cove r  storie s an d JQIXS ,  se e Grange r  [1982] ,  an d 
Grange r  an d Bisel t  [1982] . 
3.2 Chderstanding accidents 
Ve have also investigated the types of 
arr-tHanfa i  behavio r  tha t  ca n b e described  i n texts , 
and th e relation s betwee n accidenta l  an d goal -
directe d behavior .  Fo r  exampl e reczil l  Ren ,  wh o 
accidentall y hi t  hi s gol f  sho t  int o th e rough . 
Althoug h hi s actio n o f  o f  strikin g th e bal l  wa s 
intentionid ,  th e causa l  nn«-fmw .  o f  th e bal l  endin g 
up i n th e roug h wa s unintended .  Vf e hav e classifie d 
Ken' s proble m a s a  "sliil i  fatlnre" .  i.e. ,  a n 
intentionally-performe d physica l  actio n whic h re -
sult s i n a  non-intende d outcom e a s a  resul t  o f  som e 
physica l  lack .  Ther e ar e a  numbe r  o f  othe r  type s 
of  intention-acciden t  pair s lik e this ,  suc h a s 
•informatio n failure" ,  "too-shallo w planning" ,  etc . 
For  a  furthe r  discussio n o f  accident s an d ho w t o 
understan d them ,  se e Grange r  [1982] ,  an d Neeha n 
[1981] . 

4.0 Conclusions and future research directions 
4.1 Nhat vm're proposing 
\ie have observed that people's understanding 
behavio r  i s marke d b y a n ongoin g proces s o f  makin g 
inferenc e decisions .  Among th e decision s under -
stander s implicitl y  mak e cure : 

1. Is the interpretation referentiaOly and 
causall y cohesive ? 

2. Is the interpretation pwrsimnnioua with respect 
t o th e actors '  intentions ? 

3. Is there reason to doubt or be suspicious of 
th e shap e o f  th e initia l  interpretation ? 

4. Is there reason enough to revise the interpre-
tatio n (supplant ,  re-ahape ,  etc )  o r  shoul d i t 
be lef t  wit h "loos e ends" ? 

The evaluation metrics and the construction and 
revisio n processe s o f  Judgmenta l  Inferenc e theor y 
ar e derive d directl y fro m ou r  observation s an d 
aneUyse s o f  som e o f  th e classe s o f  inferenc e 
decision s tha t  reader s ar e face d wit h durin g th e 
tas k o f  tex t  understanding . 
We view these theories as compatible with and 
complementar y t o theorie s o f  tex t  representations , 
sinc e w e inten d t o describ e th e mechania u b y whic h 
suc h representation s ar e chosen ,  constructed , 
judged ,  confirme d and/o r  discarde d i n th e proces s 
of  understanding .  Ou r  theorie s hav e s o fa r  beo i 
incorporate d int o tw o workin g confxite r  programs , 
ASnanR an d MACABTHOR,  an d ar e currentl y bein g use d 
as th e desig n iĵ jetu s fo r  a  ne w compute r  systa n 
calle d JUDGE,  an d fo r  a  serie s o f  psychologica l  an d 
neurophysiologica l  experiments ,  briefl y describe d 
belcw ,  t o tes t  th e correspondenc e o f  ou r  theorie s 
t o people' s actua l  understandin g behavior . 
4. 2 Hinds ,  brain s an d processe s 
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A nutDbe c o f  researcher s I n th e neuroscience s 
(e.g. ,  Arbi b [1979] ,  Geschwin d [1980] )  hav e pointe d 
out  tha t  brzd n researc h migh t  hel p guid e part s o £ 
cognitiv e scienc e an d A I  research ,  an d vic e versa . 
One particula r  issu e tha t  ha s bee n pointe d ou t 
frequentl y i s tha t  'ther e i s n o evidenc e fo r  th e 
existenc e o f  an y all-purpos e ccnipute r  [i n th e 
brain] .  Instead ,  ther e seem s t o b e a  multiplicit y 
of  system s fo r  highl y specia l  tasks. '  (Geschwin d 
[1980] ,  p.191) .  Ou r  researc h o n inferenc e 
decision s ha s indee d le d u s awa y fre m viewin g huma n 
understandin g behavio r  a s arisin g frc n a  'genera l 
purpos e cooiuter' ;  w e hav e ende d u p instea d 
derivin g a  numbe r  o f  special-purpos e mechanisms , 
e.g. ,  inferenc e pursuit ,  evaluation ,  supplanting , 
re-shaping ,  whic h ccnf>ris e ou r  'judgmenta l  infer -
ence '  mode l  o f  mderstanding . 

Vis are currently designing a number of 
psychologica l  an d neurologica l  experiment s o n in -
ferenc e decisions ,  base d o n th e prediction s o f  ou r 
model  (se e Grange r  [1982]) ;  a s wel l  a s attaif>tin g 
t o re-interpre t  san e existin g result s (e.g. , 
Runelhar t  [1981] ,  Crother s [1978] ,  Hillyar d an d 
Kuta s [1980] ,  Blad e [1981]) ,  i n Ugh t  o f  th e model . 

For instance, we are investigating the issue 
of  whe n peopl e evaluat e thei r  interpretation s 
consciousl y v s mconaciously ;  ou r  mode l  currentl y 
fall s  t o accoun t  fo r  suc h individua l  differences . 
He hop e t o us e th e dat a fro m suc h experiment s t o 
fin d problem s wit h ou r  theories ,  an d t o refin e th e 
model ,  th^eb y worlcin g eventuall y towiird s som e 
anal l  amoun t  o f  "neurologica l  validity '  i n ou r 
proces s model s o f  cognition . 
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Thi s pape r  describe s a  theoretica l 
framewor k i n whic h analogie s an d othe r 
comparison s ar 4 define d i n term s o f 
structure-mapping s betwee n domain s 
(Centner ,  1979 ,  1980) .  Differen t  kind s o f 
mapping s correspon d t o analogies , 
metaphors ,  litera l  similarit y statements , 
application s o f  genera l  laws ,  an d simpl e 
chronologies .  Th e chie f  focu s i s o n 
explanator y analogies ,  suc h a s ar e use d i n 
scientifi c  modellin g (Centner ,  1981 ,  1982 ; 
Centne r  &  Centner ,  1982) .  Suc h analogie s 
ar e fundamentall y assertion s tha t  partl y 
identica l  relationa l  structure s appl y t o 
dissimila r  object s acros s differen t 
domains . 
It is generally accepted that the 
degre e o f  litera l  similarit y perceive d 
betwee n tw o object s depend s o n th e degre e 
of  overla p amon g thei r  components .  I n 
Tversky' s (1977 )  elegan t  contras t  model , 
th e similarit y betwee n A  an d B  i s greate r 
th e greate r  th e siz e o f  th e Intersectio n 
(A f \  B )  an d th e les s th e siz e o f  th e tw o 

1 
complemen t  set s ( A -  .  B )  an d ( B -  A) . 
Thi s accoun t  work s wel l  fo r  litera l 
similarity ,  bu t  th e mer e relativ e numbe r 
of  share d an d non-share d predicate s 
appear s t o b e a n inadequat e basi s fo r  a 
genera l  accoun t  o f  relatedness . 
For example, consider a simple 
arithmeti c analogy .  Th e analog y 3:6::2: 4 
i s n o bette r  tha n th e analog y 
3:6:;200:400 ,  eve n thoug h 3  ha s mor e 
feature s i n common wit h 2  tha n wit h 200 . 
I t  i s  no t  th e overal l  numbe r  o f  share d 
versu s nonshare d feature s tha t  count s 
here ,  bu t  onl y th e relationshi p "twic e a s 
grea t  as. "  I  wil l  argu e tha t  a  genera l 
theor y o f  relatednes s betwee n domain s mus t 
be base d o n th e relationa l  structur e o f 
th e overlappin g information .  Th e 
structur e o f  th e share d versu s nonshare d 
predicate s determine s whethe r  a  give n 
compariso n i s though t  o f  a s analogy ,  a s 
litera l  similarity ,  o r  a s th e applicatio n 
of  a  genera l  law . 
In this paper I first lay out some 
representationa l  preliminaries ;  second , 
provid e definition s an d example s o f  eac h 
kin d o f  relatedness ;  an d finally ,  discus s 
some psychologica l  implication s o f  th e 
framework .  T o giv e a  brie f  preview :  I f 
bot h th e relationship s an d th e objec t 
description s correspond ,  th e compariso n i s 

The negativ e effect s o f  th e tw o 
complemen t  set s ar e no t  equal :  i f  w e ar e 
aske d "Ho w simila r  i s  A  t o B?" ,  th e se t  ( b 
-  A)—feature s o f  B  no t  share d b y A — 
count s muc h mor e tha n th e se t  ( A -  B) • 

one o f  litera l  similarity ;  i f  th e 
relationship s correspond ,  bu t  th e object s 
do not ,  th e compariso n i s analogical .  Th e 
thir d possibility ,  tha t  th e object s 
correspon d bu t  th e relationship s d o not , 
represent s neithe r  litera l  no r  analogica l 
similarity .  Suc h comparison s aris e 
chiefl y i n chronologies ,  i n whic h th e sam e 
entitie s pas s fro m on e configuratio n int o 
anothe r  ove r  time .  Th e plac e o f  genera l 
law s i n thi s framewor k wil l  als o b e 
discussed . 
Preliminary Assumptions 

1.  Domain s an d situation s ar e 
psychologicall y viewe d a s system s o f 
objects ,  object-attribute s an d 
relation s betwee n objects .  Thes e 
"objects "  may b e coheren t  conceptua l 
bundle s o r  componen t  part s o f  a  large r 
object ,  rathe r  tha n separat e concret e 
objects ;  th e importan t  poin t  i s  tha t 
the y functio n a s whole s a t  a  give n 
leve l  o f  organization . 

2. Domains and situations are represented 
propositionally .  Th e forma t  use d her e 
i s a  prepositiona l  networ k o f  node s 
and predicate s (cf .  Mille r  S  Johnson -
Laird ,  1979 ;  Rumelhar t  &  Norman ,  1975 ; 
Rumelhar t  &  Ortony ,  1977 ;  Schan k & 
Abelson ,  1977) .  Th e node s represen t 
concept s treate d a s whole s an d th e 
predicate s expres s proposition s abou t 
th e nodes . 

3. The distinction between object 
attribute s an d relationship s i s 
important .  I n a  prooositiona l 
representation ,  th e distinctio n ca n b e 
made explici t  i n th e predicat e 
structure :  attribute s ar e predicate s 
takin g on e argument ,  an d relation s ar e 
predicate s takin g tw o o r  mor e 
arguments .  Fo r  example ,  COLLID E (x,y ) 
i s  a  relation ,  whil e RED (x )  i s a n 
attribute . 

4. The distinction between first-order 
predicate s (takin g object s a s 
arguments )  an d second -  an d higher -
orde r  predicate s (takin g proposition s 
as arguments )  i s important .  Fo r 
example ,  i f  COLLID E (x,y )  an d FAL L (y ) 
ar e first-orde r  predicates ,  CAUSE 
[COLLIDE(x,y) ,  FALL(y) ]  i s  a  second -
orde r  predicate . 

5. These representations, including the 
distinction s betwee n differen t  kind s 
of  predicates ,  ar e intende d t o reflec t 
th e wa y peopl e constru e a  situation , 
rathe r  tha n wha t  i s logicall y 

2 
possible . 
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6.  Finally ,  i t  i s  assume d tha t  a 
compariso n "A n X  i s (lik e a )  Y. " 
convey s tha t  knowledg e i s t o b e mappe d 
fro m Y  t o X .  X  wil l  b e calle d th e 
target ,  sinc e i t  i s  th e domai n bein g 
explicated .  Y  wil l  b e calle d th e 
base ,  sinc e i t  i s  th e (presumabl y mor e 
familiar )  domai n tha t  serve s a s th e 
sourc e o f  knowledge . 

S t ruc tu re~mapp ing; Interpretation 
Rule s 

Assume that the hearer's 
representatio n o f  th e bas e domai n B  ca n b e 
state d i n term s o f  objec t  node s b  , 

1 
b , — , b an d predicate s suc h a s A ,  R ,  R' . 

2 n 
The heare r  knows ,  o r  i s told ,  tha t  th e 
targe t  domai n ha s objec t  node s t  , 

1 
t  ,..., t  .  A  Structure-mappin g cortipariso n 

2 m 
m.<DS th e node s o f  B  ont o th e node s o f  T : 

Logically ,  a  relatio n R(a,b,c, )  ca n 
perfectl y wel l  b e represente d a s Q(x) , 
wher e q1;x )  i s tru e jus t  i n cas e R(a,b,c ) 
i s  true .  Psychologically ,  th e 
representatio n mus t  b e chose n t o mode l  th e 
wav peopl e think . 

M: b — > t 
i  i 

The heare r  derive s inference s abou t  T 
by applyin g predicate s vali d i n th e bas e 
domai n B ,  usin g th e nod e substitution s 
dictate d b y th e mapping ; 

M:  [R( b , b ) ]  — > [R( t  , t  ) ] 
i  J  i  J 

Here R(b ,b ) is a relation that holds in 
i  j 

th e bas e domai n B .  Attribute s (one-plac e 
predicates )  fro m B  ca n als o b e mappe d int o 
T: 

[A( b ) ]  >  [A( t  ) ] . 
i  i 

Finally, higher-order relations, such as 

R'(R , R ), can also be mapped: 
1 2 

M: [R- (R (b , b ) , R (b , b )) —> 
1 i  j  2  k  1 

tR'(R (t , t ), R (t , t )] 
1 i  j  2  k  1 

Kinds of Structure-Mappings 

(1) A literal similarity statement is a 
compariso n i n whic h a  larg e numbe r  o f 
predicate s i s mappe d fro m bas e t o 
target ,  relativ e t o th e numbe r  o f 
nonmapped predicate s (Tversky ,  1979) . 
The mappe d predicate s includ e bot h 
object-attribute s an d relationa l 
predicates . 

EXAMPLE(1): The X12 Star system in the 
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Andromed a nebul a i s lik e ou r  sola r  system . 

INTERPRETATION: Intended inferences 
includ e bot h objec t  characteristics—e.g. , 
"Th e X1 2 sta r  i s YELLOW,  MEDIUM-SIZED , 
etc. ,  lik e ou r  sun. "  an d relationa l 
characteristics ,  suc h a s "Th e X1 2 planet s 
REVOLVE AROUND th e XI 2 star ,  a s i n ou r 
system. "  Figur e 1  show s a  representatio n 
of  ou r  sola r  system ;  mos t  o r  al l  o f  th e 
predicate s show n woul d b e mappe d i n a 
litera l  similarit y comparison . 

(2) An analogy is a comparison in which 
relationa l  predicates ,  bu t  no t  many 
objec t  attributes ,  ca n b e mappe d fro m 
bas e t o target . 

EXAMPLE(2): The hydrogen atom is like our 
sola r  system . 

INTERPRETATION: Intended inferences 
concer n chiefl y th e relationa l  structure : 
e.g. ,  "Th e electro n REVOLVES AROUND th e 
nucleus ,  jus t  a s th e planet s REVOLVE 
AROUND th e sun. "  bu t  no t  "Th e nucleu s i s 
YELLOW,  MASSIVE,  etc. ,  lik e th e sun. " 
(se e Figur e 1) .  I f  higher-orde r  relation s 
ar e presen t  o n th e bas e the y ca n b e mappe d 
as well :  e.g. .  Th e heare r  migh t  map "Th e 
fac t  tha t  th e nucleu s ATTRACTS th e 
electro n CAUSES th e electro n t o REVOLVE 
aroun d th e nucleus. "  fro m "Th e fac t  tha t 
th e su n ATTRACTS th e planet s CAUSES th e 
planet s t o REVOLVE AROUND th e sunT "  (Thi s 
relatio n i s no t  show n i n Figur e 1. ) 
(3) A general law is a comparison in which 

th e bas e domai n i s a  name d abstrac t 
relationa l  structure .  Suc h a 
structur e woul d resembl e Figur e 1 , 
excep t  tha t  th e objec t  node s woul d b e 
generalize d physica l  entities ,  rathe r 
tha n particula r  object s lik e "sun "  an d 
"planet" .  Predicate s fro m th e 
abstrac t  bas e domai n ar e mappe d int o 
th e targe t  domain ;  ther e ar e n o 
nonmapped predicates . 

EXAMPLE(3): The hydrogen atom is an 
exampl e o f  a  centra l  forc e system . 
INTERPRETATION; Intended inferences 
includ e "Th e nucleu s ATTRACTS th e 
electron.- ;  "Th e electro n REVOLVES AROUND 
th e nucleus. "  Thes e ar e mappe d fro m bas e 
proposition s suc h a s "Th e centra l  objec t 
ATTRACTS th e periphera l  object." ;  o r  "Th e 
les s massiv e objec t  REVOLVES AROUND th e 
more massiv e object. " 
(4) A chronology is a comparison between 

tw o time-state s o f  th e sam e domain . 
The object s a t  tim e 1  map ont o th e 
object s a t  tim e 2 .  Thi s i s th e onl y 
interestin g cas e i n whic h object s ar e 
share d bu t  relationa l  structur e nee d 
not  be .  Th e tw o time-state s shar e 
object-attributes ,  bu t  i n genera l  no t 
relationa l  predicates . 

EXAMPLE(4): Two hydrogen atoms and an 
oxyge n ato m wil l  combin e t o for m water . 
INTERPRETATION: The intended inferences 
tha t  ca n b e mappe d fro m tim e stat e 1  t o 
tim e stat e 2  concer n endurin g 
characteristic s o f  th e componen t 
objects :  "Oxyge n HAS ATOMIC WEIGHT 16. " 



Neithe r  confIgurationa l  relation s no r 
dynami c relation s o f  th e initia l  syste m 
can b e mappe d int o th e fina l  system .  Not e 
tha t  overla p amon g componen t  object s i s 
not  sufficien t  t o produc e similarit y 
betwee n systems :  Tw o isolate d hydroge n 
atom s an d a n oxyge n ato m d o no t  resembl e 
water ,  eithe r  literall y o r  analogically . 

Figur e 1 .  Structure-mappin g betwee n 
sola r  syste m an d hvdroqe n atom . 

Ken Porbu s an d I  hav e observe d a  subjec t 
tryin g t o understan d th e behavio r  o f  wate r 
flowin g throug h a  constricte d pipe .  Hi s 
firs t  comparison s wer e similarit y matches , 
e.g. ,  wate r  comin g throug h a  constricte d 
hose .  Later ,  h e produce d analogie s suc h 
as a  trai n speedin g u p o r  slowin g down , 
and iro n ball s bangin g int o on e anothe r 
and transferrin g momentum.  Finally ,  h e 
was abl e t o stat e a  versio n o f  th e 
Bernoull i  principle ,  tha t  velocit y 
increase s an d pressur e decrease s i n a 
constriction . 
Literal similarity matches are highly 
accessibl e bu t  no t  ver y usefu l  i n derivin g 
causa l  principles ,  becaus e ther e i s to o 
much overlap .  Analogie s ar e harde r  t o 
generate ,  sinc e the y requir e searchin g th e 
dat a bas e fo r  relationa l  matches ,  no t 
objec t  matches .  Rowever ,  onc e found ,  a n 
analog y shoul d b e mor e usefu l  i n derivin g 
th e ke y principles ,  especiall y i f  th e se t 
of  overlappin g predicate s include s higher -
orde r  relation s suc h a s CAUSE (se e 
'Winston ,  1981) .  Finally ,  b y comparin g tw o 
or  mor e analogies ,  th e common subpart s o f 
th e relationa l  structur e ca n b e isolate d 
and a  genera l  la w derived .  [Se e Gic k an d 
Holyoa k (i n press )  fo r  relevan t  studies. ] 
In summary, no treatment of domain 
relatednes s ca n b e complet e withou t 
distinguishin g betwee n objec t  feature s an d 
relationa l  features :  tha t  is ,  betwee n 
relationa l  predicate s an d one-plac e 
attributiv e predicates .  Carefu l  analysi s 
of  th e predicat e structure s bein g mappe d 
i s centra l  t o modellin g th e inference s 
peopl e mak e i n differen t  kind s o f 
comparisons . 

To summarize ,  overla p i n relation s i s 
necessar y fo r  an y stron g perceptio n o f 
similarit y betwee n tw o domains .  Overla p 
i n bot h objec t  attribute s an d inter-objec t 
relationship s i s see n a s litera l 
similarity ,  an d overla p i n relationship s 
but  no t  object s i s see n a s analogica l 
relatedness .  Overla p i n object s bu t  no t 
relationship s may b e see n a s tempora l 
relatedness ,  bu t  no t  a s similarity . 
According to this analysis, the 
contras t  betwee n analog y an d litera l 
similarit y i s a  continuum ,  no t  a 
dichotomy .  Give n tha t  tw o domain s overla p 
i n relationships ,  the y ar e mor e literall y 
simila r  t o th e exten t  tha t  thei r  object -
attribute s als o overlap .  A  differen t  sor t 
of  continuu m applie s betwee n analogie s an d 
genera l  laws :  I n bot h cases ,  a  relationa l 
structur e i s mappe d fro m bas e t o target . 

I f  th e base representatio n include s 
concret e object s tha t  mus t  b e lef t  behind , 
th e compariso n i s a n analogy .  A s th e 

th e bas e domai n becom e 
and variable-lik e th e 

objec t  node s o f 
more abstrac t 
compariso n i s see n a s a  genera l  law . 

Psychological speculation; The 
Analo<̂ ica l  Shif t  Conjecture .  Peopl e 
learnin g a  ne w domai n ofte n mak e 
spontaneou s comparison s wit h othe r 
domains .  Th e speculatio n i s tha t  th e 
earlies t  comparison s ar e chiefl y literal -
similarit y matches ,  followe d b y analogies , 
followe d b y genera l  laws .  Fo r  example . 
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Principle s o f  Procedure s Qaifxssitio n 

Christopher K. Riesbeck 
Ihl e Uuversit y 

EHwin L. Hitchins 
Ikv y ParKnna l  Reseaxx ^  an d Cevelcpnen t  Cente r 

Ihi s pape r  addresse s th e proble m o f  hou r  t o 
coipoe e procedure s tha t  student s ca n easil y lear n 
and rentenijer .  Th e ultimat e goa l  o f  thi s endeavo r 
i s t o develo p a  se t  o f  principle s t o guid e th e 
ccnpositio n o f  procedures .  A t  presen t  w e hav e 
buil t  a  se t  o f  analyti c tool s an d a  se t  o f 
hypothese s abou t  th e natur e o f  procedura l  learnin g 
tha t  ca n b e aipiricall y tested .  Vf e cam e t o thi s 
topi c b y vgi y o f  a n examinatio n o f  th e instructio n 
i n a  nav y sdnco l  tha t  teache s student s ho w t o 
solv e relativ e notio n problen B wit h a  jo b ai d 
calle d th e maneuverin g board .  Ih e procedure s 
t a u ^  seone d t o u s t o b e confusing .  Ws bega n b y 
attaiiJtin g t o ranrit e the m an d a s w e di d so ,  v « 
attenpte d t o b e specifi c  abou t  ou r  cai?>laints ,  an d 
abou t  ou r  attenpte d solution s t o th e problem s w e 
saw.  B :  becam e clea r  ijimediatel y tha t  Ehglis h 
lack s th e precisio n require d t o unandsigucusl y 
represen t  th e procedures .  ^  orde r  t o provid e a 
notatio n fior  th e procedures ,  w e develope d th e 
Maneuverin g Boar d Siulatio n languag e (MABQ,) .  Wit h 
MABEL w e coul d b e specifi c  abou t  th e natur e o f  th e 
step s whic h ccnpris e th e procedur e an d als o abou t 
th e relation s amon g th e step s i n th e procedure . 
Ihi s specificit y permitte d u s t o propos e measures 
on v M c h th e alternativ e procedure s for  accom -
plishin g a  particula r  tas k coul d b e conparad . 
The naneuvering board is a job aid that 
represent s th e motion s o f  ship s relativ e t o eac h 
othe r  i n a  wa y tha t  support s conputation a tha t 
predic t  th e consequence s o f  possibl e futur e 
action s {includin g n o actio n a t  all )  t o b e take n 
by th e ships .  Ih e naneuverin g boar d itsel f  i s  a 
shee t  o f  p^)e r  printe d wit h a  pola r  coordinat e 
plo t  (azimut h grid )  an d variou s scale s tha t  ca n b e 
use d i n plottin g range s an d bearings .  Problan s ar e 
solve d o n th e maneuverin g boar d b y plottin g 
points ,  an d drawin g line s an d vector s v M c h 
represen t  aspect s o f  ships '  motion s (IM A 1975) . 
Ih this pi9>er we will deal with a portion of 
onl y on e o f  th e nan y problem s tha t  ar e solve d o n 
th e naneuverin g board ,  th e Closes t  Boin t  o f 
Approac h (CEA )  problem .  I n thi s procedure ,  th e 
relativ e notio n o f  a n observe d shi p i s plotted , 
and th e bearing ,  range ,  an d tim e o f  th e closes t 
poin t  o f  approac h betwee n th e tw o ship s i s deter -
mined .  I f  i t  i s  determine d tha t  th e ship s wil l 
pas s close r  t o eac h othe r  tha n i s desired ,  action s 
wil l  hav e t o b e take n t o ensxir e a  saf e separation . 
Thos e action s wil l  b e base d o n othe r  oonputation a 
performe d o n th e naneuverin g board . 

Qr^atin g a  representatio n languag e 

The main issue in designing a language is 
findin g th e r i ^ t  "grain "  (Moor e an d Cfewel l  1974) , 
i.e. ,  th e righ t  leve l  o f  detail .  A  representatio n 
languag e fo r  th e naneuverin g boar d tha t  include d 
th e penci l  ccmin g i n contac t  wit h pape r  fibe r  an d 
depositin g cartoo n granule s waul d b e ciarberscro e an d 
unenlightening ,  v«*iil e on e a t  th e sam e leve l  o f 
abstractio n a s Ehglis h fail s  t o captur e ijiportan t 
distinctions . 
The language we have designed vafl built 

Turdln g t o th e followin g constraints : 

1) it would not include any appeal to the 
rea l  warl d o r  t o th e goal s t o b e 
achieved .  Thus ,  ther e i s n o operato r 
fo r  "Fin d closes t  poin t  o f  ̂ :proach. " 
The operator s ar e al l  withi n th e >orl d 
of  th e maneuverin g boar d itself . 

