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T h e P l a c e o f  C o g n i t i v e A r c h i t e c t u r e s 

in a Rational Analysis 

John R. Anderson 

Department of Psychology 

Carnegie-Mellon University 

This paper contains a summary of the main points that I will be making in my 
presentatio n a t  th e Cognitiv e Scienc e Meetings .  Som e mor e detail s wil l  b e i n tha t 
presentation .  Al l  th e detail s an d forma l  derivation s wil l  b e foun d i n Anderso n (i n press) . 

This paper will consider the Soar architecture of Laird, Newell, and Rosenbloom (in press), 

my ow n A C T *  architectur e (Anderson ,  1983) ,  an d th e P D P architectur e o f  McClellan d an d 

Rumelhar t  (Rumelhar t  &  McClelland ,  1986 ,  McClellan d &  Rumelhart ,  1986) .  N o w tha t  ther e 

ar e numerou s candidate s fo r  cognitiv e architectures ,  on e i s naturall y le d t o as k whic h migh t 

be th e correc t  on e o r  th e mos t  correc t  one .  Thi s i s a  particularl y difficul t  questio n t o 

answer  becaus e thes e architecture s ar e ofte n quit e remove d fro m th e empirica l  phenomen a 

whic h the y ar e suppose d t o accoun t  for .  I n actua l  practic e on e see s proponent s o f  a 

particula r  architectur e arguin g fo r  tha t  architectur e b y referenc e t o wha t  I  cal l  signatur e 

phenomena .  Thes e ar e empirica l  phenomen a whic h ar e particularl y clea r  manifestation s o f 

th e purporte d underlyin g mechanisms .  Th e clai m i s mad e tha t  th e architectur e provide s 

particularl y natura l  account s fo r  thes e phenomen a an d tha t  thes e phenomen a ar e har d t o 

accoun t  fo r  i n othe r  architectures .  I n thi s pape r  I  wil l  argu e tha t  th e purporte d signatur e 

phenomen a tel l  u s ver y littl e abou t  wha t  i s insid e th e huma n head .  Rathe r  the y tel l  u s a 

lo t  abou t  th e worl d i n whic h th e huma n lives .  Th e majorit y o f  thi s pape r  wil l  b e devote d t o 

makin g thi s poin t  wit h respec t  t o example s fro m th e SOAR,  ACT* ,  an d P D P architecture . 

As a theorist who has been associated with the development of cognitive architectures for 

15 year s I  shoul d sa y a  littl e abou t  ho w I  cam e t o b e advocatin g thi s position .  I  hav e 

bee n strongl y influence d b y Davi d Marr' s (1982 )  metatheoretica l  argument s i n hi s boo k o n 

visio n whic h ar e nicel y summarize d i n th e followin g quote : 

An algorithm is likely to be understood more readily by understanding the nature 

of  th e proble m bein g solve d tha n b y examin g th e mechanis m (an d th e hardware )  i n 

whic h i t  i s  solved . 

Marr made this point with respect to phenomena such as stereopsis where he argued that 

one wil l  com e t o a n understandin g o f  th e phenomen a b y focusin g o n th e proble m o f  ho w 

tw o two-dimensiona l  view s o f  th e worl d containe d enoug h informatio n t o enabl e on e t o 

extrac t  a  three-dimensiona l  interpretatio n o f  th e worl d an d no t  b y focusin g o n th e 

mechanism s o f  stereopsis .  H e though t  hi s viewpoin t  wa s appropriat e t o higher-leve l  cognitio n 

althoug h h e di d no t  develo p i t  fo r  tha t  application .  A s recen t  a s a  fe w year s ag o I  coul d 

not  se e ho w hi s viewpoin t  applie d t o highe r  leve l  cognitio n (Anderson ,  1987) .  However ,  i n 
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the last couple of years I have come to see how it would apply and have realized its 

advantage s Th e basi c poin t  o f  f\/larr' s  wa s tha t  i f  ther e i s a n optima l  wa y t o us e th e 

informatio n a t  han d th e syste m wil l  us e it .  I  hav e state d thi s a s th e followin g principle : 

Principle of Rationality The cognitive system operates at all times to optimize the 

adaptatio n o f  th e behavio r  o f  th e organism . 

One can regard this principle as being handed to us from outside of psychology--as a 

consequenc e o f  basi c evolutionar y principles .  However ,  I  d o no t  wan t  t o endors e thi s 

viewpoin t  o n tha t  principl e becaus e ther e ar e man y case s wher e evolutio n doe s no t  optimize . 

Rather ,  I  vie w i t  a s a n empirica l  hypothesi s t o b e judge d b y ho w wel l  theorie s tha t  embod y 

th e principl e o f  rationalit y d o i n predictin g variou s cognitiv e phenomena .  Developin g a 

theor y i n a  rationa l  framewor k involve s th e followin g 6  steps : 

1. Precisely specify what the goals of the cognitive system are. 

2. Develop a formal model of the environment that the system is adapted to (almost 

certainl y les s structure d tha n th e experimenta l  situation) . 

3. Make the minimal assumptions about computational costs. 

4. Derive the optimal behavioral function given (1H3). 

5. Examine the empirical literatures to see if the predictions of the behavioral function 

ar e confirmed . 