2) it would not include any nention of the 
actua l  physica l  tool s involved .  Thus , 
ther e i s n o mentio n o f  pencils ,  paralle l 
rule s o r  dividers . 

We cal l  thi s languag e MABEL,  fo r  MAneuverin g 
Boar d Hnulatio n language .  Th e object s i n MABEL 
includ e points ,  severa l  type s o f  line s (scales , 
segments ,  rays ,  vectors) ,  circles ,  nunber s 
(speeds ,  distances ,  time s an d angles) ,  an d turn s 
(lef t  an d r i c ^ ) .  MABEL ha s onl y geometri c opera -
tors .  Althouc ^  som e operator s involv e fairl y  com -
ple x geanBtri c activit y (e.g .  INTEESBCTdin e cir -
cle) ,  TSAtBtATECline ,  point)) ,  no t  al l  gecmetri c 
oonstructicn s ar e included . 
T&ak analysis 
Depend«icy analysis 

A dependency analysis constructs a graph 
representin g v*a t  step s o f  a  procedur e dqaen d o n 
othe r  stepe .  A s a  trivia l  exanple ,  w e can' t  fin d 
th e distanc e fro m th e referenc e sihi p t o th e 
closes t  poin t  o f  approad i  (CEA )  unti l  w e firs t 
fin d th e locatio n o f  th e CF A point .  Hanc e w e sa y 
tha t  th e distanc e deteminin g ste p d^iend s e n th e 
CPA plottin g step . 
The dependency analysis reveals the cor*-
straint s o n ste p orderin g tha t  ar e ijipose d b y th e 
natur e o f  th e tas k itself .  I t  define s th e se t  o f 
procedure s ocaipose d o f  th e give n step s tha t  ca n 
actuall y produc e th e desire d result .  Among th e 
members o f  thi s set ,  san e procedure s fee l  nor e 
natura l  o r  meaningfu l  tha n others .  Ch e propert y o f 
procedure s tha t  make s the m meaningfu l  i s  th e 
organizatio n o f  goal s an d actions . 
Gbal-actio n analysi s 

Tb make the goal structure of a procedure 
explicit ,  w e d o a  goal-actio n analysis .  A  goal -
actio n analysi s create s a  tre e vAios e to p nod e i s 
th e goa l  t o b e satisfied .  Uide r  thi s nod e ar e 
othe r  node s rqjresentin g th e goal s tha t  hav e t o b e 
achieve d i n orde r  t o satisf y th e to p goal . 
Finally ,  attache d t o eac h goa l  ar e th e action s t o 
be don e onc e th e subgoal s ar e achieved .  A  goa l 
analysi s i s typicall y nor e specifi c  an d therefor e 
more constrainin g tha n th e dependenc y analysis . 
Below is a goal-action tree for finding the 
bearin g o f  th e CPA. 
Gbal: bearing of CPA (BC) 

Goal :  Directio n o f  Relativ e Movement  (ERM ) 
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•(bal :  Lin e o f  Maverwi t  (UM ) 
Qaal :  ̂ Q 
Action :  PL0T(B1 ,  Rl ,  (Hm ) 
Cbal :  M2 
Action :  PLOT(B2 ,  R2 ,  OlID ) 

Action:  RA1((M1 ,  M2 ) 
Action :  TSArBIATECLCM,  P:a: )  - > L:EE M 

INTEBSECT(L:I3»1 ,  P:( D • > P:CB M 
READVALtE(P:nw )  » > EP M 

Action :  ADtHEPM,  +/ -  90 ) 
Measuring Obal-Action Seguencea 
A goal-action sequence is a linearization of 
a goal-actio n forest.  Th e sequenc e specifie s v*ie n 
eac h goa l  if l  initiate d (i.e. ,  viie n v*3r1 c e n th e 
goa l  begins )  ^ 3 vTie n eac h actio n i s execute d 
(i.e. ,  v4)e n th e actio n i s perfomBd) .  l b generat e 
a sequenc e fro n a  forest ,  v m selec t  sem e goa l  nod e 
i n san e tre e t o b e th e firs t  on e i n th e sequence . 
Afte r  that ,  vi « ca n g o t o an y nod e i n th e fores t 
and selec t  it s  goa l  o r  actio n ocnfjonent ,  subjec t 
onl y t o th e followin g ocnstxaints : -Th e goa l  o f  a  nod e itus t  b e initiate d 
th e actio n o f  tha t  nod e ca n 

be done . 

befor e 

v«ars e tha n a  larg e EF G becaus e th e action s tha t 
ar e pendin g hav e t o b e don e i n th e ri^t t  orde r  an d 
thi s orde r  i s opposit e t o th e orde r  i n v*uc h th e 
goal s appeared . 

Distance lb Usage (DTU) is a measure of the 
distanc e betwee n th e calculatio n o f  a  resul t  an d 
th e firs t  us e o f  tha t  result .  Eb r  a  sequence ,  th e 
QLstanc e l b Iteg e i s define d t o b e th e maxijiu n o f 
th e DIt b fo r  it s  actions .  Distanc e Ob i;bag e 
shoul d b e minimize d i n sequences .  Th e longe r 
usag e i s pu t  off ,  th e itor e intervenin g result s 
ther e are ,  an d th e mor e likel y tha t  th e wron g 
resul t  wil l  b e used . 
Tb illustrate the application of these meas-
ure s MB presen t  excerpt s fro n tM O variant s o f  th e 
CPA procedure .  Th e firs t  oome s fro n th e instnoe -
tio n manua l  use d i n a  nav y trainin g cours e 
(FCTCPAC,  1980) ,  an d th e amcai a i s on e o f  severa l 
alternative s w e ahv e investigated ,  l i  th e pro -
cedur e tauc ^  i n th e schoo l  th e st^> s v*u.c h acocm -
plis h th e part s o f  th e overal l  soultio n ar e mixe d 
together .  Belo w i s th e portio n o f  th e goal-actio n 
tre e fo r  findin g th e bearin g o f  th e CPA accordin g 
t o th e schoo l  procedijre . -Ujwe r  action s i n on e tre e nus t 

befor e hi^ie r  actions . 
be execute d EFG 

I f  th e goal-actio n sequence s ar e t o b e con -
verte d int o coopute r  prograns ,  the n th e orde r  i n 
Kiuc h thing s ar e don e reall y doesn' t  natter ,  a s 
lon g a s th e oonstraint s give n ar e satisfied .  Bu t 
i f  th e sequence s ar e t o becon e instruction s fa r 
peopl e t o read ,  follow,  learn ,  an d s o on ,  the n th e 
oonstraint s fai l  t o tak e int o accoun t  th e limit s 
of  th e short-tetn i  manoc y o r  th e organizatio n o f 
long-ter m inanory .  Sttuitively ,  w « ca n fee l  tha t  a 
sequenc e o f  instruction s tha t  hoppe d randcml y fro n 
one subgoa l  t o anothe r  vcul d b e ver y confusin g an d 
har d t o leazn . 
£i the following paragraphs, w will describe 
a nucbe r  o f  measure s fo r  sequences .  Qtc h measur e 
i s oonceme d wit h sonethin g tha t  w b believ e raaJces 
sequence s eas y o r  har d t o learn .  Eb r  th e monent , 
i t  i s  jus t  assime d tha t  thes e measure s ax *  th e 
significan t  ones .  B y malcin g eec h measur e expli -
cit ,  w e hcp e t o siaplif y  th e problen s o f  actuall y 
testin g th e leamabilit y  o f  instructions . 
Hgfaer of Tbp-leyel Onnln (NTG). counts hew 
many goal s ar e initiate d i n th e sequenc e withou t 
any hi^ier-leve l  goa l  precedin g them .  We assixn e 
tha t  th e mor e top-leve l  goal s a n instructio n tex t 
presents ,  th e harde r  tha t  tex t  i s  t o leam . 
Hence,  bfT G shoul d b e minimized . 

•Qaal 
Act : 
•Gbal 
Act : 
•Qja l 
Act : 
Gbal 
Act : 

Q>al 
Act : 
Gbal 
Act : 
•Qaal 
Act : 
•Qja l 
Act : 

:  Ml 
PL0T(B1 ,  Rl ,  OlID )  =• > Ml 

:  M2 
PLOT(B2,  R2 ,  GRID )  - > M2 

:  lin e o f  Movenaen t  (LCM ) 
RAMMl,  M2 )  - > LC M 

.:  (nw ) 
TSAtBIATECLCM,  P:-<r )  - > U O M 
QnXItS£ET(L:a« ,  P:'GE )  »  PsEB M 
READVAUE(P:QW)  - > EF M 
.:  Relativ e Distanc e 

REACUAL[E(CCZ>MSEaain'  ....) ) 
:  Elapse d Tim s 
StB'IRACT(M2-tim e Ml-time ) 

:  Relativ e ̂ see d 
R£ADVALUE(  IinXSSBCT(RAMPLCT.)) ) 

:  Bearin g o f  CP A (BC ) 
AOXEBM,  +/ -  90 )  - > B C 

(S D 
0 

ETO 

idur s doe s wal l  o n Icsepin g goa l Ihi s pr o 
stac k dept h lo w an d keepin g acticn s nea r  th e th e 
goal s the y satisfy ,  bu t  i t  doe s s o a t  th e eŝ pena e 
of  havin g a  larg o runbe r  o f  to p leve l  goal s makin g 
i t  difficul t  t o remenijer .  Ih e problo n i s actuall y 
vors e tha n show n her e sinc e th e ccnplet e solutio n 
t o th e proble m ha s 1 2 to p leve l  goals . 

Her e i s th e procedur e rewritte n wit h a  mar e top -
doun organization : 

niatane e Fro m Goa l  (CFG) ,  count s for  eac h 
axrtio n ho w man y othe r  action s separat e i t  fro n it s 
goal .  Pa r  a  sequence ,  w e defin e th e overal l  IT G 
t o b e th e raaxinun  o f  th e tF( ^  fo r  it s  actions . 
Distanc e Prc m "Goa l  shoul d b e minimize d i n 
sequences .  Ih e mor e action s ar e delayed ,  th e mor e 
likel y the y ar e t o b e forgotte n o r  use d 
incorrectly . 
'aaal Stack Depth ('GBD) counts for each goal 
i n a  sequenc e ho w rran y unfinishe d goal s preced e 
it .  A n unfinishe d goa l  i s  on e vAios e actio n ha s 
not  bee n den e yet .  Th e Gba l  Stac k Cept h fo r  a 
sequenc e i s define d t o b e th e naxijiu n GSD o f  th e 
goal s i n th e sequence .  'Cba l  Stac k Cept h shoul d b e 
mimnii?.gr i  i n sec[uences .  I t  i s  relate d t o Distanc e 
Fra n Cba l  i n tha t  a  sequenc e o f  unfinishe d goal s 
cause s th e action s tha t  ar e eventuall y don e t o b e 
fa r  awa y frt m thei r  goals .  A  larg e CSD i s eve n 
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-Qsal :  Bearin g o f  CP A (BC ) 
Gsal :  (DRM) 

Cbal :  lin e o f  Mavement  (LCM ) 
Goal :  Ml 
Act :  PLCrr(Bl ,  Rl ,  (XID )  - > Ml 
•Qsal :  M2 
Act :  PLCrr(B2 ,  R2 ,  (XID )  « > M2 

Act :  RAV(M1,  M2 )  - > IX M 
ActiTSANSIATEdXM ,  P:a: )  - > L:CP M 

IOTERSH:T(L:nW ,  P:<2 )  « > P:IS M 
RBU7AL(£(P:CRM)  = > CFM 

Act :  ADD(CIW,  +/ -  90 )  » > B C 

CFG GBD 
0 
1 
2 
3 
4 
3 
4 
3 
2 
2 
2 
1 

DTU 

Ihi s procedur e ha s greate r  IT G an d a  greate r  CSD, 
but  ha s onl y on e to p leve l  goal .  E ĉpandin g i t  t o 
th e v*ol e CPfi .  problem ,  i t  ha s onl y 3  to p leve l 
goal s an d th e maxim a o f  CF G an d GBD d o no t 
increas e wit h th e wide r  scop e o f  th e problem . 



C^imJTiin g Qaal-actio n Sequence s 

Baaed on the measures given abowe >« suggest 
th e follondn g technique s fo r  producin g goal-actio n 
sequence s 

-<3enerat e fro m onl y on e tre e i n a  fores t  a t  a 
tim e t o ndnijniz e Distance s Ftci n Gbal s an d (t)& l 
Stad c Eepths . 

-Reorder subsequences to ndnimize Distances 
t o Ibages . 

-IJpcoat cejTtain subtrees and generate fran 
the m firs t  t o minijniz e Qja l  Stad c Depths . 

-Merge trees to reduce the Msnber of Tbp-
l£ve l  'Qsals . 

Ih e degre e t o vAiicd i  thes e neasure s predic t 
th e eas e o r  difficult y o f  procedur e learnin g an d 
us e is ,  o f  course ,  a n arpirica l  question .  Ther e 
ar e cei-tainl y limit s o n th e range s o f  applicabil -
it y  o f  san e measures ,  an d tradeoff s t o b e naxim -
ize d amon g them .  Never-the-les s a n approac h o f 
thi s typ e prcsnise s t o b e a  significan t  inftrovanai t 
ove r  th e curren t  hit-or-niis s ^jproac ^  t o pro -
cedure s corposition . 
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A compute r  simulatio n approac h t o 
th e stud y o f  emotiona l  behavior ' 

Rolf Pfeifer 
Departmen t  o f  Psycholog y 
Carnegie-Mello n Universit y 

Pittsburgti ,  Pennsylvani a 1521 3 

Althougf v th e importanc e o f  emotio n i n huma n t>ehavio r  ha s 
lon g bee n recognized ,  onl y recentl y ha s ther e bee n seriou s 
interes t  i n th e proble m amon g cognitiv e scientist s (Abelson ,  1981 ; 
Bower  &  Cohen ,  1982 ;  Dyer ,  1982 ;  Lehnerl .  1981 ;  Norman ,  1980 ; 
Mandler ,  1975 ;  Pfeife r  &  Nicholas .  1982 ;  Simon ,  1967 ;  Sloma n i 
Croucher ,  1981) .  Th e presen t  wor k i s a n effor t  t o demonstrat e 
tha t  problem s o f  emotio n ca n b e approache d i n a n informatio n 
processin g framework .  A  firs t  ste p i n thi s directio n ha s bee n take n 
by developin g a  compute r  simulatio n mode l  capabl e o f  exhibitin g 
certai n kind s o f  emotiona l  behavior .  Th e model ,  dubbe d FEELE R 
(Framewor k fo r  Evaluatio n o f  Event s an d Linkag e int o Emotiona l 
(Responses) ,  i s  use d t o illustrat e tfire e basi c area s tha t  a  theor y o f 
emotio n mus t  dea d with ,  namel y (a )  ho w emotion s ar e generated , 
(b )  wha t  I S mean t  b y a n occurren t  emotion ,  an d (c )  ho w emotion s 
influenc e ou r  behavior .  I t  i s  suggeste d tha t  model s o r  framework s 
lik e th e on e t o b e presente d wil l  hel p t o mak e th e theor y o f 
emotion s mor e accessibl e t o cognitiv e psychologists ,  an d tha t  I t 
provide s ne w way s o f  thinkin g abou t  emotiona l  processes . 
Underlying assumptions and related work 

Even though the Schachter & Singer (1962) experiments have 
bee n criticize d o n a  numbe r  o f  ground s (se e e.g .  Izard ,  1977 ,  fo r  a 
summary o f  th e criticisms) ,  thei r  hypothesi s tha t  emotiona l 
processe s emplo y tw o separat e bu t  interactin g systems ,  seem s t o 
be accepte d b y man y theorist s i n th e fiel d (se e e.g .  Lyons ,  1980) . 
State d briefly ,  th e system s ar e a  physiologica l  one ,  th e autonomi c 
arousa l  system ,  an d a  cognitive-evaluativ e one .  A n occurren t 
emotio n consist s o f  tw o parts ,  a  patter n o f  physiologica l  arousal , 
an d a  cognitive-evaluativ e componen t  which ,  i n th e individual' s 
belie f  system ,  causall y link s thi s patter n t o a n event .  A 
physiologica l  patter n alon e doe s no t  constitut e a n occurren t 
emotion . 

The desig n o f  FEELE R ha s bee n influence d b y th e relate d wor k 
of  Abelso n (1981) ,  Bowe r  &  Cohe n (1982) ,  Dye r  (1982) ,  Lehner t 
(1981J ,  an d b y Mandler' s hypothesi s tha t  th e psychologica l  event s 
tha t  influenc e arousa l  ar e th e one s whic h interrup t  well-organize d 
behavior s (Mandler ,  1975) .  I t  i s  assume d tha t  arousa l  i s a n 
importan t  facto r  i n determinin g th e intensit y o f  a n emotio n (Clark , 
1982 :  Fiske ,  1981 ;  Mandler ,  1975) . 

Ther e hav e bee n a  numbe r  o f  effort s t o includ e emotion s int o 
compute r  simulatio n model s (Colby ,  1981 ,  fo r  example )  bu t  i n 
most  o f  the m emotio n ha s no t  bee n th e primar y focus . 

G e n e r a l  descr ip t io n o f  t h e m o d e l 

Basic architecture-. FEELER has a production system 
architectur e whic h i s simila r  t o Joh n R .  Anderson' s A C T mode l 
(Anderson .  Kline ,  &  Beasley ,  1979) .  bu t  som e feature s hav e bee n 
added .  A s show n i n Figur e 1  ther e i s a  lon g ter m memor y (LTM , 
consistin g o f  tw o parts ,  namel y a  networ k fo r  declarativ e 
knowledg e (declarativ e memory )  an d a  memor y fo r  procedura l 
knowledg e (productio n memory)) ,  a  cognitiv e workin g memor y 
and a  physiologica l  workin g memory .  T w o workin g memorie s ar e 
introduce d separatel y t o accoun t  fo r  th e relativ e independenc e o f 
th e physiologica l  an d th e cognitiv e syste m an d thei r  distinc t 
characteristic s (e.g .  differen t  deca y rates) .  Wheneve r  th e ter m 
"workin g memory, "  o r  simpl y " W M "  i s use d withou t  furthe r 

Thi s researc h wa s supporte d b y scholarsht p numbe r  81.796.0.8 0 o f  th e Swis s 
Nationa l  Scienc e Foundatio n t o tti e autho r  an d b y a  gran t  fro m th e Allre d P.  Sloa n 
Foundauon . 
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qualification ,  i t  refer s t o cognitiv e workin g memory .  Similarl y whe n 
jus t  LTK d i s use d i t  designate s declarativ e memory . 

•Q-
COGNITIVE 

.  WORKING 
^  MEMORY 

^ 
\ 

<1^ 
«=k 

• ^ 
\ 

A , 

DECLARATIVE 
MEMORY 

\ 

PHYSIOLOGICAL 
-" f  WORKING 

MEMORY 

O 

V ^ 
X) 

PROOUCnON 
MEMORY 

Figur e 1 :  Basi c architectur e o f  th e mode l 

The arrows in Rgure 1 depict the rules which are activated from 
productio n memory ,  a s  indicate d b y  th e circles .  Th e tail s 
designat e whic h workin g memor y the y matc h against ,  th e head s 
whic h memor y the y ac t  upon .  Th e actio n ca n consis t  o f  addin g 
somethin g t o th e memory ,  o r  i n th e cas e o f  LTM ,  i t  ca n b e a 
proces s o f  spreadin g activation .  I f  a n elemen t  i n L T M exceed s a 
certai n activatio n threshokl ,  i t  i s  automaticall y adde d t o W M, 
wher e i t  i s  subjec t  t o a  deca y mechanism .  Fo r  a  discussio n o f 
spreadin g activatio n se e e.g .  Ratclif f  &  McKoo n (1981) .  Th e arro w 
pointin g int o physiologica l  workin g memor y designate s th e 
generatio n o f  a n arousa l  pattern . 

Representatio n o f  emotiona l  information :  Sinc e emotiona l 
experience s ca n b e memonze d an d th e correspondin g emotion s 
reexpenence d th e respectiv e memor y structure s hav e t o b e 
define d i n LTM .  Emotiona l  informatio n whic h i s connecte d t o 
episodi c memor y structure s include s link s t o th e event s tha t  ar e 
responsibl e fo r  th e occurren t  emotion ,  magnitude s fo r  emotions , 
and a  so-calle d arousa//mag e (Clark ,  1982 :  Mandler ,  1975) . 
Examples of emotional behavior 

Emotions generated after interrupt: Consider an example 
i n whic h th e mode l  i s executin g a  pla n t o tak e a  plan e trip. ^  Th e 
interrup t  occur s o n th e wa y t o th e airpor t  whe n th e tax i  develop s a 
fla t  tire .  Arousa l  i s increase d b y usin g surpris e an d importanc e o f 
th e interrup t  a s multiplicativ e factors :  i f  eithe r  on e i s small ,  th e 
increas e wil l  b e small ,  i f  bot h ar e larg e th e increas e wil l  b e larg e 
(se e Pfeifer ,  1982 ,  fo r  detail s o n surprise ,  importance ,  an d 
arousal) . 

Emotion s ar e generate d i n thi s situatio n b y emotio n generatio n 
rule s suc h a s R1 .  R l  i s  adapte d fro m Weiner' s (1982 )  taxonomy . 

R1: IF current state is negative for self and 
curren t  stat e wa s cause d b y person ^  an d 
person ,  wa s i n contro l  an d 
th e emotiona l  targe t  i s  person. , 

T H EN generat e ange r  a t  person , 

Since  productions only fire if all of their conditions are present 
i n W M.  ther e mus t  b e a  se t  o f  auxiliar y production s providin g th e 

A mode l  o f  th e curren t  environmen t  i s constantl y maintaine d i n WM. 



conditions ,  suc h a s R2 : 

R2: IF an interrupt has occurred and 
emotio n i s t o b e determine d 

THEN determin e targe t  fo r  emotio n 

Rules like R2 have to do their work for every condition before 
R1 ca n apply .  Th e phras e "generat e ange r  a t  person, "  mean s 
tha t  a n emotio n nod e i s create d i n W M vtrhic h i s linke d t o th e 
curren t  even t  structure ,  t o th e interruptin g event ,  an d t o th e targe t 
of  th e emotion .  Whe n LT M i s updated ,  whic h i s typicall y th e cas e 
shortl y afte r  a n interrup t  ha s occurred ,  th e intensit y o f  th e 
emotion ,  whic h i s determine d fro m th e leve l  o f  arousal ,  I s attache d 
t o th e emotio n node ,  an d a n arousa l  image ,  consistin g i n th e 
curren t  versio n o f  a  simpl e leve l  indicator ,  i s  adde d t o th e curren t 
even t  structure . 

Emotion s generate d afte r  pla n completion :  I f  n o interrup t 
had occurre d o n th e wa y t o th e airpor t  bu t  instea d th e mode l  ha d 
"arrived "  a t  th e airport ,  rul e R 3 migh t  hav e applied : 
R3: IF a subplan has been completed 

THEN generat e satisfactio n abou t  subpla n completio n 

Emotions generated from emotions by rules: If anger has 
bee n generated ,  th e emotiona l  stat e o f  ange r  a s suc h ca n lea d t o 
th e generatio n o f  ange r  agai n b y mean s o f  a  rul e simila r  t o R4' . 

R4: IF angry and 
person ,  i s entere d throug h perceptua l  syste m 

THEN generat e ange r  a t  person. , 

R4 tries to capture the fact that if a person is angry he or she 
may generat e ange r  a t  peopl e wh o hav e nothin g t o d o wit h th e 
origina l  anger-producin g situation . 

Emotion s generate d throug h m e m o r y activation :  S o fa r 
th e emotio n generatio n processe s hav e bee n base d o n rules . 
Anothe r  wa y i n whic h emotion s ca n b e generate d i s throug h 
activatio n processe s i n LTM .  I f  element s ar e entere d an d 
encode d int o W M throug h perceptua l  processes ,  activatio n i s 
automaticall y sprea d throug h LTM ,  I.e .  throug h th e perceptua l 
proces s itself ,  part s o f  LT M ar e activate d an d adde d t o W M.  I f 
emotiona l  informatio n i s attache d t o thes e element s th e earlie r 
emotion s ma y ti e reexperienced :  the y ca n becom e a n occurren t 
emotion .  Moreover ,  sinc e event s i n LT M ar e interconnecte d vi a 
emotio n nodes ,  event s wit h simila r  emotlone U qualitie s ca n b e 
activate d fro m th e curren t  emotiona l  state . 

Goal  generatio n influence d b y emotions :  Emotion s ma y 
caus e certai n behavior s whic h woul d no t  otherwis e occur .  Rul e 
B5,  fo r  example ,  set s u p th e goa l  t o har m th e perso n (e.g .  t o insult , 
hit ,  yel l  at )  wh o i s hel d responsibl e Fo r  th e individual' s curren t 
negativ e state ,  whic h lea d t o th e emotio n o f  anger . 
R5: IF angry and 

emotiona l  targe t  i s  person , 
THEN generat e th e goa l  t o har m person ^ 

R6: IF angry and 
emotiona l  targe t  i s person , 

THEN generat e th e goa l  t o reasses s th e ange r  reactio n 

Rule R5 corresponds to a more aggressive reaction, R6 to a 
cautiou s one .  R 7 i s a  strateg y t o ge t  ri d o f  th e emotio n o f  ange r  b y 
settin g u p a  goa l  whic h divert s attentio n fro m th e anger-producin g 
situatio n an d thu s give s th e ange r  tim e t o decay . 

R7: IF angry 
THEN generat e th e goa l  t o coun t  t o te n 

It should be noted that the goals thus generated do not 
necessaril y  hav e t o b e pursued .  Thi s decisio n I s u p t o a  high-leve l 
conflic t  resolutio n mechanism . 
Interpretations biased by emotions: If the action side of 
Rul e R 6 wer e no t  t o se t  u p a  goa l  bu t  simpl y t o mak e a n 

assumptio n abou t  th e world ,  to r  exampl e "THE N asser t  tha t 
person ,  ha s goa l  t o har m self, "  w e ma y tal k abou t  a n inferenc e 
biase d b y a n emotiona l  state . 

Summary and discussion 

Table i is a systematic account of the possible kinds of rules 
involve d i n emotiona l  behavio r  i n FEELE R a s illustrate d b y th e 
example s i n th e las t  section .  Th e classificatio n i s base d onl y o n 
whethe r  th e rule s directl y influenc e emotion s (i.e .  the y includ e 
emotion s i n thei r  actio n side )  o r  whethe r  the y ar e influence d b y 
emotion s (i.e .  the y includ e emotion s i n thei r  conditio n side) . 

Cel l  (1 )  contain s genera l  inferenc e rule s whic h ar e typicall y 
use d a s auxiliar y rule s i n th e emotio n generatio n process ,  bu t  the y 
ar e no t  particula r  t o a  specifi c  emotion .  Rule s i n cel l  (2 )  ar e no t 
influence d b y th e curren t  emotiona l  stat e bu t  the y resul t  i n a n 

ACTION SIDE 
COGNITIVE EMOTIONAL 

CON-
DI-

TION 
SIDE 

COGNmVE 

EMOTIONAL 

COGNITIVE 4 
EMOTIONAL 

R2 

R7 

R5,R« 

(1) 

(3) 

(5) 

R1,R3 (2) 

W 

R4 (6) 

Tabl e 1 :  Summar y o f  rule s 

occurrent  emotion. Rules in cell (3) represent behavior which Is 
purel y motivate d b y a n emotiona l  state .  I n cel l  (4 )  ar e th e rule s 
definin g direc t  interaction s betwee n emotions .  S o fa r  interaction s 
betwee n emotion s hav e onl y bee n modele d indirectl y vi a th e 
deca y mechanism .  Cell s (5 )  an d (6 )  contai n rule s representin g 
interpretation s o r  actio n tendencie s influence d b y a n emotion . 
The rule s i n cel l  (6 )  lea d t o a n emotiona l  stat e whic h woul d no t 
hav e bee n cause d b y th e cognitiv e component s alone . 

I n summary ,  a  numbe r  o f  way s i n whic h emotion s ca n b e 
generate d an d influenc e behavio r  hav e bee n modele d an d 
analyzed .  Th e focu s i n thi s repor t  wa s o n behavio r  base d o n 
productio n rules ,  bu t  i t  wa s als o see n tha t  networ k processe s 
participat e throug h spreadin g activatio n mechanisms .  A 
comprehensiv e concep t  o f  a n occurren t  emotio n mus t  includ e 
bot h rule-base d an d network-base d processes ,  a s wel l  a s thei r 
relationshi p t o th e physiologica l  pattern s o f  activation . 

The curren t  implementatio n o f  FEELE R show s a  variet y o f 
interestin g kind s o f  emotiona l  behavior s whic h hav e tjee n 
describe d above .  However ,  th e representationa l  an d inferenc e 
structur e need s t o b e enriche d fo r  al l  aspect s o f  th e mode l  an d 
the y hav e t o b e incorporate d i n a  mor e coheren t  system .  I n 
addition ,  som e issue s hav e bee n onl y margineill y  addresse d o r  no t 
at  al l  (e.g .  learnin g processes ,  emotiona l  expression ,  an d high -
leve l  conflic t  resolutio n mechanisms) .  Despit e it s ver y rea l 
limitation s FEELE R provide s a  framewor k fo r  th e stud y o f  emotio n 
i n a  cognitiv e scienc e methodolog y capabl e o f  capturin g a  wkj e 
rang e o f  phenomena .  Application s t o researc h o n moo d an d t o 
th e theor y o f  defens e mechanism s ar e briefl y pointe d ou t 
elsewher e (Pfeifer ,  1982) . 
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A b s t r a c t 

Theorie s o f  rationa l  tiehavio r  embodie d i n cognitiv e model s o f 
proble m solving ,  planning ,  an d pla n interpretatio n typicall y 
presuppos e tha t  th e plannin g agen t  i s  give n a  prior i  on e o r  mor e 
goal s t o pursue .  Thereupon ,  rationa l  behavio r  consist s o f  plannin g 
and carryin g ou t  a  sequenc e o f  ax;tion s i n orde r  t o achiev e th e 
most  importan t  activ e goals .  Thi s pape r  argue s tha t  a  complet e 
cognitiv e mode l  mus t  necessaril y  incorporat e ih e proces s o f 
acquirin g goal s whethe r  i n reactio n t o perception s o f  externa l 
events ,  i n respons e t o interna l  physiologica l  o r  psychologica l 
states ,  o r  b y othe r  les s direc t  means .  A n initia l  categorizatio n i s 
m a de o f  variou s mechanism s tha t  ca n giv e ris e t o goal s i n a n 
individua l  planner . 

1 .  I n t r o d u c t i o n 
The A l  literatur e abound s wit h model s o f  proble m solving , 

plannin g an d pla n interpretatio n (e.g. ,  G P S [11] ,  STRIP S [6] , 
N O AH [14] ,  PAM[18 ] ,  BELIEVE R [16] ,  TALESPI N [10] ,  POLITIC S 
[5,3]) .  Althoug h thes e model s diffe r  i n term s o f  th e specifi c 

cognitiv e phenomen a simulated ,  i n term s o f  thei r  interna l 
structure ,  i n term s o f  thei r  representatio n formalisms ,  an d i n term s 
of  thei r  theoretica l  motivations ,  i t  i s  strikin g tha t  the y al l  shar e on e 
centra l  hypothesis :  Eac h an d ever y syste m I s heavil y dependen t 
upo n th e presenc e o f  on e o r  mor e goal s attribute d t o th e activ e 
proble m solvin g agent s o r  planners .  I n essence ,  eac h planne r  o r 
proble m solve r  incorporate s a n implici t  theor y o f  rationa l  behavio r 
base d upo n th e assumptio n tha t  al l  action s ar e preforme d i n 
servic e o f  explicit ,  realizabl e goals .  Therefore ,  rationa l  behavio r 
to r  a  plannin g syste m consist s o f  formulatin g a  sequenc e o f 
planne d actio n t o achiev e a  se t  o f  goats .  I n th e cas e o f  stor y 
Interpretation ,  th e assumptio n o f  rationetlit y  applie s t o th e 
characters ,  an d th e tas k o f  th e understande r  t>ecome s on e o f 
divinin g thei r  goal s b y reconstructin g correspondin g plan s fro m 
sequence s o f  observe d events . 
Hence, under these models of planning and plan interpretation, 
rationalit y become s synonymou s wit h intelligence .  Or ,  a s Newel l 
define s it :  Intelligenc e i s th e abilit y  t o brin g knowledg e t o bea r  i n 
th e pursui t  o f  goal s [12] .  Wilensk y [19 ]  als o articulate s th e notio n 
tha t  al l  intelligen t  actio n ensue s fro m th e pursui t  o f  multipl e goals , 
includin g th e resolutio n o f  interna l  goa l  conflict s b y th e 
spontaneou s creatio n an d subsequen t  pursui t  o f  melagoals .  Th e 
implici t  centralit y o f  goal s become s mor e eviden t  whe n on e 
consider s som e attempt s a t  modelin g affec t  o r  idiosyncrati c 
behavior .  Fo r  instance ,  Lehnert' s  affec t  stale s [9 ]  I n stor y 
intepretation .  an d recen t  wor k o n modelin g emotion s [1,13 ]  rel y 
on mechanism s t o detec t  goa l  frustratio n o r  goa l  achievement .  M y 
earlie r  wor k o n modelin g ideologica l  belie f  an d certai n aspect s o f 
liuma n personalit y trait s relie s eve n mor e heavil y o n th e presence , 
pursui t  an d attributio n o f  differen t  type s o f  goal s t o plannin g 
agent s [2 ,  5]. ^ 2.  Goa t  Generator s i n Integrate d Cognitiv e 

Model s 
If  goaU s ar e centra l  t o al l  effectiv e A l  theorie s o f  intelligence ,  th e 

natura l  questio n arises :  Wher e d o goal s c o m e from ? Wherea s 
taxonomie s o f  goal s [IS] ,  relation s amon g th e goal s o f  a n 
individua l  (5 ,  19] ,  ar\ d method s o f  plannin g t o achiev e goal s ar e al l 
significan t  aspect s o f  th e stud y o f  goals ,  th e ke y notio n o f  wha t 
cognitive ,  physiologica l  o r  socia l  mechanism s giv e ris e t o goal s 
has bee n largel y glosse d ove r  b y A l  researchers .  A n A l  program , 
whethe r  planne r  o r  proble m solver ,  doe s nothin g unti l  a n externa l 

entit y (suc h a s th e programmer )  provide s i t  wit h a  goa l  t o pursue , 
whereupo n th e progra m single-mindedl y strive s t o fin d a n 
effectiv e plsi n fo r  tha t  goal ,  an d regardles s o f  succes s o r  failure , 
resume s idlin g indefinitel y afte r  th e solutio n attemp t  Clearly ,  an y 
complet e cognitiv e mode l  mus t  generat e it s  o w n goals . 
Philosophica l  debat e o n issue s o f  free-wil l  v s  determinis m 
notwithstanding ,  al l  intelligen t  being s exhibi t  s o m e mecisur e o f 
interna l  motivatio n an d abilit y  t o respon d t o unexpecte d situation s 
i n th e externa l  environment . 

The type of Integrated cognitive model I envision would contain 
a goa l  generato r  tha t  woul d monito r  continuousl y th e externa l 
environmen t  an d it s interna l  stat e a s a  backgroun d process ,  an d 
henc e i t  woul d notic e i f  i t  i s  gettin g hungr y o r  tired ,  o r  tha t  a n 
externa l  threa t  i s  imminent ,  bringin g thes e issue s (perhap s a s 
interrupts )  t o th e attentio n o f  th e consciou s "rational "  processor , 
whic h the n ma y decid e t o generat e ne w goals ,  reprioritiz e existin g 
goals ,  o r  ignor e th e interrupts .  Essentially ,  th e continuou s 
monitorin g o f  possibl e source s o f  goal s necessaril y  force s on e t o 
fac e th e issu e o f  focu s o f  attention ,  a n issu e tha t  ca n b e safel y 
ignore d onl y a s lon g a s a n externa l  entit y provide s al l  goal s an d 
thereb y limit s distractin g factors .  I n fact ,  th e single-minde d pursui t 
of  a  smal l  se t  o f  externall y impose d goal s determine d a  prior i 
obviate s th e nee d t o refocu s attentio n dynamicall y a s n o 
unforesee n happening s wil l  b e noticed .  Conside r  a  present-da y A l 
plannin g syste m deciding ,  fo r  example ,  h o w t o stac k blocks .  W h e n 
face d wit h a n externa l  threa t  o r  a  greate r  need ,  i t  wil l  no t  hav e th e 
sens e t o abando n o r  postpon e It s  presen t  task ,  generat e an d 
pursu e a  mor e appropriat e goal ,  an d thereb y chang e th e curren t 
focu s o f  attention . 

Rathe r  tha n attemptin g th e formidabl e tas k o f  characterizin g th e 
spac e o f  plausibl e cognitiv e model s capabl e o f  directin g thei r  o w n 
attention ,  an d respondin g t o changin g event s b y generatin g thei r 
o wn se t  o f  appropriat e goals ,  le t  u s focu s o n th e mor e tractabl e 
subproble m o f  explorin g variou s mechanism s capabl e o f 
generatin g goal s dynamically. *  Fro m a  psychologica l  standpoint , 
an obviou s sourc e o f  goal s i s th e interna l  physiologica l  stat e o f  th e 
plannin g agent :  Hunge r  lead s t o th e goa l  o f  satiatio n o f  hunge r 
physica l  exhaustio n lead s t o a  desir e fo r  rest .  Fro m a n A l 
standpoin t  a n equall y obviou s sourc e o f  goal s i s th e plannin g 
syste m itsel f  generatin g subproblems ,  wit h th e associate d goa l  o f 
solvin g th e subproblem .  Fo r  instance ,  a n A l  planne r  m a y decid e 
tha t  give n th e externall y impose d goa l  o f  "satiat e hunger" ,  i t 
shoul d firs t  locat e food ,  the n transpor t  itsel f  t o tha t  location ,  the n 
inges t  th e food .  Eac h o f  thes e steps ,  i f  no t  immediatel y executabl e 
i n th e externa l  world ,  generate s a  subgoa l  requirin g additiona l 
plannin g (e.g. ,  locatin g foo d generate s th e subgoei l  o f  knowin g th e 
locatio n o f  th e food ,  whic h the n ma y lea d t o searchin g o r  asking , 
etc. )  Ther e are ,  however ,  mor e comple x source s o f  goals . 
Schan k an d Abelso n postulat e a  se t  o f  theme s a s goa l  generator s 
whos e interna l  structur e remain s a  virtua l  blac k box .  Fo r  instance , 
th e lov e them e generate s th e goa l  o f  protectin g one' s love d ones . 
Unlik e othe r  aspect s o f  Schan k an d Abelson' s theor y o f 
representatio n an d understanding ,  thei r  treatmen t  o f  theme s doe s 
not  provid e a  ver y satisfyin g analysis ,  i n tha t  i t  neithe r  postulate s a 
computationa l  mechanis m fo r  h o w thes e theme s operat e o r  ar e 

In ihi s argumen t  I  d o no (  mea n t o impl y tha t  al l  ttieone s o f  emotio n o r  eve n 
theorie s o t  huma n miellKjenc e mterê ttn g t o Al  tjractittotier s ai e necessaril y base d 
on goal s an d thei r  unrcitntin g pursuit .  I  a m merel y notin g tha t  theorie s precis e 
enoug h t o resul t  i n operaiiona l  proces s model s ( e g .  Al  proqrams )  incorporatin g 
signihcan t  aspect s o l  huma n cognitio n hav e ttw s ta r  bee n rl«penden t  o n goal s an d 
tti e implici t  principl e o f  rationa l  behavior . 
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acquired ,  no r  doe s i t  attemp t  exhaustiv e coverag e o r  broa d 
samplin g o f  cognitivel y plausibl e goa l  generators .  Here ,  v̂ e pursu e 
th e latte r  goa l  wit h th e longe r  rang e objectiv e o f  eventuall y 
developin g computationa l  mechanism s tha t  giv e ris e t o goal s I n 
th e contex t  o f  a  complet e cognitiv e model . 

3.  Toward s a  Taxonom y o f  Goa l 
Generator s 

Let  u s agai n pos e the  centra l  question :  Wher e d o goal s c o m e 
from ? However ,  rathe r  tha n examinin g th e literatur e fo r  possibl e 
answer s a s I  attempte d above ,  le t  u s enumerat e an d categoriz e 
possibl e goa l  generator s i n humans .  I t  appear s tha t  th e followin g 
genera l  categorie s cove r  a  larg e range ,  i f  no t  th e entir e spac e o f 
goa l  generatofs : 
1. Internal physiological state changes 

2. Mental (e.g., emotional or attitudinal) state changes, possibly 
accompanie d by ,  o r  resultin g fro m physiologica l  stat e change s 

3. Knowledge state changes 

4. Perceptions of changes in the external world 

5. Socially imposed goals or constraints on the individual 

6. Instrumentality (i.e., goals generated purely in service of other 
goals ) 

Examining this list, several observations become readily 
apparen t 

• General coverage is indeed attained, in the sense that goals 
typicall y attribute d t o peopl e ca n b e coerce d int o a 
combinatio n o f  on e o r  mor e o f  the  categorie s above . 

• This list is of very little use in developing a process model, as it 
lack s commitmen t  t o an y line-structur e detail }  Generalit y i s 
not  th e onl y metri c on e shoul d appl y i n judgin g the  utilit y  o f  a 
theoretica l  concep t 

• The classification itself does not necessarily suggest that a 
unifor m mechanis m operate s withi n eacl i  categor y givin g ris e 
t o th e se t  o f  goal s thu s groupe d together .  Therefore ,  i f  th e 
analysi s i s  t o b e usefu l  i n constructin g a  predictive , 
psychologicall y plausible ,  proces s model ,  th e categorizatio n 
must  b e motivate d mor e strongl y b y th e processe s tha t  operat e 
i n generatin g th e classe s o f  goal s groupe d together . 

Bearing these concerns in mind, let us construct a more 
detaile d categorizatio n motivate d b y  commitmen t  t o finer-
structur e detai l  o f  the  processe s tha t  generat e goals ,  an d le t  u s 
plac e les s emphasi s o n globa l  genersUit y a t  thi s stag e o f  th e 
investigation .  I n th e taxonom y o f  goa l  generator s presente d 
below ,  th e hierarchica l  structur e i s  meaningful ,  a s  ar e th e 
suggeste d mechanisms ,  bu t  th e orde r  i n whic h th e categorie s ar e 
liste d i s quit e arbitrary . 

1 INSTRUI^ENTAUTY 

a. Direct instrumentality •• Given a higher level goal, 
subgoal s or e generate d b y th e plannin g o r  proble m solvin g 
proces s wheneve r  a  ste p i n th e pla n t o achiev e th e highe r 
leve l  goa l  i s  no t  directl y realizable ,  an d henc e require s 
additiona l  directe d planning .  Thes e goal s correspon d t o 
Schan k an d Abelson' s "delt a goals "  [IS] . 

b. Derived or indirect instrumentality -- Secondary 
goal s instrumenta l  t o th e achievemen t  primar y goal s aris e 
throug h severa l  mechanism s i n additio n o f  stric t  sut>goa l 
instrumentality ,  t o wi t 

i .  I n th e proces s o f  plannin g t o achiev e mor e tha n on e 
pnmar y goal ,  conflict s ma y aris e amon g activ e goal s o f 
th e planne r  givin g ris e t o meiagoal s [19 ]  o f  resolvin g 
th e interna l  goa l  conflic t  i n orde r  fo r  th e planne r  t o 
achiev e al l  (o r  th e mos t  crucia l  subset )  o f  hi s primar y 
goals .  Typicall y thes e conflict s ar e base d o n resourc e 
limitations ,  includin g limitation s o n th e tim e tha t  th e 
activ e planne r  ca n devot e t o a  particula r  se t  o f  tasks . 

ii. In the counterplanning process [4, 5], Instrumental 
goal s o f  assurin g tha t  a n adversar y canno t  (o r  wil l  not ) 
thwar t  a n otherwis e viabl e pla n aris e frequently .  Thes e 
are  no t  tru e subgoals ,  i n tha t  the y ma y pla y n o rol e i n 
achievin g th e primar y goal ,  bu t  rathe r  ma y b e directe d 
at  misleading ,  divertin g o r  negotiatin g wit h potentia l 
adversaries . 

Hi. Goal subsumption slates [19] arise when a primary 
goa l  recur s frequently ,  o r  man y primar y goal s shar e a 
c o m m on instrumenta l  subgoal .  I n essence ,  a 
subsumptio n stat e facilitate s th e achievemen t  o f  man y 
Instance s o f  pnmar y o r  instrumenta l  goals .  Hence ,  th e 
achievemen t  o f  a  desire d subsumptio n stat e t>ecome s a 
goa l  i n Itself .  A n Instanc e o f  a  subsumptio n stat e i s 
havin g a  stead y Income ,  thu s facilitatin g an y goal s 
requirin g money ,  an d aidin g social-statu s goal s a s well . 
Similariy ,  establishin g a n allianc e t o ai d i n futur e mutua l 
fulfillmen t  o f  differen t  primar y goals ,  o r  terminatin g a n 
adversar y relatio n ca n b e considere d subsumptio n 
goal s [5] . 

iv. Optimization of a plan, or saving mental effort while 
plannin g coul d b e construe d a s indirec t  instrumenta l 
goal s t o th e primar y objective . 

2. INTERNAL DRIVES these may be considered 
psychologicall y inat e goal s i n a n individua l 

a. Cyclic physiological drives •- these are goals 
generate d I n respons e t o interna l  physiologica l  state s tha t 
chang e wit h a  certai n periodicity .  A  cognitiv e mode l  ma y 
trea t  th e mechanis m tha t  generate s basi c drive s o f  thi s sor t 
as a  blac k box .  Schan k an d Abelso n labe l  thes e "Sigm a 
goals" .  A  partia l  enumeratio n o f  cycli c physiologica l  drive s 
includes : 

1. Satiation of hunger 
ii. Satiation of thirst 
iii. Desire for rest or sleep 
iv. Desire for sexual activity 
b. Non-cyclic physiological drives •- these occur 

primaril y i n respons e t o advers e change s i n th e 
environment ,  an d perhap s shoul d als o b e considere d a s 
blac k boxe s whe n constructin g a  cognitiv e model .  Thes e 
goal s hav e n o correlat e i n th e Schan k an d Abelso n 
taxonomy .  A  representativ e samplin g includes : 

i. Self-preservation (in response to overt threats) 
ii. Protection of one's offspring (again in response to 

over t  threats ) 
iii. Seeking warmth (if the external temperature drops) 

iv. Satisfying curiosity (e.g., in response to unexpected 
externa l  events ) 

V. Seeking companionship (in its absence) 

3. SOCIAL GOALS - These are goals that arise by virtue of 
interactio n wit h othe r  member s o f  th e species . 

a. Semi-autonomous social dynamics -- these goals 

^ e reade r  i s referre d t o (h e "Worl d Modeller' s Proiect "  (8.7 ]  lo r  a  discussio n 
ol  a  genera l  expcrimenla l  svsle m tha i  simulate s a  reactiv e environmen t  i n wtiic h 
one may bui U simpl e pUnmno system s Uu l  mus t  cop e will i  ctiaiige s i n th e 
environment .  Suc h a  syste m i s a n CKpefimoni.n l  too l  tha t  e«pcdile s researc h an d 
ihed s liyli l  o n signilican i  problem s no t  herplofor e investigate d m th e appropriat e 
coniext .  (Suc h problem s includ e th e topi c o l  thi s paper. ) 
192 

Sloman argue s convincingl y tha t  evaluatin g a  theor y b-ise d solel y o n breadt h 
ot  coverag e an d predictiv e generalit y ignoie s issue s o f  interna l  structur e an d 
coinmilnien t  l o detail ,  whic h olte n dilfcrenliat e usefu l  Iheoiic s fro m genera l  truism s 
(171 . 
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appea r  t o requir e n o explici t  learning ,  bu t  aris e onl y i f  a n 
individua l  interact s wit h othe r  member s o f  th e species . 
Again ,  thes e goal s hav e n o direc t  correlat e i n Schan k an d 
Abelson' s taxonomy .  Type s o f  semi-autonomou s socia l 
goal s include : 

i. Simple socieU ambition (e.g.. become the king of the 
hill ,  o r  th e leade r  o f  th e pack ,  o r  th e respecte d 
medicin e man ) 

ii. Property ownership, acquisition and protection from 
other s (Ther e ca n b e n o meanin g t o ownershi p withou t 
th e notio n o f  restrictin g acces s t o other s o f  th e object s 
owned. ) 

iii. Protection of others within the social group from 
externa l  threat s (Thi s clearl y goe s beyon d protectio n o f 
sel f  o r  biologica l  offspring ) 

iv. Protection of the nature and makeup of the social 
grou p itsel f  (e.g .  fro m othe r  member s o f  th e specie s 
w ho ma y pos e n o threa t  t o individual s withi n th e socia l 
group ,  bu t  pos e a  threa t  t o th e establishe d socia l  order ) 

V. Jealousy, wanting something merely because 
anothe r  memtje r  o f  th e socia l  grou p ha s acquire d i t 

vi. Avoid banishment by the social group 

b. Socially taught or imposed goals - unlike the 
previou s category ,  thes e goal s var y acros s socia l  group s 
withi n th e species ,  an d therefor e mus t  b e learne d b y 
individual s (fro m observatio n o f  mor e matur e member s o f 
th e socia l  group ,  o r  b y direc t  instruction) .  Her e I  defe r  t o 
anthropologist s o r  socia l  psychologist s t o provid e a  mor e 
comprehensiv e list ;  th e followin g i s mean t  a s a n illustrativ e 
sample : 

i. Abide by the formal and unwritten laws of the society 
ii. Live according to the ethics and morals adopted or 

impose d b y th e societ y o n th e individua l 
iii. Contribute to the communal wealth and well being 

(i n s o m e societies ) 
iv. Seek to attain those qualities that comprise a metric 

of  statu s i n th e societ y (wealth ,  power ,  respect , 
wisdom ,  notoriety ,  etc .  dependin g o n th e psulicula r 
society ) 

4 ENJOYMENT GOALS - these correspond roughly with 
Schan k an d Abelson' s " E goals" . 

a. Direct (physiological) pleasurable experience 
••  thes e goal s overia p substantiall y  wit h cycli c an d othe r 
physiologica l  Qoal s discusse d earlier ;  th e centra l 
distinctio n i s base d o n tn e circumstance s i n whic h the y 
aris e (e.g. .  th e motivatio n t o wal k int o a  ho t  tu b o r  a  stea m 
bat h dilfer s fro m th e motivatio n t o see k shelte r  i n frigi d 
weather ,  althoug h th e resultin g goa l  state s overla p i n term s 
of  th e physica l  stat e chang e sought) . 

i. Physical exertion for pleasure (as opposed to exertion 
instrumenta l  t o othe r  primar y goals) ,  suc h a s exercise , 
some form s o f  children' s play ,  etc . 

ii. Direct sensual gratification (such as eating lor 
pleasur e i n "gourmet "  dining ,  tactil e gratification ,  etc. ) 

iii. Aesthetic gratification (such as enjoying a painting, a 
sunset ,  a  concert ,  a  goo d novel ,  etc. ) 

b. Derived psychological pleasure -• satisfaction of 
most  non-trivia l  goal s yield s a  measur e o f  resultan t 
pleasure ,  bu t  som e goal s appea r  t o b e cause d b y n o 
interna l  o r  externa l  reaso n othe r  tha n experiencin g thi s 
measur e o f  indirec t  pleasure .  Fo r  Instauice : 

i. Vicarious pleasure (role playing, identification with 
character s i n movies ,  novel s o r  sportin g events ,  etc. ) 

ii. Acquisition of knowledge for Its own sake, when the 
knowledg e i s no t  instrumenta l  t o an y primar y goeils ,  no r 

i s it s presenc e a  realisti c subsumptio n stat e (e.g. , 
assorte d trivia ,  hal f  o f  th e feature s storie s i n 
newspaper s an d magazine s tha t  bea r  n o impac t  o n an y 
conceivabl e goa l  o f  th e reader ,  intellectua l  curiosity , 
etc. ) 

iii. Acquisition of objects for their own sake (For 
instance ,  mos t  stam p an d coi n collector s ar e no t 
primaril y motivate d b y th e prospec t  o f  makin g mone y 
fro m thei r  collections ,  bu t  rathe r  amassin g an d 
classifyin g thei r  preciou s object s become s a n en d i n 
itself. ) 

5. MENTALLY-DERIVED GOALS - these are goals resulting 
fro m deliberat e reasonin g processes ,  including : 

a. Goals arising from mentally deduced information (as 
oppose d t o directl y observe d information) .  Thes e goal s 
may bea r  similarit y i n conten t  wit h previou s goals ,  bu t  no t 
i n thei r  metho d o f  inceptio n (suc h a s decidin g tha t  th e 
disturbanc e i n th e campsit e coul d hav e bee n cause d b y a 
grizzl y bear ,  an d henc e activatin g th e self-preservatio n 
goal) . 

b. Goals arising from the result of purposeful reasoning 
(suc h a s decidin g o n a  particula r  caree r  t o pursu e afte r 
much thought) .  Thes e ar e no t  instrumenta l  goals ,  bu t 
ofte n long-rang e personal-objectiv e goals . 

4.  Concludin g Remar k 
The goa l  categorizatio n above ,  howeve r  imperfec t  o r 

incomplete ,  i s  offere d a s a n initia l  ste p toward s developin g 
effectiv e model s o f  th e goa l  acquisitio n process ,  an d thereb y 
eventuall y creatin g mor e complet e model s o f  huma n cognition . 
Subsequen t  t o th e postulatio n o f  a  particula r  taxonom y motivate d 
by plausibl e source s o f  th e variou s classe s o f  goals ,  I  inten d t o 
focu s o n modelin g explicitl y  a  plannin g agen t  tha t  acquire s it s  o w n 
goal s £in d refocuse s it s attentio n i n a n interrupt-drive n manner . 
Th e Worl d Modeller s projec t  offer s a n amenabl e environmen t  i n 
whic h t o creat e progressivel y mor e complex ,  cognitivel y plausibl e 
model s tha t  interac t  wit h a  simulate d environment . 
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Surpria e an d Coherence : 
SenaitiviC y t o Verba l  Huao r 
i n Kigh t  Heaiapher e Patienc e 

Joke s reflec t  oa e o f  th e mos t  intriguin g huma n 
competences .  l o thi s paper ,  w e focu a o n joke s a s 
a narrativ e for m an d examin e ho w the y ar e 
processe d b y patient s wit h 'cortica l  brai n damage . 
Thes e result s provid e empirica l  suppor t  fo r 
theoretica l  component s o f  norma l  humo r  processing . 

Joke s hav e bee n subjecte d t o considerabl e 
analysi s b y scholar s representin g severa l 
disciplines .  Despit e numerou s difference s i n 
focus ,  nearl y al l  formulaCion s abou t  joke s stres s 
th e importanc e i n humo r  o f  incongruity :  A  featur e 
or  feature s ar e surprisin g an d unexpecte d a t  on e 
level ,  bu t  follo w plausibl y whe n anothe r  leve l  o r 
dimensio n i s considere d (se e Goldstei n an d HcGhee , 
1972 ;  McGhee ,  1979 ,  fo r  reviews) .  Take ,  fo r 
example ,  th e followin g joke : 

The neighborhoo d borrowe r  approache d Mr . 
Smit h o n Sunda y afternoo n an d inquired :  "Sa y 
Smith ,  ar e yo u usin g you r  latmmowe r  thi s 
afternoon? " 

"•̂ es ,  I  am, "  Smit h replie d warily . 
The neighborhoo d borrowe r  the n answered : 

"Fine ,  the n yo u won' t  b e needin g you r  gol f 
clubs .  I'l l  jua t  borro w them. " 
Upon hearin g th e bod y o f  th e joke ,  th e listene r 

has a n expectatio n o f  wha t  wil l  follo w plausibly : 
For  example ,  th e borrowe r  wil l  b e disappointed ,  o r 
he wil l  as k t o borro w th e lawnmowe r  o n a 
subsequen t  occasion .  Th e punchlin e i s surprisin g 
at  on e leve l  precisel y becaus e i t  depart s 
radicall y fro m thes e expectation s abou t  th e norma l 
cours e o f  events .  What  convert s th e feelin g o f 
surpris e int o a  reactio n o f  humo r  i s th e fac t 
that ,  viewe d fro m a  differen t  perspective ,  th e 
punchlin e doe s follo w fro m th e premise s introduce d 
i n th e bod y o f  th e joke .  Afte r  all ,  th e borrowe r 
does en d u p askin g fo r  a  loan ,  an d th e warines s 

by th e possesso r  o f  th e lawnmowe r 
th e perfec t  pretex t  fo r  th e secon d 

displaye d 
provide s 
request . 

Thi s 
separabl e 
surpris e 

analysi s identifie s tw o potentiall y 
component s o f  jokes ,  terme d her e 

and coherence ,  tha t  ar e utilize d i n 
th e norma l  appreciatio n o f  verba l  humor .  Assumin g 
fo r  th e moment  tha t  a n individua l  ha s a n intac t 
understandin g o f  th e ordinar y meaning s an d use s o f 
language ,  h e mus t  als o posses s a  schema ,  o r  scrip t 
(cf .  Abelson ,  1981) ,  whic h cover s th e norma l 
cours e o f  event s (i n thi s case ,  a  reques t  t o 
borro w a n ite m fro m a  neighbor) .  Agains t  thi s 
background ,  th e individua l  nus t  b e abl e t o detec t 
discrepancie s fro m th e norma l  cours e (sensitivit y 
t o surprise) .  However ,  i n orde r  t o appreciat e th e 
joke ,  mer e detectio n o f  discrepanc y doe s no t 
suffice ;  th e listene r  mus t  b e abl e t o appreciat e 
th e relatio n amon g th e element s i n th e bod y o f  th e 

jok e an d kee p the m sufficientl y i n min d s o tha t  h e 
can attemp t  t o relat e the m t o th e punchlin e 
(appreciatio n o f  coherence) . 

Of  course ,  appreciatio n o f  joke s require s 
syntacti c an d lexical-semanti c skills .  I n vie w o f 
thi s account ,  tw o question s arise .  First ,  ca n 
narrativ e competence s suc h a s sensitivit y t o 
surpris e an d th e abilit y  t o generat e a  coheren t 
interpretatio n o f  th e punchlin e i n th e ligh t  o f 
th e joke' s beginnin g b e impaire d apar t  fro m othe r 
linguisti c abilities ? Second ,  ca n th e tw o 
hjrpothesize d component s o f  th e jok e narrativ e for m 
be distinguishe d empirically ? 

Patient s wit h unilatera l  righ t  hemispher e 
diseaa e provid e a  usefu l  populatio n fo r  studyin g 
thes e issues .  First ,  thes e patient s hav e 
superficiall y  intac t  syntacti c an d semanti c 
capacitie s an d so ,  unlik e aphasi c patient s wh o 
hav e damag e i n th e lef t  cerebra l  hemisphere ,  thei r 
difficultie s wit h joke s o r  othe r  form s o f 
connecte d discours e canno t  b e attribute d t o 
difficultie s i n processin g individua l  word s o r 
sentences .  Second ,  i t  ha s recentl y bee n suggeste d 
by Wapner ,  Hamby an d Gardne r  (1981 )  tha t  righ t 
hemispher e patient s ca n understan d th e detail s o f 
a stor y bu t  may hav e difficult y weavin g the m 
togethe r  int o a  singl e coheren t  interpretation . 
Accordin g t o thi s lin e o f  analysis ,  righ t 
hemispher e damage d patient s shoul d understan d th e 
detail s presente d i n th e bod y o f  a  jok e bu t  may 
demonstrat e difficult y relatin g th e punchlin e t o 
th e bod y o f  th e joke .  The y shoul d detec t  whe n a 
punchlin e i s a t  varianc e wit h th e over t  conten t  o f 
th e res t  o f  th e jok e an d ye t  may prov e unabl e t o 
fin d i n th e jok e a  secon d leve l  o f  interpretatio n 
tha t  integrate s th e punchlin e wit h th e bod y o f  th e 
joke .  Righ t  hemispher e damage ,  then ,  may 
selectivel y impai r  patients '  sensitivit y t o on e o f 
tw o vita l  component s o f  verba l  humor . 
Metho d 

To secur e informatio n o n thes e issues ,  a  jok e 
completio n tas k wa s administere d t o righ t 
hemispher e damage d strok e patient s an d t o a  se t  o f 
matche d norma l  controls .  Th e tas k require d a 
subjec t  t o liste n t o th e bod y o f  a  jok e an d the n 
t o selec t  fro m a  se t  o f  fou r  alternative s th e 
correc t  punchline . 

To illustrat e eac h o f  th e fou r  type s o f 
alternative ,  conside r  th e jok e describe d above : 
The neighborhood borrower approached Mr. 

Smit h o n Sunda y afternoo n an d inquired :  "Sa y 
Smith ,  ar e yo u usin g you r  lawnmowe r  thi s 
afternoon? " 

"Yes ,  I  am, "  Smit h replie d warily . 
The neighborhoo d borrowe r  the n answered : 
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1)  Correc c ending :  "Fine ,  Che n yo u 
won' t  b e needin g you r  gol f  clubs ,  I'l l  jus t 
borro w chem. " 

2)  Nonaequitu r  ending :  "Yo u know ,  th e 
gras s i a greene r  o n th e othe r  side. " 
Thi a latte r  ending ,  lik e th e correc t  punchline , 

include s a n elemen t  o f  surpria e -  i t  doe s no t 
follo w directl y fro o th e joke' a beginning . 
However ,  unlik e th e correc t  ending,  th e 
nonaequitu r  coul d no t  b e coherentl y integrate d 
wit h th e premise s o n a  secon d leve l  t o for m a n 
acceptabl e reaolutio n t o th e joke' s story .  Thua , 
th e choic e o f  a  nonaequitu r  endin g woul d indicat e 
a preserve d sensitivit y t o th e surpris e componen t 
of  humor ,  bu t  a n inabilit y  t o integrat e th e bod y 
of  th e jok e an d it a punchlin e int o a  coheren t 
interpretation . 

The nonaequitur a wer e divide d int o tw o groups . 
Hal f  wer e topicall y unrelate d t o th e bod y o f  th e 
joke ,  an d hal f  w«r e topicall y relate d t o th e bod y 
of  th e joke ,  including ,  fo r  inatance ,  a  wor d 
associate d wit h a n elemen t  o f  th e joke .  Of  thi s 
las t  group ,  hal f  wer e coomo n sayinga .  Th e 
nonaequitu r  above ,  fo r  ejunple ,  i a a  prover b ("Th e 
gras s i s greene r  o n th e othe r  side") ,  i n whic h 
"grass "  i n relate d t o "lawnmower" .  Neithe r  o f 
thes e factor s o f  topica l  relatednas a o r 
familiarit y a s a  prover b ha d a  significan t  effect , 
and the y wil l  no t  b e discusse d i n detail . 

3)  Straightforwar d neutra l  ending :  "D o 
you thin k I  coul d us e i t  whe n you'r e done? " 
Thi s endin g follow s directl y fro m th e joke' s 

beginning .  Th e straightforwar d ending s 
complemente d th e aonsequitur s i n tha t  the y 
preserve d a  coheren t  sens e o f  stor y bu t  provide d 
no disconfirmatio n o f  expectations ;  choic e o f  thi a 
incorrec t  endin g woul d indicat e a n inaenaitivit y 
t o th e importanc e o f  surpris e i n humor . 

4)  Straightforwar d sa d ending :  "Gee ,  i f 
onl y I  ha d enoug h money ,  I  coul d bu y a y 
own. " 
The straightforwar d sa d endings ,  lik e th e 

straightforwar d neutra l  endings ,  ar e coheren t  bu t 
provid e n o disconfirmatio n o f  expectancies ;  i n 
addition ,  the y reflec t  o o character s mentione d i n 
th e jok e i n a  aa d o r  patheti c fashion .  Choic e o f 
thi s endin g woul d indicat e no t  onl y a n 
inaenaitivit y t o th e importanc e o f  surpria e i n 
humor ,  bu t  als o a n attractio n t o negativel y tone d 
emotiona l  content . 
Result s an d Discussio n 

Dat a analysi s wa s perfonaa d i n tw o stages . 
First ,  subjects '  proportion s o f  correc t  choice s 
wer e examined .  I n thi s analysi s o f  variance , 
ther e wa s a  clea r  effec t  o f  subjec t  group ,  £  < 
.05 ;  Ch e righ t  hemispher e subject s (mea n 
proportio n correc t  •  .60 )  performe d significantl y 
wors e overal l  tha n di d th e norma l  control s (mea n 
proportio n correc t  >  .81) .  Thi s resul t  provide s a 
clea r  demonstratio n tha t  righ t  hemispher e damage , 
and possibl y brai n damag e i n general ,  result s i n a 
humor  deficit . 

I n th e secon d stag e o f  dat a analysis ,  subjects ' 
erro r  pattern s wer e examine d mor e closely .  O n an y 
trial ,  i f  a  subjec t  di d no t  choos e th e correc t  al -
ternative ,  h e migh t  hav e chose n an y o f  Ch e thre e 
incorrec t  alternative* .  Thre e separat e ANOVA's , 
whic h a s a  grou p wer e independen t  o f  th e origina l 
analysi s o f  proportio n correct ,  wer e performe d — 
one fo r  eac h erro r  type .  A  dat a poin t  i n thes e 
analyse s consiste d o f  Ch e (uobe r  o f  Cime s a 
subjec c chos e a  cerCai a Cyp e o f  endin g fro m amon g 
Che thre e incorrec t  alternatives ,  divide d b y hi s 
tota l  numbe r  o f  errors .  Neithe r  th e straightforwar d neutra l  ending s no r  th e straightforwar d sa d ending s ANOVA' s reveale d an y effect s Cha t  approache d significance ,  F  <  1. 0 fo r  bot h endin g Cypes .  However ,  analysi s o f subjects '  choic e o f  th e nonsequitu r  ending s 196 

(collapsin g acros s th e thre e subtype s o f 
nonsequitur )  showe d tha t  Ch e righ t  hemispher e 
subject s wer e significantl y mor e attracte d t o thi s 
endin g typ e (mea n proportio n o f  tota l  error s " 
.50 )  tha n wer e th e norma l  control s (mea n 
proportio n o f  tota l  error s •  .18) ,  £  <  .01 . 
Erro r  dat a fro m th e righ t  hemispher e subject s wer e 
furthe r  examine d usin g t-teat s fo r  effect s o f  th e 
thre e subtype s o f  nonsequitu r  endings .  Thes e 
test s di d no t  revea l  an y reliabl e effects , 
althoug h withi n th e associate d nonsequiturs ,  th e 
coimno n saying s wer e marginall y ( p <  .10 )  mor e 
attractiv e tha n th e unfamilia r  associates . 

I n suamary ,  ther e ar e t«r o majo r  result s o f  thi s 
experiment .  First ,  th e righ t  hemispher e patient s 
showed a  marke d disabilit y  relativ e t o contro l 
subject s i n selectin g correc t  punchlines .  Second , 
righ t  hemispher e patient s wer e clearl y mor e 
attracte d t o o r  foole d b y th e nonaequitu r  ending s 
tha n wer e th e normals .  Thi s patter n o f  result s 
support s a  mode l  o f  humo r  processin g base d o n tw o 
narrativ e skills :  th e abilit y  t o detec t  surprise , 
and th e capacit y t o establis h coherence ,  i n thes e 
caae a betwee n th e surpriain g endin g an d th e bod y 
of  Ch e joke .  Th e confusio n b y righ t  hemispher e 
patient s betwee n th e nonsequitu r  an d th e correc t 
ending s suggest s a  preservatio n o f  th e firs t 
narrativ e skil l  an d a n ia^airmen t  o f  th e second . 
The righ t  hemispher e patient s appreciat e tha t  a 
jok e mus t  en d i n a  surprise ,  an d the y recogniz e 
whic h ending s ar e surprising :  bu t  the y canno t 
establis h a  secon d leve l  o f  interpretatio n tha t 
tie s th e endin g coherentl y t o th e bod y o f  th e 
joke . 

The presen t  atud y doe s no t  establia h whethe r 
thi s impairmen t  i a th e reaul t  o f  righ t  hemispher e 
damage specifically ,  o r  o f  brai n damag e i n 
general .  Th e obviou s contro l  fo r  unilatera l  righ t 
hemiapher e diseas e -  unilatera l  lef t  hemispher e 
diseas e -  i s  o f  cours e inappropriat e becaus e o f 
th e effect s o f  aphaaia .  Similarly ,  th e stud y doe s 
not  conclusivel y demonstrat e a  dissociatio n 
betwee n narrativ e competenc e an d linguisti c 
competence ;  i t  onl y suggest s tha t  a  narrativ e 
skil l  ca n b e ii^aire d i n th e fac e o f  intac t 
linguiati c abilit y  a t  th e sentenc e level . 
Nevertheless ,  a n inabilit y  t o integrat e th e bod y 
of  a  jok e an d it a endin g int o a  coheren t 
interpretatio n i a conaisten t  wit h earlie r  claim a 
(cf .  Wapne r  e t  al. ,  1981 )  tha t  righ t  hemispher e 
patient s exhibi t  a n inabilit y  t o integrat e conten t 
acroa a part e o f  a  narrativ e unit . 
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Languag e dominanc e an d gestur e han d preference s 

Oebra Stephens 
The Universit y o f  Chicag o 

(Cognitiv e Scienc e Societ y sponsor :  Davi d McNeill ) 

I n general ,  adult s gestur e onl y whe n speaking , 
and wit h on e han d mor e tha n wit h th e othe r  (Ki -
mura ,  1973a .  b ;  McNeil l  &  Levy ,  1982 ;  Sousa-Poza , 
Rohrber g S  Mercure ,  1979) .  <imur a (1973a )  ob -
serve d th e han d motion s o f  right-hande d adult s 
durin g speech ,  nonverba l  vocalizatio n (humtiing) , 
and durin g th e silen t  performanc e o f  a  verba l  an d 
a nonverba l  task .  A  subject' s hand s wer e empt y 
throughou t  a  session .  Sh e foun d tha t  mos t  o f  th e 
hand movement s wer e classifiabl e eithe r  a s self -
touchin g (e.g. ,  pushin g bac k hair ,  adjustin g ey e 
glasses )  o r  a s "fre e movements—an y motio n o f  th e 
lim b whic h di d no t  resul t  i n touchin g o f  th e bod y 
or  comin g t o res t  (p .  46). "  Self-touchin g occurre d 
frequentl y durin g al l  activities ,  whil e fre e move -
ment s (whic h w e shal l  hence-fort h cal l  gestures ) 
wer e limite d almos t  exclusivel y t o th e speakin g 
condition .  Moreover ,  subject s displaye d n o han d 
preferenc e i n self-touching ,  bu t  a  right-han d 
predominanc e i n gesturing . 

Kimura (1973b) recorded gestures of both 
right-an d left-hander s durin g spontaneou s speech . 
A subjec t  wa s classifie d a s sinistra l  o r  dextra l 
i f  h e o r  sh e wrot e an d performe d a t  leas t  si x o f 
seve n othe r  comno n activitie s (e.g. ,  combinin g 
hair ,  strikin g a  match )  wit h th e give n hand . 
Languag e dominanc e wa s inferre d fro m left -  o r 
right-ea r  superiorit y i n th e perceptio n o f  word s 
presente d i n a  dichoti c listenin g task .  Right -
hander s wit h inferre d lef t  hemispher e language , 
as wel l  a s left-hander s wit h inferre d righ t  lan -
guage ,  gesture d primaril y wit h th e dominan t  hand , 
whic h i s opposit e an d presumabl y controlle d b y th e 
hemispher e dominan t  fo r  speech .  Sinistral s wit h 
inferre d lef t  hemispher e languag e gesture d abou t 
equall y ofte n wit h eithe r  hand .  Sinc e al l  th e 
left-hander s demonstrate d a  stron g lef t  han d pre -
ferenc e i n performin g othe r  activities ,  th e dif -
ferenc e betwee n th e tw o group s may reflec t  discre -
pant  organizatio n o f  expressiv e languag e functions , 
wit h greate r  bilatera l  representatio n i n th e 
subject s wh o displaye d n o han d preferenc e i n ges -
turing .  Althoug h th e dichoti c tes t  indicate s lef t 
dominanc e i n thi s group ,  i t  is ,  a s Kimur a point s 
out ,  primaril y a  perceptua l  task ;  an d studie s o f 
brain-damage d population s sugges t  tha t  left-hander s 
ar e mor e likel y tha n right-hander s t o hav e dif -
fusel y organize d languag e function s (e.g. ,  Hecae n 
& Piercy ,  1956 ;  Marcie ,  1972 ;  Milner ,  Branc h & 
Rasmussen,  1964) . 
Our own preliminary observations largely con-
fir m Kimura' s findings .  We videotape d eac h o f  2 3 
adult s narratin g a n animate d cartoo n h e o r  sh e ha d 
jus t  seen ,  t o a  listene r  wh o ha d no t  viewe d it . 
Si x subject s wer e participant s i n a  stud y b y Mc -
Neil l  an d Lev y (1982) ,  th e primar y purpos e o f 
whic h wa s no t  t o examin e han d preferenc e i n 
gesturing ,  bu t  t o illuminat e th e way s tha t  speec h 
and variou s type s o f  gesture s represen t  th e speak -
er' s conceptua l  structures .  Fou r  o f  th e si x sub -
ject s i n tha t  investigatio n reporte d later ,  b y 
telephone ,  tha t  the y writ e an d perfor m othe r  common 
activitie s wit h th e righ t  hand ,  an d th e othe r  tw o 
wer e self-reporte d left-handers .  Subsequentl y w e 
analyze d th e gesture s o f  a n additiona l  si x dextral s 
and 1 1 sinistral s narratin g th e sam e cartoon .  We 
require d eac h o f  thes e 1 7 subject s no t  onl y t o repor t  hi s o r  he r  preferre d han d fo r  performin g 

nin e common activitie s (e.g. ,  brushin g teeth , 
eatin g wit h a  spoon) ,  bu t  als o t o pantomim e eac h 
action ,  an d t o writ e a  shor t  phrase .  We classifie d 
a subjec t  a s right -  o r  left-hande d o n th e basi s o f 
th e han d preferre d fo r  writing .  Al l  1 7 subject s 
reporte d tha t  the y alway s writ e wit h th e sam e hand . 
I n mor e tha n 99! 8 o f  th e cases ,  reporte d han d pre -
ferenc e fo r  th e othe r  nin e task s matche d th e han d 
use d i n pantomiming .  Right -  an d left-han d prefer -
ence s o n a  tas k wer e score d respectivel y a s 1  an d 
-1 ,  an d th e absenc e o f  a  preferenc e receive d a 
zero .  Thu s a n overal l  scor e o f  9  indicate s stron g 
dextrality ,  an d a  - 9 maximu m sinistrality . 
The subjects were also administered a ques-
tionnair e regardin g th e handednes s o f  ifrmediat e 
famil y member s (parents ,  grandparent s an d sib -
lings) .  Eac h wa s assigne d a n inde x o f  familia l 
sinistrality ,  whic h w e compute d usin g th e metho d 
describe d b y Lev y an d Rei d (1978 ,  p .  135) .  Ever y 
left-hande d o r  ambidextrou s paren t  o r  siblin g wa s 
weighte d a s 1 ,  an d eac h left-hande d o r  ambidextrou s 
grandparen t  wa s assigne d a  weigh t  o f  .5 .  Th e 
weight s wer e totale d an d divide d b y th e numbe r  o f 
famil y member s whos e handednes s th e subjec t 
reported .  Thi s inde x di d no t  correlat e wit h ges -
tur e han d preference ,  o r  wit h th e measur e o f 
genera l  han d preference . 
We classifed almost every gesture (i.e., more 
tha n 80% )  o f  eac h subjec t  eithe r  a s "iconic "  o r  a s 
a "beat "  i n accordanc e wit h th e criteri a devise d b y 
McNeil l  an d Levy .  A n iconi c gestur e i s on e whic h 
"seem s t o bea r  a  forma l  similarit y t o som e aspec t 
of  th e situatio n describe d b y th e accompanyin g 
speec h (p .  272). "  Fo r  example ,  mos t  o f  ou r  sub -
ject s accompanie d a  descriptio n o f  a  ca t  climbin g 
up a  drainpip e wit h a  gradua l  upwar d motio n o f  on e 
hand .  I n thi s cas e bot h speec h an d gestur e de -
scrib e th e directio n o f  th e cat' s movement .  A 
beat ,  o n th e othe r  hand ,  i s "smal l  an d formless , 
ofte n quickl y mad e (p .  273). "  I t  show s n o relatio n 
t o th e speec h conten t  bu t  i s associate d wit h th e 
discours e structure .  Tw o line s o f  argumen t  le d 
us t o suspec t  tha t  iconic s i n particula r  woul d b e 
generate d b y th e speech-dominan t  hemisphere ,  whil e 
beat s migh t  b e produce d b y either .  First ,  th e 
forme r  ar e intimatel y tie d t o speec h content ,  whil e 
th e latte r  ar e not .  McNeil l  an d Lev y postulat e 
tha t  i n fac t  a n iconi c gestur e an d th e accompanyin g 
utteranc e emerg e fro m a  common conceptua l  repre -
sentation .  Second ,  iconic s involv e sequence s o f 
movements ,  whil e beat s ar e discret e motions . 
Kimur a an d Archibal d (1974 )  foun d tha t  a  grou p o f 
aphasic s wa s impaire d i n performin g manua l  sequen -
ces ,  bu t  no t  o n task s requirin g singl e motions . 
Beat s ar e no t  onl y simpl e an d largel y devoi d o f 
content ,  bu t  insofa r  a s the y ar e associate d wit h 
discours e structure ,  ar e connecte d t o a  functio n 
tha t  may involv e th e whol e brai n performin g i n a n 
integrate d manner .  Thi s i s becaus e discours e 
plannin g include s a n interrelatio n o f  globa l  an d 
sequentia l  plannin g whic h coul d dra w o n th e specia l 
skill s  o f  bot h side s o f  th e brain . 
Shown in Table 1 is the index of general hand 
preference ,  fo r  th e 1 7 subject s fro m who m thes e 
dat a wer e obtained .  I n addition ,  fo r  eac h o f  th e 
23 subjects .  Tabl e 1  display s th e numbe r  o f  surfac e 
grammatica l  clause s i n th e narration .  We defin e a 197 



claus e a s an y linguisti c uni t  containin g precisel y 
one subjec t  an d predicate ,  eithe r  o f  whic h migh t 
not  b e explicitl y  stated ,  bu t  inferre d fro m con -
text .  Finally ,  th e number s o f  iconic s an d beat s 
performe d wit h th e left ,  right ,  an d bot h hands , 
respectively ,  ar e presented .  A s show n i n Tabl e 1 , 
seve n o f  ou r  te n dextral s mad e iconi c gesture s 
primaril y wit h th e righ t  han d o r  wit h bot h hands , 
and muc h les s frequentl y wit h th e lef t  han d alone . 
Two o f  th e othe r  thre e performe d iconic s wit h th e 
righ t  han d almos t  exclusively ,  whil e th e remainin g 
right-hande r  showe d a  predominanc e o f  left-hande d 
iconics .  Th e patter n fo r  beat s i s mor e compli -
cated :  fiv e subject s sho w a  righ t  han d preference , 
fou r  a  left-han d one ,  an d on e performe d mostl y two -
hande d beats . 

As Table 1 indicates, three of the 13 sinis-
tral s produce d mor e iconic s wit h th e righ t  hand , 
tha n wit h th e lef t  o r  both .  Fou r  performe d a 
greate r  numbe r  o f  two-hande d tha n left -  o r  right -
hande d iconics,-an d th e remainin g si x left-hander s 
displaye d a  lef t  han d preference .  Mos t  sinistra l 
individual s showe d th e sam e preferenc e i n makin g 
beats ,  a s i n producin g iconics ,  thoug h th e number s 
of  beat s ar e rathe r  smal l  i n man y cases . 

For tasks other than gesturing, all right-
hander s receive d score s indicatin g stron g dextra -
lity .  Th e variatio n i n th e score s fo r  left-hander s 
prompte d u s t o comput e th e correlatio n betwee n 
thi s inde x an d th e respectiv e percentage s o f  left- . 
right -  an d two-hande d iconic s an d beats ,  fo r  thi s 
grou p alone .  A s th e han d preferenc e scor e de -
creases ,  signifyin g a n increas e i n strengt h o f 
lef t  han d preference ,  th e percentag e o f  left -
hande d iconic s rise s ( r  =  -.67 ,  d f  =  11 ,  p<.05) , 
and th e percentag e o f  two-hande d iconic s decrease s 
( r  =  .64 ,  d f  =  11 ,  p<.05) .  N o significan t  corre -
lation s wer e foun d fo r  beats . 

For each subject, we divided the total number 
of  iconics ,  th e tota l  numbe r  o f  beats ,  an d th e su m 
of  both ,  b y th e numbe r  o f  clause s i n th e narration , 
thu s obtainin g measure s o f  th e rat e a t  whic h th e 
tw o type s o f  gesture s wer e produced ,  separatel y 
and i n combination .  Right -  an d left-hander s pro -
duce d iconic s a t  abou t  th e sam e rate ,  bu t  th e 
forme r  performed ,  o n th e average ,  on e bea t  fo r 
ever y fou r  clauses ,  whil e th e latte r  mad e on e 
beat  fo r  ever y si x clauses . 
We also wished to determine if hand prefer-
enc e fo r  iconic s wa s associate d wit h aspect s o f 
th e gesture s themselves .  First ,  w e checke d t o se e 
i f  directio n o f  latera l  motio n varie d wit h gestur e 
hand .  Mos t  subject s use d th e lef t  an d righ t 
hand s abou t  equall y ofte n t o gestur e eithe r  t o th e 
lef t  o r  t o th e right .  Interestingly ,  though , 
subject s usuall y reproduce d action s i n th e direc -
tio n the y wer e performe d i n th e cartoon ,  fro m th e 
watcher' s perspective .  Thu s a  gestur e depictin g 
a ca t  runnin g t o th e subject' s righ t  wa s likel y 
t o involv e a  rightwar d han d motion . 
Second, we searched for systematic differences 
i n th e meaning s o f  Iconic s performe d wit h th e 
preferre d versu s th e non-preferre d hand .  Her e w e 
note d whethe r  th e actio n depicte d i n th e gestur e 
was tha t  o f  a  majo r  o r  mino r  character ,  an d i f 
major ,  whethe r  th e activ e pursue r  (th e cat )  o r  th e 
pursue d ( a bird) .  We hypothesize d tha t  th e pre -
ferre d gestur e han d woul d portra y th e cat' s 
actions ,  an d tha t  th e othe r  han d woul d depic t  thos e 
of  th e bir d an d o f  th e mino r  characters .  However , 
eithe r  han d wa s equall y likel y t o describ e th e 
actions  o f  an y character . 

I n addition ,  w e examine d th e speec h accom -

panyin g iconi c gesture s o f  th e preferre d an d non -
preferre d hands .  We suspecte d tha t  iconic s 
produce d b y th e non-preferre d han d migh t  appea r 
wit h dependen t  clauses ,  passives ,  an d informatio n 
not  centra l  t o th e narrative ;  whil e th e preferre d 
hand woul d perfor m iconic s accompanyin g independen t 
clauses ,  activ e verb s an d statement s abou t  Impor -
tan t  event s i n th e story .  Agai n w e uncovere d n o 
systemati c variations . 
Two major findings thus emerge from our 
observation s o f  th e productio n o f  iconic s an d 
beats .  First ,  i n dextrals ,  preferentia l  gesturin g 
wit h th e righ t  han d consistentl y occur s fo r 
iconics ,  whic h ar e ver y closel y associate d wit h 
speec h content ,  bu t  no t  fo r  beats ,  whic h bea r  n o 
forma l  relatio n t o wha t  i s bein g said .  Thi s resul t 
I s consisten t  wit h th e findin g o f  Sousa-Poz a e t  al . 
(1979) ,  tha t  2 5 o f  2 8 right-hande d male s displaye d 
a righ t  han d preferenc e i n producin g "representa -
tional "  gestures ,  bu t  n o asymmetr y fo r  "non-repre -
sentational "  ones .  Sinc e iconi c gestures ,  a s 
mentione d previously ,  involv e moto r  sequences , 
whereas  beat s ar e discret e movements ,  i t  i s  pos -
sibl e tha t  th e dominan t  han d perform s mor e iconic s 
tha n th e non-dominant ,  simpl y becaus e i t  possesse s 
greate r  moto r  skill ;  bu t  a  contributio n o f  speec h 
lateralit y canno t  b e rule d ou t  o n th e basi s o f 
thes e data . 
Second, for our sinistrals, strength of hand 
preferenc e o n othe r  task s correlate s wit h han d 
asymnetr y i n th e productio n o f  iconic s bu t  no t  o f 
beats .  Th e fac t  tha t  man y o f  Kimura' s stron g 
left-hander s exhibite d n o gestur e han d preferenc e 
i s impossibl e t o evaluat e withou t  knowledg e o f 
what  type s o f  gesture s he r  subject s produced . 
We are now conducting an experiment to deter-
min e th e strengt h o f  associatio n betwee n eac h o f 
severa l  indice s o f  handednes s a s wel l  a s languag e 
dominance ,  an d han d preferenc e i n th e productio n 
of  iconic s an d beats .  T o elici t  larg e nunber s o f 
bot h type s o f  gesture ,  w e requir e eac h subjec t  t o 
vie w a  feature-lengt h film ,  whic h h e the n narrate s 
t o a  listene r  wh o ha s no t  see n it .  Tw o measure s 
of  dominanc e fo r  receptiv e languag e function— a 
readin g tes t  develope d b y Lev y an d Reid ,  an d a 
dichoti c listenin g task—ar e administere d t o th e 
narrators . 
Unfortunately, we know of no non-intrusive 
measur e o f  th e lateralizatio n o f  expressiv e speech . 
For  mos t  right-hander s w e ca n safel y assum e tha t 
th e lef t  hemispher e i s dominant ,  an d ha s primar y 
contro l  o f  th e righ t  hand .  However ,  w e canno t 
make th e sam e assumption s concernin g eithe r  hemis -
pher e i n sinistrals .  Lev y an d Rei d suggeste d tha t 
left-hander s wh o writ e wit h a n inverte d postur e 
(wit h th e han d abov e th e lin e o f  writing )  contro l 
fin e movement s o f  th e writin g han d vi a ipsilatera l 
moto r  pathway s (p .  136) .  Smit h an d Moscovitc h 
(1979 )  foun d som e suppor t  fo r  thi s theory ,  bu t  i t 
has no t  bee n establishe d a s fact .  Therefore ,  w e 
canno t  sa y whic h hemispher e control s th e preferre d 
gestur e han d i n a  lef t  inverter . 

Despite these unresolved issues, we can 
ascertai n whic h han d probabl y i s controlle d b y th e 
speec h dominan t  hemispher e i n th e performanc e o f 
at  leas t  som e activities .  Numerou s researcher s 
hav e foun d tha t  i f  a  right-hande d subjec t  i s 
require d t o ta p a  ke y wit h on e finge r  o r  hand ,  i n 
isolatio n an d concurrentl y wit h speaking ,  th e 
righ t  hand ,  bu t  no t  th e left ,  show s a  decremen t 
i n tappin g rat e whe n th e subjec t  i s  speakin g (e.g. , 
Kinsbourn e &  Cook ,  1971 ;  Loma s &  Kimura ,  1976 ; 
McFarlan d &  Ashton ,  1975 ;  se e Kinsbourn e &  Hicks , 
1978 ,  fo r  a  review) .  Kinsbourn e an d Hick s (1978 ) 
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interprete d thi s resul t  t o indicat e tha t  th e speec h 
cente r  o r  a  nearb y are a als o control s th e righ t 
han d i n it s  performanc e o f  th e manua l  activity ,  an d 
when a  limite d are a subserve s tw o competin g func -
t ions ,  a  decremen t  wil l  b e observe d i n th e perfor -
mance o f  a t  leas t  on e activity .  I n ou r  study , 
subject s ar e require d t o ta p silentl y an d whe n 
readin g alou d fo r  comprehension .  Hellig e an d 
Longstret h (1981 )  foun d tha t  fo r  dextrals ,  readin g 
concurren t  wit h unimanua l  tappin g produce s a 
greate r  decremen t  i n righ t  han d tha n i n lef t  han d 
tappin g rate ,  an d tha t  th e maxima l  rat e reductio n 
occur s whe n subject s rea d alou d wit h th e expecta -
tio n o f  a  comprehensio n tes t  afterward . 
Finally, we assess the hand preference of 
eac h subjec t  i n th e performanc e o f  a  numbe r  o f 
conrio n tasks ,  an d measur e hi s skil l  o n a  peg -
movin g tes t  whic h involve s sequencin g o f  han d an d 
ar m movement s (Annett ,  1970) . 
One observer will classify every gesture, and 
a secon d on e wil l  classif y th e gesture s occurrin g 
durin g a  brie f  segmen t  o f  eac h filmin g session , 
s o tha t  reliabilit y ma y b e computed .  Han d pre -
ferenc e i n th e productio n o f  eac h typ e o f  gestur e 
wil l  b e correlate d wit h th e indice s o f  languag e 
dominanc e an d genera l  han d preferenc e an d skil l . 
Result s wil l  b e availabl e b y th e tim e o f  th e 
conference . 

Table 1 
Gesture hand predominance in relation to handedness 
and strengt h o f  genera l  han d preferenc e 
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Introductio n 
You ar e walkin g i n th e stree t  an d 

hea r  a  sentenc e "Pau l  didn' t  want..." . 
As yo u neithe r  kno w wh o i s Pau l  no r  th e 
perso n talking ,  yo u ca n hardl y gras p th e 
proble m i n it s complexity .  Yet ,  yo u hav e 
sufficien t  metapsychologica l  knowledg e 
on wanting ,  huma n relations ,  etc.. .  t o 
hav e som e ide a abou t  th e meanin g o f  th e 
sentence .  Tha t  is ,  instea d o f  explici t 
relevan t  knowledge ,  yo u hav e normall y 
sufficien t  taci t  knowledg e t o fulfil l 
th e minima l  requirement s o f  understanding . 

The controvers y regardin g th e ubiquit y 
of  th e penetration s o f  knowledg e int o 
menta l  function s continue s t o flouris h 
i n cognitiv e psycholog y (se e fo r  instanc e 
Pylyshyn ,  1981) .  Th e questio n migh t  b e 
crucia l  t o som e extent ,  fo r  w e ar e al l 
intuitivel y tempte d t o believ e tha t  word s 
hav e mentall y encode d independen t  mean -
ing s tha t  ar e reactivate d o n eac h occurr -
enc e o f  a  wor d -  an d w e sometime s hav e 
an impressio n o f  bein g abl e t o underg o 
a linguistic ,  knowledge-independen t 
comprehension .  Th e troubl e i s that ,  i n 
norma l  conditions ,  th e us e o f  taci t 
knowledg e i n th e meaning-makin g act s i s 
so indissociabl e fro m knowledge-indepen -
den t  contribution s tha t  i t  i s  impenetra -
bl e t o ou r  insights ,  and ,  unti l  present , 
unisolatabl e i n experimenta l  designs . 
The finding s fro m psycholinguisti c 
laboratorie s tha t  wer e believe d t o pro -
vid e evidenc e fo r  th e consultin g partici -
patio n o f  knowledg e i n th e ac t  o f  under -
standin g (e.g .  th e finding s o n inferent -
ia l  intrusions )  coul d alway s b e inter -
prete d eithe r  a s compatibl e wit h a n 
alternativ e hypothesi s o f  post-under -
standin g facultativ e contribution s o r  a s 
limite d t o th e particula r  experimenta l 
setting s fro m whic h thes e finding s hav e 
arisen . 

I n th e presen t  discussio n w e shal l 
conside r  a  two-stag e mode l  o f  understand -

in g languag e i n whic h w e assum e tha t 
relate d pre-existin g knowledg e i s 
necessaril y  consulted .  Ou r  argument s wil l 
be mostl y base d o n finding s stemmin g fro m 
studie s o n languag e comprehensio n i n 
aphasia .  Th e mos t  salien t  characteristi c 
of  aphasi c disorder s i s a  defici t  (resul -
tin g fro m a  brai n damage )  i n th e ex -
pressio n an d comprehensio n o f  language . 
Such a  defici t  i s  no t  equivalen t  t o a 
unifor m decreas e o f  linguisti c perfor -
mance:  ofte n aphasi c patient s suffe r  fro m 
a discret e impairmen t  o f  a  functionall y 
distinc t  par t  o f  th e languag e mechanism . 
As Saffra n (1982 )  stated :  "I t  i s  no t 
unusua l  t o fin d tha t  som e aspect s o f 
languag e functio n hav e bee n severel y dis -
rupted ,  whil e other s remai n relativel y 
intact .  (... )  When subsystem s tha t  nor -
mall y operat e i n concer t  brea k dow n 
independently ,  i t  become s possibl e t o 
investigat e th e residua l  system s i n 
isolation .  I n som e cases ,  th e investiga -
to r  ca n exploi t  specifi c  functiona l 
deficit s t o contro l  processe s tha t  may b e 
difficul t  t o manipulat e unde r  norma l  con -
ditions" -  Th e analysi s o f  thes e selectiv e 
disturbance s coul d lea d u s t o identif y th e 
aspect s o f  languag e tha t  ar e subserve d b y 
functionall y distinc t  mechanisms .  Aphasi c 
disorder s migh t  stand ,  therefore ,  fo r  som e 
sor t  o f  natura l  "pseudo-experimentation " 
as the y allo w u s t o observ e functiona l 
dissociation s i n th e languag e mechanis m 
whic h ar e unconceivabl e i n th e psycho -
logica l  laboratories .  Wit h referenc e t o 
our  topic ,  cognitiv e neuropsycholog y 
offer s th e possibilit y  o f  dissociatin g 
taci t  knowledg e contribution s fro m 
knowledge-independen t  contribution s t o th e 
understandin g o f  language .  We shal l  refe r 
hencefort h t o an y contribution s o f 
knowledg e b y usin g th e broade r  ter m -
knowledg e constraints . 
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Two stage s o f  comprehension :  fro m 
pre-unde r  stan d in s t o menta l  scenari o 

I n term s o f  naiv e rationalis m ther e 
i s a  simpl e correspondenc e betwee n \/ord s 
and sentenc e meanings .  Th e meanin g o f  a 
sentenc e i s a  functio n o f  particula r 
meaning s o f  word s an d thei r  structura l 
arrangements .  However ,  i t  i s  eas y t o 
demonstrat e tha t  ther e i s n o direc t 
lexica l  basi s fo r  interpretin g a  sentenc e 
of  th e kin d "ca n yo u giv e me th e salt " 
(se e Deloch e an d Andreewsky ,  1981) ,  an d 
we al l  kno w simpl e example s showin g tha t 
th e meanin g o f  a  wor d ca n considerabl y 
diffe r  a s a  functio n o f  th e contex t  i n 
whic h th e wor d i s use d (se e Bransfor d an d 
McCarrell ,  1974) .  Winogra d (1980 )  call s 
thi s parado x -  th e hevmeneuti c circle : 
you hav e t o understan d word s i n orde r  t o 
understan d a  sentenc e bu t  i n orde r  t o 
understan d word s yo u mus t  understan d th e 
sentence .  Th e hermeneuti c circl e i s 
intrinsicall y linke d t o lexical-semanti c 
approac h t o comprehension .  A s lon g a s yo u 
believ e tha t  word s hav e mentall y encode d 
independen t  an d stationar y meanings ,  an d 
th e meanin g o f  a  sentenc e i s a  combina -
tio n o f  particula r  lexica l  meanings ,  th e 
hermeneuti c circl e may preven t  yo u fro m 
accessin g an y furthe r  understandin g o f 
comprehension . 

It seems worthwhile to distinguish two 
stage s i n th e proces s o f  understandin g 
(bu t  w e mak e n o clai m a s t o exclusivenes s 
of  thes e tw o stages) .  Th e firs t  stag e 
involve s a n introductor y pre-processin g 
of  a  sentenc e (se e als o Flore s an d 
Winograd ,  1981) .  Thi s pre-processin g 
appear s t o b e twofold : 

-  structura l  analysi s o f  a  sentenc e i s 
done .  Thi s analysi s lead s th e syste m t o 
detec t  an d syntacticall y disambiguat e th e 
key-word s o f  a  sentence ,  an d globall y t o 
extrac t  structural-relationa l  informatio n 
concernin g th e actua l  "stat e o f  affairs" -

-  a s a  consequenc e o f  detectin g key -
words ,  relate d knowledg e constraint s ca n 
be selected .  Th e selectio n o f  knowledg e 
constraint s entail s pre-understanding . 
(Bu t  not e that,accordin g t o th e presen t 
approach ,  word s ar e considere d onl y a s 
abstrac t  clue s guidin g th e selectio n 
process )  . 

The secon d stag e o f  processin g lead s 
t o a  menta l  representatio n o f  th e sentenc e 
content .  Thi s representatio n may b e con -
ceptualize d a s a  scenari o tha t  yo u pu t  o n 
you r  menta l  stage .  Her e th e informatio n 
i s n o longe r  linguisti c (no r  semantic) , 
rathe r  a  menta l  scenari o represent s event s 
or  situation s describe d i n sentence s an d 
constraine d b y you r  knowledge .  Tw o com -
plementar y procedure s appea r  t o b e in -
volve d i n creatin g an d stagin g a  menta l 
scenario . 

The selectio n o f  relate d knowledg e 
constraint s allow s th e syste m t o releas e 
appropriat e knowledge-base d routine s 
whic h ca n promptl y structur e a  scenari o 
of  th e event .  Thei r  mai n advantag e lie s 
i n th e fac t  tha t  the y allo w systemati c 
processin g o f  ever y ite m o f  informatio n 
t o b e avoided .  Thi s reduce s th e process -
in g loa d o n th e cognitiv e system ,  and , 
as a  consequence ,  increase s it s capaci -
ty .  Routine s base d o n knowledg e const -
raint s cannot ,  however ,  supplan t  sys -
temati c processin g o f  actua l  an d 
specifi c  aspect s o f  situations . 
Castin g actor s fo r  th e part s the y reall y 
pla y i n a n even t  (e.g .  agent ,  recipient) , 
situatin g a n even t  i n tim e an d spac e 
(e.g .  past ,  present,future,precedence , 
simultaneity) ,  settin g u p eac h relevan t 
relatio n (o n time ,  space ,  causality , 
instrumentality) ,  al l  thi s require s 
systemati c processin g (base d i n par t  o n 
structural-relationa l  informatio n 
stemmin g fro m th e pre-processin g stage ) 
tha t  follow s strictl y determine d rule s 
(se e Rosentha l  an d Bisiacchi ,  1982) . 
I n short ,  systemati c processin g i s 
responsibl e fo r  th e precis e an d actua l 
"stat e o f  affairs "  an d assume s th e 
rol e o f  cognitiv e control s preventin g 
fro m a n over-applicatio n o f  knowledge . 
Thes e control s ca n sometime s b e 
ineffective ,  a s i n th e cas e o f  som e 
common misunderstanding s o r  a s i n 
certai n artificia l  experimenta l  task s 
yieldin g knowledge-base d intrusions . 
For  instance ,  i f  yo u presen t  a  subjec t 
wit h a  lis t  o f  sentence s suc h as :  "Th e 
woman slippe d i n th e staircase "  an d 
the n tes t  hi m fo r  th e immediat e recall , 
i t  i s  ver y likel y tha t  yo u wil l  notic e 
severa l  reproduction s o f  th e sor t  : 
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"Th e woman fel l  i n th e staircase " 
(Rosenthal ,  1981) . 

Two stages of comprehension in the light 
of  neuropsychologica l  investigation s 
-evidenc e fo r  pre-processin g 

Let  u s suppos e th e feasibilit y  o f 
limitin g ou r  comprehensio n t o th e outcom e 
of  th e pre-processin g stage .  I f  presente d 
wit h a  sentence ,  w e woul d hav e th e im -
pressio n o f  knowin g somethin g abou t  th e 
meanin g o f  th e sentence ,  bu t  woul d b e 
unabl e t o spel l  i t  ou t  accurately .  Thi s 
situatio n i s reminiscen t  o f  tw o experi -
menta l  findings . 

I n no w classica l  experiment s o n sub -
limina l  perceptio n (o r  patter n masking ) 
of  individua l  words ,  subject s ar e ofte n 
foun d t o b e unabl e t o repor t  wha t  the y 
saw,  bu t  i f  the y ar e presente d subsequen -
tl y wit h a  lis t  o f  possibl e lexica l 
alternatives ,  the y ar e eithe r  capabl e o f 
recognizin g th e stimulu s o r  abl e t o poin t 
t o a  semanticall y relate d word .  I n som e 
conditions ,  the y produc e error s whic h 
bea r  a  strikin g relationshi p t o th e 
stimulu s bu t  littl e othe r  similarit y 
(e.g .  "king "  fo r  queen ,  "red "  fo r  yellow ; 
see Dixon ,  1971) .  Tha t  is ,  th e sublimina l 
presentatio n o f  a  wor d appear s t o las t 
lon g enoug h fo r  selectin g a  relate d 
knowledg e constrain t  bu t  t o b e to o brie f 
fo r  retainin g th e morphologica l  patter n 
of  th e word . 

I n languag e pathology ,  simila r  fin -
ding s hav e bee n reporte d wit h respec t  t o 
th e case s o f  dee p dyslexia .  A  dee p dys -
lexi c patien t  canno t  rea d nonsens e word s 
and read s functio n word s (prepositions , 
conjunctions ,  e tc . . )  ver y poorly . 
The readin g o f  conten t  word s appear s t o 
be bette r  preserve d wit h a  clea r  super -
iorit y o f  concret e noun s ove r  th e 
abstrac t  ones ,  bu t  a  patien t  ofte n pro -
duce s semanti c error s like :  "crocodile " 
instea d o f  aligatOV ,  "church "  instea d o f 
cathedra l  (se e Marshal l  an d Newcombe , 
1966 ;  Colthear t  e t  al. ,  1980) .  I n th e 
las t  fe w years ,  severa l  case s o f  th e 
auditor y analogu e o f  dee p dyslexi a hav e 
bee n discovere d (Goldblum ,  1979) .  I n 
repeatin g words ,  a  dee p dysphasi c 
patien t  perform s i n a  wa y directl y com -
parabl e t o th e wa y a  dee p dyslexi c per -
form s i n reading .  I t  ha s bee n note d that , 
i n suc h a  patient ,  th e probabilit y  o f 
producin g semanti c error s i s inversel y 
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relate d t o th e typicalit y o f  a  wor d 
(Goldblum ,  persona l  communication) . 
Clearly ,  thes e patient s ar e impaire d i n 
th e abilit y  t o retai n th e perceptua l 
(visua l  o r  auditory )  patter n o f  a  wor d 
but  ar e abl e t o perfor m th e pre-process -
in g leadin g t o th e selectio n o f  a  relate d 
knowledg e constraint .  Accessin g knowledg e 
afford s pre-understanding ,  but ,  sinc e th e 
lexica l  for m i s n o longe r  available ,  a 
patien t  aske d t o reproduc e th e wor d woul d 
hav e n o choic e bu t  t o re-creat e it .  Henc e 
th e factor s suc h a s abstractness ,  typi -
cality ,  o r  numbe r  o f  synonym s shoul d b e 
relativel y accurat e predictor s o f  th e 
subject' s performance . 

Evidenc e fo r  structura l  pre-processin g 
arise s fro m a  stud y b y Andreewsk y an d 
Sero n (1975) .  The y examine d th e abilit y 
of  a n agrammati c patien t  t o rea d senten -
ce s aloud .  Th e wor d ca T i n Frenc h ca n b e 
eithe r  a  nou n o r  a  conjunction .  Th e pa -
tien t  presente d wit h th e sentence : 
"L e ca r  ralenti t  ca r  l e moteu r  chauffe " 
(Th e bu s slow s dow n becaus e th e moto r 
overheats )  rea d "ca r  ralenti t  moteu r 
chauffe" .  Tha t  is ,  h e wa s clearl y abl e 
t o utte r  ca r  sinc e h e produce d th e firs t 
car .  I n addition ,  whe n th e secon d ca r 
(conjunction )  wa s replace d b y a n unam -
biguou s nou n whic h h e wa s abl e t o rea d 
fe w minute s before ,  th e patien t  rea d th e 
sentenc e a s i n th e exampl e above . 
Implicitly ,  hi s selectiv e abilit y  t o 
rea d word s wa s determine d b y a  struc -
tura l  analysi s o f  th e sentence .  I n gene -
ral ,  studie s o n agrammati c patient s 
forc e u s t o distinguis h th e abilit y  t o 
perfor m syntacti c analyse s o f  a  sentenc e 
and th e abilit y  t o us e som e o f  thi s 
structura l  informatio n a s clue s fo r 

understandin g (se e Saffran ,  1982) . 
I n term s o f  th e above-describe d model , 
thi s distinctio n cover s th e structura l 
pre-processin g an d th e applicatio n o f 
systemati c processe s durin g th e stagin g 
of  a  menta l  scenario . 

- evidence for knowledge-based routines 
and systemati c processes . 

We hav e see n i n th e precedin g sectio n 
tha t  agrammati c aphasic s ar e abl e t o 
perfor m structura l  pre-processin g an d 
t o acces s relate d knowledg e constraints . 
I t  i s  ou r  impressio n tha t  thei r  impair -
ment  ha s t o b e attribute d t o th e repre -
sentationa l  stage ,  tha t  i s  -  agrammati c 



patient s preserv e th e capacit y o f  usin g 
knowledge-base d routine s bu t  ofte n canno t 
perfor m systemati c processin g (Rosentha l 
and Bisiacchi ,  1982) .  Henc e thei r  com -
prehensio n i s mor e relate d t o thei r 
knowledg e o f  th e worl d tha n t o th e actua l 
stat e o f  affairs .  I n matchin g sentence s 
t o pictures ,  agrammati c patient s perfor m 
on th e basi s o f  th e "standardnes s o f 
situations "  irrespectiv e o f  th e precis e 
characteristic s o f  th e situatio n descri -
bed (Caramazz a an d Zurif ,  1976 ;  Deloch e 
and Seron ,  1981) .  Provide d wit h rever -
sibl e sentence s the y assig n role s t o 
actor s accordin g t o greate r  plausibility . 
When th e role s ar e interchange d violat -
in g pragmati c habit s (i.e .  Th e patien t 
take s car e o f  th e doctor )  agrammati c 
aphasic s appl y a  normativ e strateg y 
invertin g th e S- 0 relation .  O n th e othe r 
hand ,  presente d wit h sentence s uncon -
straine d b y th e pragmati c knowledg e 
(e.g .  Th e circl e i s abov e th e square ) 
the y perfor m o n th e chanc e level . 

Posterio r  Wernicke' s aphasic s sho w 
an opposit e tendenc y i n comprehension . 
They ar e insensitiv e t o th e "standard -
nes s o f  situations "  (ofte n mismatchin g 
both ,  sentence s tha t  describ e od d event s 
and thos e tha t  describ e highl y plausibl e 
events ;  se e Deloch e an d Seron ,  1981 )  an d 
incline d t o over-rel y o n structura l 
informatio n (vo n Stockert ,  1972) .  Thi s 
suggest s tha t  posterio r  aphasic s coul d 
be limite d i n thei r  abilit y  t o us e 
knowledge-base d routine s bu t  retai n 
th e abilit y  t o appl y systemati c processes . 
I t  shoul d b e recalle d tha t  routine s 
affor d th e possibilit y  o f  avoidin g 
systemati c processin g o f  ever y bi t  o f 
informatio n an d thu s increas e th e pro -
cessin g capacit y o f  th e system .  I f 
actually ,  posterio r  aphasic s suffe r 
fro m lo w availabilit y  o f  routine s w e 
may predic t  tha t  thei r  processin g capa -
cit y shoul d b e overal l  reduced .  We 
examine d thi s predictio n i n a n experimen t 
usin g riddle s compose d o f  tw o descriptors . 
The informatio n containe d i n bot h des -
criptor s wa s necessar y t o identif y th e 
intende d item .  Posterio r  aphasics , 
provide d wit h a  multipl e choic e array , 
performe d poorl y o n thi s task .  Mos t  o f 
thei r  error s wer e response s base d o n 
onl y on e descripto r  (Rosentha l  an d 
Bisiacchi ,  1982) . 

*  * 
* 

I n short ,  th e reporte d finding s wit h 
aphasi c subject s provid e a t  leas t  part -
ia l  suppor t  fo r  th e two-stag e mode l  o f 
languag e comprehension ,  an d illustrat e 
some possibl e contribution s o f  cognitiv e 
neuropsycholog y t o adjacen t  arts . 
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A Unifie d Theor y o f 

Cognitiv e Referenc e Frame s 
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The ter m referenc e frame  i s use d i n a  wid e 
variet y o f  studie s t o describ e a  remarkabl y 
divers e se t  o f  phenomen a i n th e fiel d o f  Human 
Cognition .  N o unifie d theor y exists .  Thi s 
pape r  elaborate s suc h a  theor y an d applie s i t 
t o a  numbe r  o f  example s i n th e followin g mai n 
areas :  (1 )  Categorizatio n an d Prototypicalit y 
(2)Visua l  Shape  Perception ;  (3 )  Auditor y 
Reference ;  (4)Motio n Perception ;  (5)Linguisti c 
Deixis . 

Cognition as the modeling of logical processes 
I n a  length y stud y o f  perceptua l  organ -

izatio n (Leyton ,  1974) ,  I  conclude d tha t 
perceptio n i s a n attemp t  t o represen t  th e worl d 
as a  se t  o f  logica l  languages .  An y suc h 
languag e consist s o f  fou r  component s (S,F,A,P ) 

S= a  se t  o f  primitiv e symbol s 
F= a  se t  o f  rule s o f  formatio n 
A= a  se t  o f  axiom s 
P= a  se t  o f  rule s o f  procedur e 

Essentially ,  th e rule s P  ar e applie d t o th e 
axiom s A  t o produc e a  furthe r  se t  o f  formation s 
whic h ar e calle d theorems .  I  argue d tha t 
perceptio n attempt s t o distinguis h i n an y 
environmen t  a n axio m se t  o f  stimulu s formation s 
and deriv e th e othe r  stimul i  a s theorem s 
generate d fro m A ,  vi a perceptua l  operation s P . 
I  argue d furthe r  tha t  becaus e a  logica l  languag e 
i s equivalen t  t o a  machin e (Minsky ,  1972) , 
perceptio n i s inherentl y a n attemp t  t o giv e a 
machine-lik e (o r  computational )  accoun t  o f  th e 
environment .  Becaus e i t  seeme d t o me tha t 
perception ,  a s a  descriptiv e mechanism , 
exhibited ,  i n th e abov e respects ,  genera l 
propertie s o f  al l  descriptiv e processes ,  I 
argue d tha t  al l  informatio n o r  descriptio n i s 
inherentl y a  computationa l  account . 

Althoug h my argumen t  i n Leyto n (1974 )  use d 
purel y cognitiv e evidence ,  i n Leyto n (198la&b), I 
arrive d a t  th e sam e conclusio n usin g 
theoretical-biologica l  an d statistical-mechanica l 
arguments :  Perceptua l  mechanism s wer e develope d 
t o identify ,  i n th e environment ,  machine s t o 
whic h th e organis m coul d coupl e itsel f  t o 
extrac t  work .  Thus ,  i n claimin g tha t  al l 
perceptio n i s th e descriptio n o f  machine s (o r 
computationa l  processes) ,  I  wa s claimin g tha t 
al l  perceptio n i s inherentl y th e identificatio n 
of  availabl e work .  Th e presen t  pape r  elaborate s 
thi s vie w furthe r  an d show s ho w i t  explain s 
cognitiv e referenc e phenomena . 

Machines as the basis of description. 
Essentially ,  an y machin e M ( a state-outpu t 

machine )  ca n b e describe d a s 
fQ= a  se t  o f  state s (i.e .  a  state-space ) 

M» '  P = a  se t  o f  input s 
.a n actio n o f  th e inpu t  se t  o n th e state s 

The input s ca n thu s b e viewe d a s trans -
formation s causin g state-transitions . 

I  clai m tha t  al l  descriptio n (includin g 
perception )  i s a n attemp t  t o characteriz e classe s 
of  stimul i  a s state-space s o f  machines .  Thus , 
i n particular ,  I  argu e tha t  th e propertie s o f 
any singl e stimulu s ar e spli t  int o tw o classe s 
(1 )  thos e propertie s denotin g state ,  (2 )  thos e 20A 

denotin g th e objec t  whic h i s undergoin g th e 
stat e (e.g .  a  fallin g rock) .  Thu s w e have : 
Preliminar y definitio n A  descriptio n o f  a 

stimulu s se t  S ,  i s a  map fro m th e state -
spac e o f  a  machin e ont o S ;  tha t  is ,  a  ma p 

D:  Q  •'(5,0 ) 

fo r  som e machin e M=(Q,P) . 

(The empty set 0 is included because S might 
not  yeil d th e entir e state-space) . 

Example Consider a hexagon. There are 12 
transformation s (rotation s an d reflections ) 
whic h map i t  t o itself :  e ,  r^^ ,  r-̂ ^̂ ,  r^g^ ,  r^^^ , 

*'"240 '  *''300 -'̂ 300 '  * •  "̂̂ 60 *  "^120 *  '"̂ ISO ' 
wher e e  =  n o transformatio n (th e identit y map ) 

r  =  rotatio n b y n  degree s 
t  =  reflectio n 

I n th e abov e vie w o f  description,(1 )  th e side s 
ar e perceive d a s th e state s o f  a  machine ,  an d 
(2 )  th e state-transition s therefor e becom e th e 
abov e 1 2 transformations .  Al l  twelv e transition s 
map an y on e sid e t o som e otHe r  side ,  o r  t o 
itself .  Th e resultin g diagra m I s exactl y th e 
state-transitio n diagra m o f  th e associate d 
finite-stat e machine .  Fo r  clarity .  Fi g 1 
present s onl y a  par t  o f  th e diagram .  Mos t  o f 
th e 7 2 perceive d connection s ar e omitted . 
The mean1n<p of reference. 

I  clai m tha t  a  viabl e unifie d theor y o f 
referenc e frame s I s obtaine d i f  on e assume s 

c s 

e. 
\  I 

Fi g 1 .  A  state-spac e descriptio n o f  a  hexago n 
that the brain identifies certain states as 
initia l  ones ;  tha t  is .  the y ar e viewe d a s 
pre-inpu t  o r  axiomatic .  Th e importan t  resul t 
is :  Becaus e al l  othe r  state s ar e the n obtaine d 
by applyin g th e inpu t  operations ,  P ,  eac h stat e 
i s identifiabl e b y th e operatio n whic h produce d 
it .  Thu s th e machin e descriptio n o f  a  hexago n 
i s reduce d simpl y t o viewin g on e edge ,  e.g .  th e 
to p edge )  a s a  startin g poin t  an d viewin g th e 
other s eac h a s equivalen t  t o onl y th e operation s 
whic h obtaine d the m fro m th e top .  I n 
consequence ,  th e othe r  side s ar e referre d bac k 



t o th e to p on e (Fi g 2 ) .  ( I  propose d thi s vie w o f 
reference ,  i n mathematical-logica l  terms ,  i n 
Leyton ,  1974) . 

We therefor e hav e a  revise d versio n o f  wha t 
a descriptio n is .  I t  i s  a  map fro m th e input s 
(o r  state-transitions )  ont o th e stimulu s set . 
Thus th e individua l  stimul i  ar e describe d a s 
follows :  'thi s stimulu s i s wha t  I  obtaine d afte r 
I  applie d suc h an d suc h a n ac t  t o th e initia l 
one' . 

nic h i s referre d t o a  non-rotate d one : 

/ 

^J2 0 nor . 

*5C 0 

§ 4 0 ^ ^ — ^ 7 2 0 

Fig 2. An input description of a hexagon 

Group or input descriptions. 
The syste m o f  state-transition s (o r  inputs ) 

of  a  machin e obey s a  se t  o f  condition s whic h 
defin e i t  t o b e wha t  iriathematician s cal l  a 
semigroup .  We wil l  assum e th e existenc e o f  a n 
extr a conditio n (eac h inpu t  ha s a n invers e 
input )  whic h make s th e syste m wha t  i s calle d a 
group .  Th e assumptio n i s psychologicall y 
importan t  becaus e i t  allow s th e object/stat e 
splittin g o f  th e stimulu s properties . 

Thus th e inpu t  se t  ca n b e viewe d a s a  grou p 
of  state-transitio n functions ,  o r  a n inpu t  grou p 
actin g o n S .  Bu t  ou r  theor y o f  referenc e state s 
tha t  al l  descriptio n i s th e identificatio n o f 
stimul i  wit h member s o f  th e inpu t  group .  Thu s 
we argu e tha t  al l  descriptio n i s o f  thi s form : 

Definition: A description of a stimulus set S 
i s th e map o f  th e inpu t  grou p G ,  o f  a 
machine,ont o S ;  i n fac t  th e map 

PG •(S.O) 
for some machine M=(Q,G) 
Therefore, because reference acts with respect 

t o th e pre-inpu t  o r  non-transforme d state , 
i t  act s her e wit h respec t  t o th e non -
transformatio n elemen t  (th e 'identity '  element ) 
whic h e^er y grou p contains . 

The structure of reference. 
I n th e usua l  referenc e situation ,  th e 

state-spac e i s multidimensional ;  tha t  is ,  i t 
i s  th e produc t  o f  severa l  one-dimensiona l 
component  groups .  I n thi s cas e referenc e act s 
not  jus t  wit h respec t  t o th e identit y elemen t 
of  th e entir e grou p bu t  wit h respec t  t o th e 
identit y element s o f  eac h o f  th e 1-dimensiona l 
component  groups .  I n fact ,  I  foun d (Leyton , 
i n preparation )  tha t  referenc e act s 
successivel y acros s th e components .  Fo r 
example :  a  rotate d parallelogra m 

whic h i s referre d t o a  straightene d one , 
i.e .  a  rectangle : 

whic h i s referre d t o th e non-elongate d versio n 
1.e .  a  square : 

I n th e referenc e proces s above ,  th e min d 
firs t  eliminate s th e grou p o f  rotations,i.e . 
refer s bac k t o th e identit y o f  th e rotatio n 
group ,  the n i t  eliminate s th e grou p o f  shears , 
i.e .  refer s bac k t o th e identit y o f  th e shea r 
group ,  an d finall y eliminate s th e grou p o f 
elongation s i.e .  refer s bac k t o th e identit y o f 
th e elongatio n group .  I n fact ,  I  hav e show n 
(Leyton ,  1982 ;  Leyton ,  i n preparation )  tha t 
th e orderin g i n whic h eliminatio n occur s i s 
tha t  o f  th e perceive d increasin g stabilit y 
of  th e successiv e grou p dimension s i.e .  inputs . 

The abov e rotatio n i s perceive d a s les s stabl e 
tha n th e shear ,  whic h i s perceive d a s les s 
stabl e tha n th e elongatio n 

We thu s conclude : 
Referenc e involve s th e mappin g o f  a n inpu t 

grou p o f  a  machin e t o a  stimulu s se t  suc h that ~ 
th e member s o f  th e se t  becom e viewe d a s a 

enerate d spac e o f  states ,  identifiabl e wit h th i 

f 

f 

nput s tha t  obtaine d them .  Th e referenc e 
rqces s successivel y factor s ou t  th e 
-dimensiona l  componen t  group s (o r  machines ) 

i n orde r  correspondin g t o thei r  increasing " 
perceive d stability .  Th e referenc e poin t  i n 
eac h dimensio n i s th e grou p identit y elemen t 
(i.e .  givin g th e pre-inpu t  state) . 

APPLICATIONS 

1. Protypicalit y an d reference . 
Rosch (.1975 )  ha s propose d tha t  natura l 

categorie s -  suc h a s colors ,  line -
orientation s an d number s -  hav e referenc e 
poin t  stimul i  -  suc h a s foca l  colors , 
vertica l  an d horizonta l  lines,an d numbe r 
multiple s o f  1 0 -  wit h respec t  t o whic h othe r 
catergor y member s ar e judged .  Fo r  example , 
pin k i s reference d t o red ,  a  leanin g objec t  t o 
th e vertical ,  an d 9 9 t o th e numbe r  100 .  Th e 
revers e reference s d o no t  happen . 

Usin g th e abov e theor y o f  descriptions , 
I  clai m tha t  : 
A prototype is a stimulus which is labeled 

by th e identit y elemen t  o f  th e associated " 
itipu t  group . 

It is for this reason, for example, that a 
giraff e i s judge d a s a n anima l  wit h a  lon g 
neck ,  wherea s th e nec k o f  a  mor e prototypica l 
animal ,  suc h a s a  dog ,  i s no t  eve n mentioned . 
I n ou r  theory ,  th e giraff e i s viewe d a s 
needin g a  transformatio n t o b e obtaine d (i n 
fac t  bein g equivalen t  t o tha t  transformation ) 
wherea s a  do g i s not ,  i.e .  th e do g i s a t  th e 
initia l  (axiomatic ,  pre-input )  stat e o f  th e 
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associate d dynamica l  system .  Agai n 9 9 I s 
obtaine d b y movin g 1  dow n fro m TOO (i.e . 
applyin g th e subtractio n transformation ) 
wherea s IQ O i s obtaine d b y 'jus t  stayin g 
there' . 

2. Shape perception 

2. 1 Shap e an d orientatio n 
As i s no w wel l  documented ,  th e perceptio n 

of  shap e depend s o n th e assigmen t  o f 
orientatio n CRock ,  1973 )  A  famou s exampl e 
(Fi g 3 )  i s th e perceive d differenc e betwee n a 
squar e an d a  diamond ,  whic h depend s o n ho w th e 
perceive r  place s a  referenc e coordinat e syste m 
ove r  th e sam e underlyin g figure . 

o 

o 
o 

. o 
0 

. o 

Fi g 3 .  Assigne d directio n effectin g perceive d 
shape . 

Leyto n (1974 ,  1978 )  an d Palme r  (1981 ) 
hav e independentl y propose d a  theor y o f  shap e 
perception ,  i n term s o f  th e interna l  symnetr y 
transformations .  However ,  whil e thei r  vie w 
account s fo r  severa l  importan t  effects ,  i t  i s 
clea r  tha t  i t  doe s no t  accoun t  fo r  th e effect s 
of  orientatio n o n for m perception .  I  clai m 
tha t  th e presen t  vie w does ,  becaus e i t  map s 
th e inpu t  grou p directl y dow n ont o th e stimuli , 
thu s identifyin g th e stimul i  totall y b y th e 
transformation s (i.e .  inputs )  whic h obtai n 
them .  (Not e tha t  interna l  synmetrle s allo w a 
rang e o f  alternativ e symmetricall y relate d 
description s whic h d o no t  violat e interpret -
ation. )  Thu s a  definit e elemen t  (o r  rang e o f 
elements )  ha s necessaril y  t o b e identifie d a s 
th e startin g poin t  o f  th e associate d machine . 
Furthermore ,  specifi c  subset s hav e definitel y 
t o b e identifie d wit h specifi c  componen t 
1-dimensiona l  groups .  A  chang e o f  interpret -
atio n o f  a  figur e the n become s a n alteratio n i n 
th e element s whic h perceptio n allow s t o b e 
labele d b y th e identit y input ,  o r  a n alteratio n 
i n th e subset s whic h receiv e th e componen t 
groups ,  o r  a  tota l  chang e o f  group .  Fo r 
exafi5)le,th e mai n perceive d axia l  structur e o f  a 
squar e implie s tha t  i t  i s  interpretabl e a s 
generate d foo m initia l  part s suc h a s thos e i n 
Fi g 4 . 

However ,  th e mai n perceive d axe s o f  a  diamon d 
impl y tha t  amongs t  th e allowabl e generator s 
ar e th e stimul i  i n Fi g 5 .  Thu s Interpretation s 
chang e wit h th e se t  o f  allowabl e generators . 

Fi g 5  Allowabl e generator s o f  a  diamond . 

2. 2 What  i s shape ? 
A shap e i s a n interactio n betwee n tw o 

stat e spaces :  It s Interna l  stat e soac e 
(e.g .  th e inpu t  descriptio n o f  th e hexagon , 
give n i n Fi g 2 )  an d it s externa l  stat e 
space ;  i.e .  wha t  th e figur e ca n d o (e.g . 
rotate) .  We hav e see n tha t  a  squar e an d a 
diamon d ar e distinguishe d b y th e mapping s o f 
thei r  interna l  inpu t  groups .  However ,  I  clai m 
tha t  the y ar e distinguishe d als o 
betwee n thei r  externa l  inpu t  groups .  Fo r  a 
square ,  th e mor e stabl e inpu t  grou p Include s 
th e stat e transition s i n Fi g 6 .  However , 
fo r  a  diamond .  I t  Include s mor e stabl y th e 
stat e transition s i n Fi g 7 .  Squashin g acros s 
th e corner s i s no t  allowe d stabl y fo r  th e 
square .  I  hav e identifie d (Leyton ,  I n 
preparation )  tha t  a n importan t  aspec t  o f  th e 
interactio n o f  th e interna l  (symmetry )  stat e 
spac e an d th e externa l  on e i s tha t  th e axe s 
of  symmetr y i n th e forme r  becom e identifie d 
as th e axe s o f  flexibilit y  o f  th e latte r 
(i.e .  becom e th e l-dimens1ona 1 componen t 
group s i n th e latter) . 

Fig e Allowabl e externa l  input s o f  th e squar e 

o 

Fi g 4  Allowabl e generator s o f  a  square . 
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Fi g 7  Allowabl e externa l  input s o f  th e diamon d 

I n thei r  externa l  descriptions ,  figure s 
ar e als o clearl y identifie d a s particula r 
members o f  a  stat e transitio n group ,  becaus e 
referenc e als o exist s wit h respec t  t o th e 
Initia l  point .  Fo r  example .  Wise r  (1981 ) 
foun d tha t  eve n i f  object s suc h a s tha t  i n 
Fi g 8  wer e presente d i n a  non-vertica l 
orientation ,  the y wer e nevertheles s recognize d 
faste r  whe n presente d agai n i n th e vertica l 
orientatio n tha n i n th e initia l  one .  Thu s 
her  result s sho w tha t  (1 )  th e stimulu s 
propertie s ar e clearl y partitione d Int o thos e 
denotin g stat e an d thos e denotin g th e objec t 



Fi g 8  Fro m Wise r  (1981 ) 

undergoing the state and (2) that the state is 
i n fac t  identifie d a s a  transformatio n wit h 
respec t  t o a  referen t  initia l  state . 

2.3 Pattern goodness 
The relatio n o f  goodnes s t o referenc e 

take s tw o importan t  forms :  Typ e 1 ,  wher e a 
patter n suc h a s Fi g 9  i s judge d a s les s good , 
and i s reference d to ,  it s  complete d version ; 
and Typ e 2 ,  wher e a  patter n suc h a s Fi g 1 0 i s 
judge d a s les s good ,  an d i s reference d t o it s 
non-deforme d version ,  a  square . 

V 
Fi g 9 Fi g 1 0 

Our  theor y explain s th e tw o phenomen a thus : 
Type 1 :  Th e goodnes s ratin g i n Fi g 9  i s 
clearl y base d o n th e fac t  tha t  th e side s ar e 
perceive d a s needin g mor e inpu t  transform -
ations .  Tha t  is ,  th e entir e machin e ha s no t 
been given .  Tha t  is ,  a  large r  se t  o f  interna l 
input s i s assume d fo r  th e figure .  Thus , 
patter n goodness,i n thi s case ,  i s evaluate d b y 
th e rati o 

t- 1 
r 

i.e .  th e proportio n o f  th e interna l  inpu t 
grou p G  use d i n th e descriptio n map ,  p . 
Type 2 :  Th e goodnes s ratin g i n Fi g 1 0 i s 
clearl y base d o n th e positionin g o f  th e 
figur e i n a n externa l  spac e o f  input s (i.e .  o f 
deformations )  an d referencin g 1 t  t o a n 
identit y o r  pre-inpu t  elemen t  (whic h w e hav e 
shown,  constitute s th e prototype) . 

We emphasize :  Typ e 1  goodnes s verifie s 
our  postulatio n o f  a n interna l  inpu t  group , 
and Typ e 2  goodnes s verifie s ou r  postulatio n 
of  a n externa l  inpu t  group . 
2.4 The Marr/Nishihara Shape Description Theory. 

Marr  an d Nishihar a (1978 )  claime d tha t 
th e perceptua l  descriptio n o f  shap e (e.g .  th e 
*ap e o f  animals )  i s give n b y viewin g th e 
figur e a s a  concatenatio n o f  approximatel y 
cylindrica l  module s (Fi g 11 )  wit h specifi c 
relativ e width s an d length s (Fi g 12) .  Thes e 
ar e obtaine d b y assignin g a  collectio n o f 
object-centere d loca l  referenc e frame s (axes ) 
t o th e part s o f  th e stimulu s configuration . 
The relationshi p betwee n th e frame s i s give n 
by th e coordinat e syste m (p,r,9, i  .((,s )  wher e 
symbol s ar e a s show n i n Fi g 13 .  B y applyin g 
our  theory ,  w e se e tha t  eac h o f  th e figure s i n 
th e Marr/Nishihar a pape r  describe s on e o f  th e 
point s i n a n inpu t  space .  Th e generatio n o f 
a modul e (Fi g 11 )  b y translatin g a  circl e 
throug h spac e alon g a n axi s an d b y varyin g th e 
diamete r  i s th e perceptio n o f  externa l  input s 
t o th e circle .  (Not e tha t  the y becom e interna l 
input s o f  th e module) .  Th e relativ e positio n 
of  on e modul e t o another ,  a s describe d b y thei r 
coordinat e syste m (Fi g 13) ,  i s  clearl y a  stat e 

-space ,  wher e th e modul e positionin g i s 
essentially  a  stat e unde r  th e associate d grou p 
of  transformation s alon g thes e parameter s 
e.g .  lowerin g arm s lengthin g legs ,  wavin g 

Fi g n  Generatin g a 
vase .  Fi g 1 2 A n ape . 

A 

Fi g 1 3 Th e Marr/Nishihar a coordinate s fo r 
relatin g tw o module s (Afte r  Mar r  & 
Nishihara ,  1978) . 

the hand, nodding the head, etc). Thus the 
figur e i s a  poin t  i n th e multidimensiona l 
grou p inpu t  spac e describe d b y th e inter -
action s an d shape s o f  th e modules .  Th e 
referenc e point s i n thi s spac e woul d b e th e 
prototypica l  animal s an d prototypica l 
position s identifie d b y th e theor y an d 
technique s o f  Rosc h (1978) .  Recal l  als o tha t 
we claime d tha t  a n Importan t  interactio n 
betwee n th e interna l  an d externa l  group s i s 
tha t  th e invarian t  axe s o f  th e forme r  becom e 
th e componen t  group s (direction s o f  action ) 
of  th e latter .  Thi s i s clearl y evidence d i n 
th e Marr/Nishihar a description :  th e centra l 
axi s o f  a  modul e i.e .  th e invarian t  lin e unde r 
Interna l  rotatio n o f  th e module ,  become s th e 
directio n alon g whic h i t  ca n b e stretched . 
3. Audition 
3.  Autitor y Stream s 

Auditor y input ,  e.g .  a  rapi d sequenc e o f 
tone s i s segregate d perceptuall y int o wha t 
Bregman an d Campbell(1971 )  call ,  'primar y 
auditor y streams' .  Thes e stream s ar e grouping s 
or  frame s an d an y ton e ca n b e allocate d t o 
onl y on e o f  them . 

Our  theor y o f  th e situatio n i s a s follows : 
Bregman (1981 )  himsel f  argue d tha t  a n auditor y 
strea m correspond s t o th e objec t  i n visua l 
perception .  Leyto n (1974 )  describe d th e group -
theoreti c an d logica l  languag e structur e o f 
music .  I n particular ,  h e showe d tha t  musica l 
transpositio n (change )  o f  pitc h i s modele d b y 
a group .  Thi s grou p allow s th e tone s o f  a 
melod y t o b e perceive d a s a  singl e ton e 
(object )  Bein g move d int o differen t  state s 
unde r  a n inpu t  group .  Therefore ,  th e 
segregatio n o f  auditor y stimul i  int o stream s 
is ,  i n ou r  view ,  th e descriptio n o f  th e latte r 
as a  disjoin t  se t  o f  machines . 
3.2 Musical Reference to the tonic. 

I f  my hypothesi s i s correc t  tha t  a 
stimulu s become s identifie d no t  jus t  a s a 
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stat e o f  a n objec t  bu t  a s th e operatio n (i n a n 
inpu t  group )  whic h achieve s tha t  state ,  the n 
ther e mus t  b e a  stimulu s whic h i s labele d a s 
th e identit y elemen t  o f  th e group .  Thi s 
conjectur e i s ampl y evidence d b y music :  th e 
referenc e poin t  i s  calle d th e tonic . 
4. Relative motion 

An exampl e T ? th e following :  When a 
rectangula r  fram e (Fi g 14 )  i s move d relativ e 
t o a n observer ,  an d a  poin t  insid e th e fram e 
i s fixe d relativ e t o th e observer ,  th e poin t 

(1 )  Cognitio n i s th e attemp t  t o mode l  th e 
environmen t  a s a  unio n o f  machines . 

(2 )  A  referenc e fram e a s a  machin e wit h 
initia l  condition s defined . 

(3 )  Referencin g a  stimulu s i s th e proces s o f 
(i )  decidin g o n a n object/stat e spli t 

of  it s  propertie s 
and(ii)identifyin g th e stat e propertie s 

wit h th e inpu t  neede d t o obtai n 
th e stimulu s fro m th e initia l 
condition s o f  th e associate d 
machin e 

The substantiatio n o f  thi s vie w o f  referenc e 
corroborate s als o ou r  proposa l  tha t 
descriptio n i s a  mappin g o f  a n inpu t  grou p 
of  a  machine ,  ont o a  stimulu s set . 

Fi g 1 4 Th e induce d motio n effec t 

is nevertheless perceived to be the moving 
objec t  (e.g .  Rock ,  1975) .  Ou r  theor y 
describe s th e abov e i n thi s way :  th e se t  o f 
possibl e velocitie s clearl y define s th e 
relevan t  stat e spac e (whic h i s two-Jmensional) . 
However ,  th e referenc e judgemen t  enter s whe n 
one identifie s eac h velocit y wit h th e 
transformatio n whic h obtain s i t  fro m th e zer o 
velocity ,  i.e .  i t  i s  perceive d a s a n increas e 
(o r  decrease )  o f  spee d b y a  certai n amount . 
Thi s allow s i t  t o b e reference d bac k t o th e 
'0 '  o r  identit y elemen t  o f  th e inpu t  group . 
The latte r  elemen t  i s the n assigne d t o 
perceptuall y th e mos t  stabl e objec t  i n th e 
field ,  i.e .  th e rectangula r  frame . 
5. Linguistic deixis 

Deixi s (Buhler ,  1934 )  i s a  ter m use d t o 
denot e thos e linguisti c aspect s whic h locat e 
or  poin t  t o th e objec t  o f  speech ;  e.g .  'here ; 
'there' ,  'this' ,  'that' ,  'then' .  Buhle r 
claime d tha t  thes e aspect s creat e a 
coordinat e system ,  centere d o n th e referen t 
(Fi g 15) . ^ > 

Fi g 1 5 Th e deicti c fiel d 

The theory, which I have proposed, 
appear s t o mode l  Buhler' s concept .  Th e 
deicti c fiel d clearl y i s a  dynamica l  vie w 
of  th e spac e centere d a t  th e origin .  "Pu t  th e 
book i n fron t  o f  my chair "  mean s "On e ca n 
fin d th e plac e t o pu t  th e boo k b y inputin g 
a translatio n forwar d fro m my chair' s 
location" .  Thus ,  th e coordinat e syste m (FiglS ) 
i s -  a s I  beliv e al l  coordinat e system s ar e 

labele d b y th e interna l  input s (i.e . 
transformations )  whic h mov e locatio n wit h 
respec t  t o th e origi n an d axes .  When a n 
individua l  give s th e pointin g gesture ,  'there' , 
he i s literall y translatin g th e deicti c 
inpu t  grou p fro m himsel f  t o anothe r  point , 
suc h tha t  th e axe s ar e properl y aligned .  A s 
wit h th e gravitationa l  frame ,  thes e axe s ar e 
representation s o f  th e 1-dimensiona l 
componen t  group s o f  th e interna l  inpu t  group ; 
i.e .  the y giv e discret e label s fo r  movement , 
not  fo r  physica l  packet s o f  stimuli . 
General conclusions. 

The abov e present s a  large-scal e vie w o f 
cognition .  Th e vie w i s corroborate d b y th e 
s&vera l  example s considered .  I n particular , 
th e example s confir m th e followin g principle s 
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KNOWING.  UNDEHSTANDING,  AND BELIEVIN G 

Yutaka Sayakl 
universit y o f  Toky o 

1.  Learnin g an d Knoiriii g Ho m 

"Learning" in the ordinary sense siaply iaplies 
th e acquisItlo n o f  knowledge ,  o r  th e chang e i n th e 
stat e o f  knowledge .  However ,  psychologist s hav e 
bee n afrai d o f  bein g aake d b y sceptics ,  "Ho w d o 
yo u kno w tha t  yois :  subjec t  ha s change d hi s o r  he r 
stat e o f  knowledge? "  Thei r  avowe d answe r  f o U o m t 
"Tro m th e subjecx' s behavio r  na y w e Infe r  hi s o r 
her  stat e o f  knowledge. "  Tltu 3 Bowe r  an d Hllgar d 
(1981 )  define I 
"Learning refers to the change In a subject's 

behavio r  o r  behavla r  potentia l  t o a  give n 
situatio n brough t  abou t  b y "  (p.11 ) 

However, if we stick with our ordinary notion of 
learning ,  the n " T learned "  slnpl y Implie s tha t  X 
has com e t o kno w something , 

B\it then we oust face with a fundaaental problea 
i n epistaaolog y o n th e distinctio n betwee n 
knowin g ho w an d knowin g that .  Thi s distinctio n 
has bee n introduce d b y Wlnogra d (1975) ,  an d 
Ruaelhar t  an d Noma n (l98l )  i n relatio n t o th e 
controvers y o n th e rspcesentatio n o f  knowledge , 
i.e. ,  procedura l  vs .  declarativ e repreeMtations . 
Howev^ ,  th e origina l  distinctio n betwee n knowin g 
how an d knowin g tha t  wa s o n th e natur e o f 
knowledg e itself ,  rathe r  tha n o n it s reinresentatlm ) 
(Ryle ,  19'*9) .  m othe r  words ,  I f  w e focu a upo n 
th e kin d o f  knowledg e ehaxaeteorise d b y th e subject' s 
perforaanc e approachin g t o a  certai n criterion , 
the n w e ar e priaarll y  concerne d wit h subject' s 
knowin g how ,  rathe r  tha n knowin g that .  On th e 
othe r  hand .  I f  w e focu s upo n th e othe r  kin d o f 
knowledg e characterize d b y th e subject' s belie f 
i n th e trut K o f  a  proposition ,  the n w e ar e 
concerne d wit h hi s knowin g that . 

Although Byle ori^lnarT aade the basic 
distinction ,  h e wa s prinarU y concerne d wit h 
knowin g how .  H e specifie d th e subject' s 
Intellectua l  dispositio n b y hi s potentia l  tendenc y 
of  behavio r  t o ac t  properl y an d correctl y unde r 
th e give n situation ,  no t  a s a  resul t  o f  siapl e 
habit ,  bu t  a s a  resul t  o f  deliberat e 
consideration .  Thu s th e stat e o f  subject' s 
knowledg e tha t  traditiona l  psychologist s hav e 
bee n concerne d wit h seea s t o correspon d t o Byle' s 
definitio n o f  "knowin g how "  exclusively . 

2. Understanding and Knowing That 
The nature of "knowing that" has been extensively 

analyze d b y Schoffle r  (1965) .  Accordin g t o 
Scheffler ,  X  know s tha t  Q.  i f  an d onl y I f 

(i) Belief conditiont X believes that Q, 
(2 )  Evidenc e condition ;  X  ha s adequat e 

evidenc e tha t  Q , 
(3 )  Trut h condition } 4. 

(Hare ,  th e thir d conditio n l a purel y 
episteaologlcal ,  an d wil l  no t  b e discusse d i n 
th e presen t  paper, ) 

Petrls (1965), independently of Scheffler's work, 
reache d a t  aliios t  th e sao e conclusio n I n hi s 
analysi s o f  "learnin g wit h understanding, "  t o b e 
distinguishe d fro a rot e learning .  H e aske d th e 
question ,  "Wha t  l a t o lear n a  fac t  o r  a 
oethodolog y wit h understanding? "  The n h e propose d 
firs t  o n learnin g propositio n P  wit h understandin g 
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suc h a s I  X  learne d wit h understandin g tha t  P  i f 
and onl y i f 

(Pl) X has coae to believe through experience 
tha t  P, 

(P2 )  X  ha s goo d (Justifying )  reason s fo r 
believin g tha t  P , 

(P3 )  P  (th e trut h condition) . 
Tlien he exaained if there is any sense in saying, 
" X learne d methodolog y H  wit h understanding. " 
Obviously ,  ther e seea s t o b e son e factua l  learnin g 
abou t  N ,  suc h a s learnin g tha t  th e rule s an d 
principle s underlyin g N  ar e indee d vali d an d 
appropriat e t o attai n a  goa l  unde r  give n 
circuastances .  I n orde r  t o alleg e learnin g 
of  H  .rit h nnH«.«-e.«nriin» .  learnin g o f  th e principle s 

t o b e requisite . I n additio n t o th e learnin g o f  principle s fo r  M, 
Petri e require s tha t  th e reason s fo r  believin g 
thes e oethodologlca l  principle s shoul d Includ e 
not  onl y Inductiv e evidenc e tha t  the y d o work , 
but  als o tha t  the y ar e onl y heuristic ,  i.e. , 
ther e aa y b e th e bette r  wa y t o attai n th e saa e 
goal .  Th e reaso n fo r  thi s cone s fro a th e fac t 
tha t  aethodolog y mus t  alway s b e Inprovlng . 
Petrie's suggestions aay be further elaborated as 
follow s I  I f  X  learne d N  wit h understanding , 
(Ml) X has coae to believe through experience 

tha t  th e basi c procedure s o f  M ar e 
appropriat e unde r  th e give n clreuastance , 

(M2) X has good (justifying) reasons for 
believin g th e appropriatenes s o f  th e 
procedures , 

(N3) X la trying to dlscovw the better 
procedure s b y iaprorln g N . 

Although conditions M1-M3 are necessary for learning 
M wit h understanding ,  the y ar e b y n o mean s 
sufficient .  I t  stil l  renain s tru e tha t  on e coul d 
lear n al l  th e fact s abou t  n  withou t  becoain g a n 
exper t  o n M,  tha t  is ,  withou t  learnin g how .  I n 
orde r  t o becoa e a  rea l  expert ,  on e aus t  acquir e 
th e automatizatio n o f  componen t  skill s  t o ac t 
smoothly .  Althoug h suc h automatizatio n na y occu r 
withou t  understanding ,  It s foraatlo n help s peopl e 
t o obtai n th e deepe r  understandin g ofth e basi c 
principle s tha n non-automatize d learnin g o f  th e 
principles ,  becaus e o f  th e prope r  encodin g o f 
chunk s an d th e organizatio n o f  th e entir e task . 
Moreover ,  th e formatio n o f  automatizatio n strenthen s 
th e understanding ,  becaus e on e woul d realiz e th e 
appropreatanes s o f  th e procedure s togethe r  wit h 
th e point s t o improve ,  throug h th e oxcorcis e o f 
th e presen t  methodology .  Cross-cultura l  studie s 
on cognitio n reveale d tha t  people' s performance s 
on reasonin g an d problea-solvin g ar e quit e 
-domai n specific, "  whic h may b e interprete d a s 
th e outcom e o f  suc h Interactiv e effect s betwee n 
automatizatio n an d understanding .  (Col e an d Scrlbner , 
197U) . 

Recently, a number of authors (Anderson, ot al., 
1981(  Greeno ,  1980 ;  Simon ,  1980 )  attempte d t o 
clarif y th e concep t  o f  understandin g I n "meaning -
ful "  (instea d o f  "rote" )  learnin g withi n th e 
Information-processin g framework .  Ihe y regar d 
understandin g a s th e prope r  us e o f  highe r  olde r 
schema,  representin g th e conceptxia l  meanin g I n 



declarativ e iotb ,  fro a wilc h necessar y procaauro s 
ar e derlve a t o solv e seeaingl y airferent ,  bu t 
conceptuall y th e san e probleaa .  VanLah n an d Brot m 
(19H0 )  propose d a  aoaa l  calle d "plannin g nets " 
fo r  th e ksovled^ e abou t  th e purpose s o f  ever y 
coaponen t  o f  procedura l  skills ,  reflectin g 
teloologl c semantics .  Th e concep t  o f  understand -
in g Inlies e ao d othe r  studie s l a cognitiv e scienc e 
clearl y Indicate s th e Importanc e o f  Conditio n H2 , 
th e proces s o f  havin g goo d (Justifying )  reason s 
fo r  th e part s o f  proceaura l  skills . 
Condition N3, Invention of new strategy through 
experience ,  ha s bee n extensivel y observe d fo r 
learnin g arlthaetlc a (Hesnlck ,  19B0) .  Th e proces s 
has bee n slaulata d b y ACT productio n syste a 
(Anderson ,  e t  al. ,  198l) .  Adaptiv e productio n 
syste a (Anza l  an d Slaon ,  1979 )  als o deal s wit h 
natura l  developaen t  o f  skill s  throug h experience . 
Thus w e may conclud e tha t  Condition s N 2 axt d M3 
ar e properl y take n t o accoun t  I n cognitiv e science . 
Then,  wha t  abou t  Conditio n Ml ? 
Unfortunately, belief condition of "knowing* haa 
been virtuall y Ignore d I n th e pas t  studie s o n 
cognitio n (excep t  fo r  belief s i n Interpersona l 
relation s o r  politica l  judgments ,  simulate d b y 
Colby ,  1973 ,  o r  Abelson ,  1973) .  Th e conditio n i s 
missin g i n th e discnseio n o f  procedura l  knowledge , 
as wel l  a s semanti c knowledge . 
The treatment of semantic knowledge in cognitive 
scienc e seem s t o hav e bee n clos e t o Hartland-Swann' s 
(195^ )  interpretatio n o f  "knowin g that. "  H e 
clalme a tha t  Kyle' s 'knowin g that "  shoul d b e 
interprete d a s anothe r  kin d o f  "knowin g how, " 
tha t  is ,  "knowin g ho w t o answe r  correctl y t o th e 
expecte d questions. "  Thi s proposa l  wa s laMdlaie -
l y criticize d b y Aamerma n (195<> )  asking ,  "Ho w 
do yo u kno w tha t  you r  answe r  i s Indee d 'correct*? " 
One ca m produc e "correc t  answers "  withou t  knowin g 
thei r  truthfulness . 

3.  Wnen an d Ho w Peopl e Ar e Convince d 

We all know that the results of logical reasoning, 
mathematica l  deduction ,  an d statistica l  inferenc e 
do no t  alway s convinc e ourselves .  Tverak y an d 
Kahnenan n (197+- )  demonstrate d a  variet y o f  ou r 
"heuristi c biases "  i n probabilisti c  Judgments , 
dlffarre d fro m thos e prescribe d b y probabilit y 
theory ,  i.e. ,  availability ,  Imaglnability .  an d 
representativeness .  Here ,  w e na y exten d thei r 
notion s t o people' s strategie s t o convinc e 
themselve s o r  other s o f  th e trut h o f  logica l 
conclusion ,  physica l  descriptions ,  causa l 
attribution ,  an d th e validitie s o f  procsdura l 
skills .  We ar e eaail y convince d b y bein g show n 
a "goo d example "  (availability) .  A n elaborate d 
episod e whic h stimulate s ou r  imaginatio n ofte n 
makes a  plausibl e explanation ,  (loaglnablllty) . 
Wo ofte n cit e proverb s an d ol d sayings ,  insistin g 
on th e alallarlt y t o th e "typica l  case "  (repre -
sentativeness) .  Obviously ,  w e shoul d no t  us e 
thes e blase d tendencie s t o believe ,  fo r  convin -
cin g childre n o f  fals e propositions .  However , 
some o f  the m may b e quit e helpfu l  i n ou r  class -
roo m instructio n t o explai n ne w subjec t  matter , 
whic h i s quit e iinf>innia r  a t  th e moment ,  bu t  i s 
t o b e examine d rationall y later .  I n classrooa , 
however ,  experience d teacher s adop t  variou s 
strategie s t o convinc e childre n o f  th e trtrt h 
and validit y o f  principle s i n subjec t  matters . 
"Decompositio n Strategy "  breake s dow n th e 
proble m int o familiar ,  manipulable ,  subprobleas . 
"Heductlo n Strategy "  reduce s th e proble m int o 
a simpl e case .  "Transformatio n Strategy " 
transform s th e proble m int o differen t  views , 
keepin g th e essentia l  par t  th e same . 

We ar e investigatin g wh y an d ho w thes e strat e 
gle s wor k (o r  d o no t  work )  I n a  variet y o f 
learning ,  convincin g childre n th e realit y 
and truthfulnes s o f  th e knowledge . 
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We propos e a  representatio n syste m consistin g o f 
tw o interactin g subsystems ,  name d K-theor y an d 
K-model ,  whic h pla y th e respectiv e role s o f  con -
ceptua l  an d episodi c knowledge .  We defin e belie f 
a mode l  M use d b y though t  processe s no t  directly , 
but  throug h a  meta-structur e whic h predicate s a 
relatio n o f  M t o othe r  models .  We clai m tha t 
fro m a n Intrasystemi c poin t  o f  vie w th e differ -
enc e betwee n knowledg e an d belie f  I s determine d 
neithe r  b y th e structur e an d conten t  o f  a  mode l 
nor  b y It s relatio n t o objectiv e truth ,  bu t  b y 
th e logica l  leve l  o f  it s  representation . 
1 . THEORETICAL FRAMEWORK 
A number of different approaches to the dis-
tinctio n betwee n knowledg e an d belie f  hav e bee n 
propose d 1 n philosophical ,  A I  an d psychologica l 
literature .  A  firs t  classificatio n o f  suc h 
proposal s i s base d o n th e distinctio n between : 
-  th e ai m o f  globall y classifyin g a  represent -

atio n syste n a s eithe r  a  knowledg e syste m o r 
a belie f  syste m (Abelson ,  1980) ; 

-  th e ai m o f  attributin g th e statu s o f  knowledg e 
or  belie f  t o individua l  representationa l  item s 
withi n a  syste m (Hintikka ,  1962 ;  Mille r  an d 
Johnson-Laird ,  1976) . 
A secon d classification ,  independen t  o f  th e 

previou s one ,  relie s o n th e criteri a use d t o 
assig n th e statu s o f  knowledg e o r  belie f  t o a 
syste m o r  t o a  singl e Item .  Th e mai n existin g 
approache s are : 
(i )  a n observe r  judge s a  representatio n syste m 

wit h respec t  t o th e objectiv e reality ;  al l 
representation s ar e a  prior i  considere d a s 
beliefs ,  an d wheneve r  a  belie f  happen s t o 
be tru e i t  i s  considere d a s knowledg e 
(Hintikka ,  1962) .  Fo r  a n A I  applicatio n 
of  suc h a n approac h se e Cohe n an d Perraul t 
(1979) .  an d Perraul t  an d Alle n (1980) ; 

(11 )  a n observe r  judge s a  representatio n syste m 
wit h respec t  t o anothe r  representatio n 
system ;  se e fo r  exampl e the"nontrarBparent " 
criteri a b y Abelso n (1980) :  nonconsensu -
al  It y an d differen t  i n existenc e assump -
tions ; 

(iii )  a n observe r  judge s a  representatio n syste m 
on th e basi s o f  it s  structure ;  se e fo r 
exampl e th e "transparent "  criteri a b y 
Abelso n (1980) :  presenc e o f  alternativ e 
worlds ,  o f  evaluativ e an d affectiv e com -
ponents ,  o f  a  substantia l  amoun t  o f 
episodi c material ,  unboundedness ,  varyin g 
degres s o f  certitude ; 

(iv )  a n observe r  judge s a  representatio n syste m 
S wit h respec t  t o hi s ow n representations , 
assumed a s knowledge .  Wheneve r  th e repre -
sentation s o f  S  agre e wit h thos e o f  th e 
observer ,  the y ar e considere d a s knowledge ; 
otherwise ,  the y ar e regarde d a s beliefs . 
See fo r  exampl e th e "deictic "  definition s 
of  KNOW an d BELIEV E i n Mille r  an d Johnson -
Lair d (1976) ; 

(v )  a  syste m judge s hi s ow n representations . 

Abelso n (1980 )  account s fo r  hi s cas e b y 
emphasizin g th e possibilit y  o f  "awarenes s 
of  nonconsensua l  ity" .  Instead ,  Mille r  an d 
Johnson-Lair d (1976 )  discus s th e relatio n 
betwee n KNOW an d BELIEV E an d th e degre e o f 
dubiet y o f  a  representation . 

Finally ,  not e tha t  th e approac h implici t  i n mos t 
AI  representatio n system s 1 s no t  t o dea l  wit h th e 
proble m o f  beliefs ,  therefor e considerin g al l 
representation s straightfowardl y a s knowledge . 
From a psychological point of view, a human 
syste m ca n hav e acces s t o externa l  fact s onl y 
throug h thei r  interna l  representations .  There -
fore ,  th e questio n become s th e abilit y  o f  human s 
t o subjectivel y assig n t o thei r  ow n represent -
ation s th e statu s o f  knowledg e o r  belie f 
(Airenti ,  Bara ,  Colombetti ,  1982) .  I n Sectio n 3 
we shal l  argu e tha t  thi s distinctio n relie s o n 
th e logica l  level s o f  representations . 
2. THE REPRESENTATION OF KNOWLEDGE 
We propose a knowledge representation system 
consistin g o f  tw o interactin g subsystems ,  name d 
K-theor y an d K-model ,  playin g th e respectiv e 
role s o f  conceptua l  an d episodi c knowledg e 
(Airenti ,  Bara ,  Colombetti ,  1980 ,  1981) . 

K-theor y I s a  theor y o f  th e world ,  an d ca n b e 
conceive d a s a  networ k o f  conceptua l  entitle s 
describin g classe s o f  objects ,  relations ,  pro -
cesses ,  actions ,  etc .  (fo r  example :  th e concep t 
of  a  book ;  o f  x  bein g o n y ;  o f  x  fallin g fro m y ; 
of  a n agen t  z  openin g y ;  etc.) . 

The cognitiv e syste m doe s no t  dea l  directl y 
wit h th e world ,  bu t  wit h partia l  representation s 
of  it ,  whic h constitut e wha t  w e cal l  K-model . 
I n fact ,  ther e i s n o wa y fo r  K-theor y t o refer -
enc e entitle s i n a n externa l  world :  i n th e cog -
nitiv e system ,  representation s onl y ca n b e men -
tione d an d used .  K-mode l  contain s al l  episodi c 
knowledg e o f  th e cognitiv e system ,  i.e .  knowledg e 
abou t  particula r  objects ,  facts ,  episodes ,  etc . 
(fo r  example :  th e boo k B  Mari a I s no w reading ; 
th e fac t  tha t  B  i s presentl y o n des k D ;  th e fal l 
of  B  fro m D ;  Maria' s openin g o f  B ;  etc.) .  Thes e 
can onl y b e expresse d b y mean s o f  th e conceptua l 
machiner y provide d b y K-theory . 

We assum e tha t  th e essentia l  featur e o f  K -
theor y i s th e abilit y  t o generat e model s fo r 
insertio n an d subsequen t  manipulatio n 1 n K-model . 
For  example ,  th e concep t  o f  a  "book "  i s a  struc -
tur e I n K-theor y allowin g th e cognitiv e syste m 
t o construc t  model s o f  book s wheneve r  neede d b y 
a though t  process .  K-mode l  contain s th e repre -
sentatio n o f  th e perceive d world ,  whic h i s 
continuousl y changin g throug h tim e an d space .  A s 
K-model  i s intende d t o captur e th e cognitiv e sys -
tem' s subjectiv e experience ,  i t  doe s no t  onl y 
represen t  th e perceive d world ,  bu t  als o an y pos -
sibl e imagine d world .  Thi s correspond s t o sayin g 
tha t  an y imaginatio n proces s mus t  produc e dat a 
whic h belon g t o K-mode l  ,  an d thu s satisf y K -
theory .  S o K-theor y determine s th e se t  o f  world s 
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whic h ar e possibl e fo r  th e cognitiv e system ,  I.e . 
th e spectru m o f  al l  it s  possibl e subjectiv e ex -
perience .  Thi s lead s t o conceivin g K-mode l  a s a 
se t  o f  model s o f  K-theory ,  eac h representin g 
part s o f  a  possibl e externa l  worl d -  presentl y 
perceive d o r  remembere d o r  imagined . 

The partitio n o f  knowledg e int o K-theor y an d 
K-model  i s logica l  rathe r  tha n functional .  Thi s 
i s reflecte d b y th e fac t  tha t  K-model ,  a s note d 
above ,  collect s dat a use d b y differen t  though t 
processes .  Actually ,  al l  dat a Involve d b y per -
ception ,  imagination ,  illusions ,  dreams ,  pla n 
formatio n an d execution ,  languag e comprehension , 
etc. ,  ar e introduce d throug h differen t  though t 
processes ,  bu t  shar e th e sam e logica l  structure . 
We emphasiz e tha t  model s ar e use d b y suc h though t 
processe s a s data ;  I n thes e case s th e syste m I s 
not  concerne d wit h problem s o f  existenc e o f 
entitle s o r  trut h o f  fact s represente d i n a 
model . 
3. THE LOGICAL STRUCTURE OF BELIEFS 
On the basis of our previous definitions of K-
theor y an d K-model ,  w e assum e a  constructiona l 
standpoint .  Tha t  is ,  th e sol e realit y fo r  th e 
cognitiv e syste m i s what  i s constructe d b y it s 
though t  processe s usin g K-theory .  I t  follow s 
tha t  th e positio n which ,  accordin g t o Hintikka' s 
approach ,  define s a s knowledg e a  belie f  satisfie d 
by th e rea l  world ,  canno t  b e applied .  I n a  con -
structiona l  approach ,  i n fact ,  K-mode l  neces -
saril y  satisfie s th e par t  o f  K-theor y use d t o 
buil d it .  Fo r  instance ,  i f  Margare t  assume s i n 
her  K-theor y that  seawate r  i s swee t  (I.e .  un -
salty) .  I n al l  model s produce d b y he r  th e se a 
wil l  b e sweet ,  regardles s o f  th e objectiv e trut h 
of  thi s fact .  Fro m a  subjectiv e poin t  o f  vie w 
i t  i s  appropriat e t o sa y tha t  Margare t  know s tha t 
th e se a I s sweet . 

Now suppos e tha t  Margare t  happen s t o tast e 
seawater .  Le t  u s assum e tha t  Margare t  I s abl e t o 
distinguis h betwee n swee t  an d salt y water ,  an d 
tha t  he r  K-theor y represent s th e tw o taste s a s 
mutuall y exclusiv e whe n attribute d t o th e sam e 
object .  We sugges t  tha t  th e relevan t  possibil -
itie s I n thi s cas e are : 
(1 )  sinc e th e constructio n o f  th e mode l  o f 

salt y seawate r  woul d b e conflictin g wit h 
th e previou s models ,  eithe r  th e ne w mode l 
i s no t  constructe d a t  all ,  o r  th e ne w mode l 
i s constructe d bu t  th e discrepanc y i s no t 
appreciate d (i n thi s cas e Margare t  main -
tain s he r  theor y abou t  th e sweetnes s o f 
seawater) ; 

(11 )  th e mode l  i s reinterprete d (Margare t  may 
thin k tha t  he r  perceptio n o f  a  salt y tast e 
depend s o n a  particula r  kin d o f  salt y 
rocks) ; 

(111 )  th e discrepanc y betwee n th e tw o inconsis -
ten t  model s i s appreciate d an d face d b y 
assignin g t o th e discrepan t  model s tha t 
statu s o f  belief s (Margare t  acknowledge s 
th e existenc e o f  tw o contradictor y models) . 

Our  hypothesi s o n cas e (ill )  i s  tha t  th e coexis -
tenc e I n K-mode l  o f  tw o contradictor y model s 
makes th e though t  processe s unabl e t o us e the m 
straightforwardly .  T o fac e thi s situatio n th e 
syste m introduce s i n K-mode l  a  structure ,  whic h 
refer s t o th e tw o model s an d represent s th e con -
flic t  betwee n the m (se e Fig .  1 ) .  A s suc h a 
structur e predicate s a  relatio n betwee n th e tw o 
models ,  i t  ca n b e considere d a t  a  meta-leve l  wit h 
respec t  t o them .  I t  i s  b y usin g thi s meta -
structur e tha t  though t  processe s handl e th e con -
flict .  Th e possibl e outcome s o f  suc h processe s are :  th e ol d mode l  i s privilege d an d th e ne w one i s discarded ;  th e reverse d situation ,  i.e . 

th e ne w mode l  i s privilege d an d th e ol d on e i s 
discarded ;  a  situatio n o f  uncertainty ,  wher e 
bot h model s ar e maintained . 

We defin e belie f  a  mode l  M use d b y though t 
processe s no t  directly ,  bu t  throug h a  meta -
structur e whic h predicate s a  relatio n o f  M wit h 
othe r  models .  Suc h meta-structure s ar e necessar -
il y  use d b y th e syste m wheneve r  tw o model s canno t 
be interprete d simultaneously ,  i.e .  canno t  b e 
predicate d a t  th e sam e tim e o f  th e sam e thing . 

Thi s definitio n o f  th e ter m "belief "  seem s t o 
be th e mos t  appropriat e withi n a  subjective ,  con -
structiona l  approac h t o th e huma n mind .  Th e dif -
ferenc e betwee n knowledg e an d belie f  I s reduce d 
t o th e differen t  us e tha t  though t  processe s mak e 
of  a  representation ,  assume d eithe r  a s absolut e o r 
as relativ e t o othe r  representations .  Wheneve r 
th e syste m doe s no t  directl y manipulat e a  mode l  M 
of  th e world ,  bu t  reason s o n i t  throug h a  secon d 
leve l  representation ,  M assume s th e rol e o f  be -
lief .  Not e tha t  bot h structur e an d conten t  o f  M 
remai n th e sam e whe n use d a s knowledg e o r  a s be -
lief . 
4. DISCUSSION 
Referring to the first classification intro-
duce d i n Sectio n 1 ,  w e hav e discusse d th e proble m 
of  attributin g th e statu s o f  knowledg e o r  belie f 
t o a n individua l  representationa l  ite m withi n a 
cognitiv e system .  Man y researcher s wh o dea l  wit h 
thi s proble m commi t  themselve s o n th e assumptio n 
tha t  th e differenc e betwee n knowledg e an d belie f 
ca n b e define d i n term s o f  th e objectiv e trut h o f 
a fact .  Tha t  huma n being s canno t  hav e acces s t o 
an ultimate ,  absolut e trut h I s a  trivia l  state -
ment .  A s Mille r  an d Johnson-Lair d (1976 )  poin t 
out ,  i t  I s  no t  acceptable ,  eithe r  fro m a  psycho -
logica l  o r  a  linguisti c poin t  o f  view ,  t o assum e 
tha t  "...knowledg e i s simpl y justifie d tru e be -
lie f  an d that  on e canno t  b e sai d t o kno w some -
thin g tha t  i s false" . 

Fro m ou r  psychologica l  standpoint ,  w e hav e 
therefor e assume d a  differen t  positio n an d fo -
cusse d o n th e Interna l  structur e o f  knowledg e 
and belief .  We hav e show n tha t  ou r  definitio n 
of  belie f  i s  significan t  I n th e cas e a  syste m 
has t o dea l  wit h conflictin g model s o f  th e world . 
The ide a o f  a  secon d leve l  structur e seem s no t 
t o b e restricte d t o suc h a  case ,  bu t  i t  ca n b e 
applie d wheneve r  th e syste m evaluate s propertie s 
of  a  model .  Among thes e ar e th e degre e o f  cer -
taint y o f  fact s an d th e existenc e i n th e worl d 
of  th e entitie s represente d i n a  model .  I n fact , 
bot h existenc e an d degre e o f  certaint y ar e no t 
par t  o f  a  model ,  bu t  ar e predicate d o n it . 

Our  treatmen t  o f  belief s open s a  proble m abou t 
th e though t  processe s manipulatin g K-model .  Th e 
tw o possibilitie s are : 
-  though t  processe s trea t  i n a  unifor m wa y bot h 

th e model s o f  th e worl d an d th e meta-structure s 
mentionin g them ;  a n analogou s approac h i s take n 
by Wilensk y (1981 )  i n hi s wor k o n plannin g an d 
meta-planning ; 

-  ther e exis t  a  typ e o f  though t  processe s spe -
cialize d i n manipulatin g meta-structures ;  I n 
thi s cas e th e tw o level s o f  representatio n 
woul d reflec t  Int o tw o correspondin g level s 
of  thought . 
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People' s ceadenc y C o rel y o n represenca -
Clvenes a (R )  whe n makin g Judgment s o f  th e 
probabilit y  (P )  o f  variou s event s ca n resul t 
i n tw o majo r  Iclnd s o f  fallacies .  Thos e tha t 
ar e inheren t  I n th e ver y substitutio n o f  P 
by R ,  an d thos e tha t  accompan y th e relianc e 
on R  a s a  sid e effect .  A y th e firs t  I  mea n 
fallacie s tha t  resul t  fro m th e fac t  tha t  th e 
logi c o f  similarit y differ s fro m th e logi c 
of  P .  Thus ,  addin g detai l  t o th e descrip -
tio n o f  som e even t  enriche s it ,  an d may 
thereb y enhanc e it s Judge d similarit y t o 
some criterio n (Tversky ,  1977) .  Bu t  thi s 
addin g o f  detai l  als o make s th e even t  mor e 
specific ,  henc e necessaril y  les s probable . 
Kahneman &  Tversk y (K&T 7 showed ,  e.g. ,  tha t 
Ss conside r  i t  mor e likel y fo r  B jo m Bor g t o 
los e th e firs t  se t  i n a  tenni s matc h an d 
the n wi n th e entir e gam e tha n merel y t o los e 
tn e firs t  set ,  thoug h th e latte r  even t  inc -
lude s th e former .  Fallacie s tha t  ar e side -
effect s o f  R  ar e thos e tha t  resul t  whe n th e 
outcom e o f  Judgmen t  b y R  i s no t  modifie d o r 
integrate d wit h othe r  relevan t  considerations . 

£arl y studie s o f  P  Judgment s Unite d 
certai n common Judgmenta l  error s C o R  cau -
sally .  I n particular ,  people' s tendenc y t o 
neglec t  th e effect s o f  bas e rate ,  sampl e siz e 
and dat a reliabilit y  wa s see n a a resultin g 
directl y fro m th e fac t  tha t  thes e factor s d o 
not  affec t  R .  Late r  studie s cas t  som e doub t 
on thi s link ,  fo r  th e followin g reasons . 

a.  Thes e factor s ar e sometime s ignore d 
eve n i n R-fre e tasks .  Consider ,  e.g. ,  th e 
Suicid e Proble m (B-U ,  1980 ) 

A stud y o f  suicid e amon g youn g adult s 
foun d tha t  th e rat e o f  suicid e i s 3 
time s higher  aioon g single s tha t  amon g 
married s i n thi s ag e group .  Uha t  woul d 
be th e proportio n o f  single s i n a 
sampl e o f  suicid e death s o f  youn g adults ? 

The common respons e t o thi s proble m i s 7SZ . 
b.  I n R-fre e tasks ,  thes e factor s some -

time s exhibi t  a  systemati c effec t  o n judg -
ment s o f  P .  E.g. ,  S s Judg e i t  mor e likel y 
tha t  a  larg e sampl e woul d provid e a n accurat e 
estimat e o f  th e populatio n mea n tha n a  smal l 
sample ,  ceteri s paribu s (B-ii ,  1979) . 

c.  Thi s effec t  I s sometime s manifes t 
eve n i n th e presenc e o f  R .  I n on e versio n 
of  th e To m W.  predictio n task ,  subject s wer e 
lea d CO expec t  eithe r  hig h o r  lo w predictiv e 
accuracy .  Whil e bot h group s gav e essentia -
ll y  Ch e sam e predictions ,  Ch e lo w expecte d 
accurac y grou p expresse d les s confidenc e i n 
thei r  predictions .  Thus ,  dat a reliabilit y 
was no t  altogethe r  ignored ,  thoug h i t  wasn' t 
properl y combine d wit h th e R  consideration s 
either .  Rather ,  i t  wa s translate d int o a n 
expressio n o f  confidenc e i n thos e consider -
ation s (KiT .  1973;  B-H ,  1981) . 

As a  resul t  o f  suc h findings ,  K.& T 
recentl y moderate d thei r  formulatio n o f  th e 
R heuristic ,  saying :  "Th e magnitud e o f  R 
biase s an d th e impac t  o f  variable s suc h a s 
sampl e size ,  reliabilit y  an d bas e rat e de -
pend o n th e natur e o f  th e problem ,  th e cha -
racteristic s o f  th e desig n ..." ,  etc . 

I t  i s  illustrativ e t o conside r  th e rol e whic h normativ e statlcstica l  theor y assign s thes e thre e neglecte d factors .  Tak e a  proto -typica l  statistica l  problem ,  tha t  o f  recon -structin g th e parameter s o f  som e populatio n 

on th e basi s o f  a  sampl e o f  data .  I n th e 
cas e o f  pur e estimation ,  statistica l  theor y 
teache s u s tha t  man y "essentia l  character -
istics "  o f  sample s ar e unbiase d estimator s 
of  correspondin g populatio n parameters . 
Hence estimatio n reflect s R .  S o doe s th e 
statistica l  notio n o f  goodness-of-flt .  When , 
on th e othe r  hand ,  altfimaciv e hypothese s 
compete ,  a s i n hypothesi s testing ,  i t  I s  a 
notorlau s fac t  tha t  classica l  statistica l 
theor y (bu t  no t  Bayesla n statistics )  ha s n o 
plac e fo r  prio r  probabilit y  considerations . 
Yet  thes e pla y th e rol e tha t  th e bas e rat e 
play s i n predictio n task s suc h a s To m W. 

As t o sampl e siz e an d dat a reliability , 
thei r  rol e i n bot h estimatio n an d hypothesi s 
testUg  lie s i n determinin g th e widt h o f  a 
give n confidenc e interval ,  bu t  no t  th e cen -
ra l  valu e aroun d whic h i t  l a constructed . 
Analogously ,  thes e factor s typicall y see m 
t o effec t  S s confidenc e i n thei r  prediction s 
thoug h no t  th e prediction s themselves . 

I n th e Bayesla n approach ,  P  measure s a n 
interna l  stat e o f  uncertainty .  Throug h th e 
subjectiv e filte r  al l  source s o f  uncertaint y 
ca n b e passe d an d integrated ,  an d thu s ther e 
I S n o caj. 1 fo r  highe r  orde r  Fs .  Psycholo -
gicall y speaking ,  however ,  peopl e see m t o 
distinguis h betwee n variant s o f  uncertaint y 
(IC&I ,  1982) ,  an d s o may hol d 2n d orde r  F 
distribution s (e.g. ,  confidence )  ove r  1s t 
orde r  P  distribution s (e.g. ,  propensities ) 
tha t  are ,  subjectively ,  nonlntegrable .  I t 
i s  compatibl e wit h point s a. ,  b .  an d c . 
abov e t o hypothesiz e tha t  R  may b e a  heuris -
ti c  fo r  assessin g Is c orde r  Ps ,  an d tha t 
factor s whic h d o no t  affec t  R  may stil l  in -
fluenc e 2n d orde r  Ps .  Whethe r  the y affec t 
th e ultimat e P  valu e may depen d o n th e in -
tegrabillt y  o f  1s t  an d 2n d orde r  consider -
ation s (B-U .  1982) . 

I t  shoul d b e apparen t  tha t  th e attemp t 
at  drawin g analogie s betwee n th e intuitiv e 
treatmen t  o f  variable s an d th e on e formal -
ize d b y normativ e theorie s i s i n n o wa y a n 
apologi a fo r  people' s fallacies ,  whic h ar e 
genuin e an d worrisome .  Cohe n (1981 )  claime d 
tha t  sinc e th e "presenc e o f  fallacie s i n 
reasonin g i s evaluate d b y referrin g t o nor -
mativ e criteri a whic h ultimatel y deriv e thei r 
credential s fro m a  systematlzatio n o f  th e 
Intuition s tha t  agre e wit h them" ,  people' s 
deepl y roote d statistica l  intuition s cannot . 
I n principle ,  b e fallacious .  Th e poin t  I s 
moot ,  however ,  sinc e clearl y th e outpu t  o f 
defensibl e intuition s may Itsel f  b e indefen -
sible . 

So far ,  I  hav e trie d t o mak e th e cas e 
tha t  R  I s ho t  jus t  a  fundamenta l  featur e o f 
la y Judgment s unde r  uncertainty ,  bu t  o f  nor -
mativ e statistica l  theor y a s well .  A  worl d 
not  governe d b y &  migh t  wel l  b e unthinkable . 
Jus t  tr y t o Imagin e a  breakdow n o f  th e "la w 
of  averages" .  Physicall y unifor m coin s fal l 
on Head s muc h mor e ofte n tha n o n Tails ;  wel l 
shuffle d deck s o f  card s yiel d Heart s mor e 
frequentl y tha n othe r  suits ;  repeate d inde -
penden t  measurement s yiel d skewed ,  blmoda l 
distributions ;  etc .  Suc h a  world ,  t o rephras e Einstein ,  ca n onl y b e th e creatio n o f  a  Go d who I s no t  onl y subtle ,  bu t  maliciou s a s well . Even thou ^  R  may b e essentia l  t o every -one' s basi c metaphysics ,  i n particular s a n 215 



Idea l  staclaclclan ,  IS ,  may appl y R  mor e 
astutel y C o statistica l  Inferenc e problem s 
Chan a  layperson ,  L .  We wil l  no w conside r 
some suc h parclculars ,  Ch e ide a bein g C o sho w 
how refinin g R  b y simple ,  quallcacive ,  sca -
Clsclca l  principle s ca n lea d C o mor e appro -
priat e solution s tha n R  "I n ch e raw" . 

1.  Predlccln g sampl e feacure s b y R .  Ofte n 
Che bes c predlcclo n fo r  a n a s ye c unobserve d 
sample  I s Cha c I t  wil l  resembl e a n alread y 
observe d one ,  o r  ch e populaclo n cha c i s IC s 
source .  Clearly ,  however ,  I c i s  co o muc h c o 
expec c ever y feacur e o f  ch e pas t  sampl e t o b e 
repeate d I n ch e futur e one .  Yec ,  sophlsclca -
ced respondent s b«Ua«a4 -  thac ,  havin g o b talne d 
a Jus t  significan t  resul t  i n a n experimen t 
wit h 2 0 Ss ,  Ch e chance s o f  no w obcainln g a 
sl.gnlflcan c resul t  o n a  ne w aanpl e o f  1 0 i s 
85Z (KAT ,  1971) .  Resul t  significance ,  how -
ever ,  i s  a  somewha t  arbitrar y notion .  Sinc e 
i t  depend s o n Ch e sampl e siz e a s wel l  a s th e 
Q^an,  expectin g th e sampl e mea n t o replicat e 
(whic h i s reasonable )  shoul d lea d C o mor e un -
cercalnt y abou t  tha t  mean' s significance ,  sinc e 
sampl e siz e wa s halved . 

Othe r  respondent s expecte d a  sampl e (n>SO ) 
fro m a  populatio n wit h mean-10 0 Co hav e suc h 
a mea n a s well .  The y hel d o n t o tha t  expec -
tatio n eve n %rhe n tol d tha t  Ch e flrs c obser -
vatio n wa s 150 .  I t  i s  impossibl e fo r  bot h Ch e 
unknow n portio n o f  ch e sampl e (n-49 )  t o repea t 
Che populaclo n mean ,  an d fo r  Ch e sampl e a a a 
whol e CO d o s o (K4T ,  1972) . 

I n som e school ,  progra m A  consist s o f 
65Z boys ,  whil e progra m B  o f  45 Z boys .  S s 
expecte d classe s belongin g t o Progra m A  t o 
resembl e ch e program' s con^oaitlo n mor e tha n 
th e othe r  program's .  Th e similarit y o f  som e 
class '  proportio n o f  male s t o 65 Z versu s 4S Z 
shoul d b e evaluate d I n term s o f  standar d 
devladons .  S s seeme d t o evaluat e i t  I n term s 
of  whic h se x wa s th e majority ,  thu s expectin g 
a clas s o f  53 Z boy s C o belon g c o Progra m A . 

11 .  Feature s o f  Gestalt a versu s feacure s 
of  dat a points .  Th e acacidClea l  prsperde a 
of  sample s ar e co^lecel y decermlne d b y Ch e 
individua l  dac a point s o f  whic h che y ar e com -
prised .  Feacure s tha t  accru e t o th e sampl e 
as a  whole ,  bu t  no t  c o ic s constituent s (e.g. , 
it s  mean )  ar e significan t  insofa r  a s th e in -
dividua l  dat a point s ar e unknow n o r  discarded . 
Thus ,  a  sampl e whos e mea n i s nea r  th e popu -
latio n mea n i s mor e likely ,  ceteri s paribus , 
tha n on e wit h a  mor e devian t  mean .  Bu t  thi s 
orde r  may b e upturne d ^ e n ch e specifi c  dat a 
point s ar e given .  L  seem s c o fin d i c diffl -
cul c CO Ignor e ch e emergen t  propertie s o f 
sample s a s Gestalts ,  eve n whe n the y ar e com -
pletel y specified .  IS ,  o n ch e oche r  hand , 
woul a ignore  thse s emergen t  propertie s whe n 
specifi c  dat a point s ar e available ,  dence , 
unlike  L ,  IS ,  believin g tha t  dead s an d Talis . 
ar e equall y likel y outcome s fo r  th e tos s o f  a 
fai r  coin ,  woul d conside r  an y full y specifie d 
sequenc e o f  fixe d lengt h comprise d o f  equl -
probabl e outcome s t o b e equiprobable .  Simi -
larly ,  I S woul d Judg e th e P  o f  a  sai^l e o f  ' 
fixe d siz e draw n fro m a  norma l  dlscrlbutlo n 
t o depen d o n th e magnitud e o f  th e standardize d 
deviatio n betwee n ch e sampl e poinc s an d Ch e 
populaclo n mean ,  rathe r  Cha n o n it s dlrecc -
ionallcy .  (L' s error s ar e documente d i n K.&T , 
1972 ,  B-a .  1980b) . 

Clearly ,  ch e BJo m Bor g exampl e a c Ch e beginnin g o f  thi s pape r  ca n als o b e under -stoo d i n term s o f  emergen t  properties .  Th e P valu e o f  whole s i s derivabl e fro m thei r parts .  Th e R  valu e may no t  be . 

Summary.  Th e relianc e o n R  a s a  Judgmen -
Cal  heuristi c i s frequnCl y Justifiable ,  an d 
seldo m avoidable .  Tb e modificatio n o f  R  con -
siaeratlon s b y othe r  consideration s o f  rele -
vance ,  an d th e refinemen t  o f  th e domai n o f 
R,  it s  mecrlc ,  etc .  i s  a  goa l  t o b e sought . 
Inasmuc h a s th e variou s Judgment s o f  R  embod y 
mucn o f  ou r  substantiv e knowledg e regardin g 
che issu e bein g Judged ,  R  ca n no t  b e elimi -
nate d fro m ch e probabilisti c  reasonin g pro -
cess ,  bu t  th e differen t  logi c o f  R  an d P 
pose s obstacle s tha t  mus t  b e watcha d ou C for . 
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