6. If predictions are off, iterate. 

The theory in a rational approach resides in the assumptions in (1) - (3) from which the 

prediction s flow .  I  refe r  t o thes e assumption s a s th e framin g o f  th e informatio n processin g 

problem .  Not e thi s i s a  mechanism-fre e castin g o f  a  psychologica l  theory .  I t  ca n b e 

largel y cas t  i n term s o f  wha t  i s outsid e o f  th e huma n hea d rathe r  tha n inside .  A s suc h i t 

enjoy s anothe r  advantag e whic h i s tha t  it s  assumption s ar e potentiall y  capabl e o f 

independen t  verification . 

S O A R - P o w er  L a w Learnin g 

The signature phenomenon I would like to consider for the SOAR theory is power-law 

learnin g whic h i s reference d i n man y o f  th e S O A R publications .  Thi s refer s t o th e linea r 

relationshi p tha t  i s  obtaine d betwee n th e logarith m o f  th e amoun t  o f  practic e an d th e 

logarith m o f  respons e tim e whic h implie s tha t  th e performanc e measur e i s a  powe r  functio n 

of  practice .  I n th e Soa r  mode l  th e powe r  la w fall s ou t  o f  th e chunkin g learnin g mechanis m 

plu s som e critica l  auxiliar y assumptions.  Chunkin g refer s t o th e collapsin g o f  multipl e 

productio n firing s int o a  singl e productio n firin g tha t  doe s th e wor k o f  th e set .  I t  i s 

assume d tha t  eac h chun k produce s a  performanc e enhancemen t  proportiona l  t o th e numbe r 
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of productions eliminated Chunks are formed at a constant rate-either on every opportunity 

or  wit h equa l  probabilit y  o n ever y opportunity ,  Th e fina l  critica l  assumptio n i s tha t  a s 

chunk s spa n large r  an d large r  unit s th e numbe r  o f  potentia l  chunk s grow s exponentiall y  A s 

a consequenc e o f  th e las t  assumption ,  learnin g wil l  progres s eve r  mor e slowl y becaus e i t 

take s mor e experienc e t o encounte r  al l  o f  th e large r  chunks . 

I will offer a rational analysis of power law learning which will also explain the forgetting 

and massin g functions .  Thi s wil l  b e par t  o f  a  large r  rationa l  analysi s o f  huma n memor y 

whic h i s th e topi c o f  th e nex t  section . 

A Rationa l  Analysi s o f  H u m a n M e m o r y 

The claim that human memory is rationally designed might strike one at least as 

implausibl e a s th e genera l  clai m fo r  th e rationalit y o f  huma n cognition .  H u m a n memor y i s 

alway s disparage d i n compariso n t o compute r  memory-i t  i s  though t  o f  a s slo w bot h i n 

storag e an d retrieva l  an d terribl y unreliable .  However ,  suc h analyse s o f  huma n memor y fai l 

bot h t o understan d th e tas k face d b y huma n memor y an d th e goal s o f  memory .  I  thin k 

human memor y shoul d b e compare d wit h information-retrieva l  system s suc h a s th e one s tha t 

exis t  i n compute r  science .  Accordin g t o Salto n an d McGil l  (1983 )  a  generi c informatio n 

retrieva l  syste m consist s o f  fou r  things : 

(1) There is a data base of files such as book entries in a library system. In the human 

cas e thes e file s ar e th e variou s memorie s o f  thing s past . 

(2) The files are indexed by terms. In a library system the indexing terms might be 

keyword s i n th e book' s abstract .  I n th e huma n cas e th e term s ar e presumabl y th e concept s 

and element s unite d i n th e memory .  Thus ,  i f  th e memor y i s seein g Willi e Stargel l  hi t  a 

home ru n th e indexin g term s migh t  b e Willi e Stargell ,  hom e run .  Thre e River s Stadium ,  etc . 

(3) An information retrieval system is posed queries consisting of terms. In a library 

syste m thes e ar e suggested  keyword s b y th e user .  I n th e cas e o f  th e huma n situatio n i t  i s 

whateve r  cue s ar e presente d b y th e environmen t  suc h a s whe n someon e say s t o m e "Thin k 

of  a  hom e ru n a t  Thre e River s Stadium" . 

(4) Finally there are a set of target files desired by which we can judge the success of 

th e informatio n retrieval . 

One thing that is very clear in the literature on information retrieval systems is that they 

canno t  kno w th e righ t  file s t o retriev e give n a  query .  Thi s i s becaus e th e informatio n i n th e 

querie s doe s no t  completel y determin e wha t  fil e i s wanted .  Th e bes t  informatio n retrieva l 

system s ca n d o i s assig n probabilitie s t o variou s file s give n th e query .  Le t  u s denot e th e 

probabilit y  tha t  a  particula r  fil e i s a  targe t  b y P[A] .  I n decidin g wha t  t o d o informationa l 

retrieva l  system s hav e t o balanc e tw o costs .  On e i s wha t  Salto n a n McGil l  cal l  th e 

precisio n cos t  an d whic h I  wil l  denot e Op .  Thi s i s th e cos t  associate d wit h retrievin g a  fil e 

whic h i s no t  a  target .  Ther e mus t  b e a  correspondin g cos t  i n th e huma n system .  Thi s i s 

th e on e plac e wher e w e wil l  se e a  computationa l  cos t  appearin g i n ou r  rationa l  analysi s o f 
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memory. The other cost Salton and McGill call the recall cost and we will denote it Cp. It 

i s  th e cos t  associate d wit h failin g t o retriev e a  target .  Presumabl y i n mos t  case s i t  i s  muc h 

large r  tha n th e precisio n cos t  fo r  a  singl e fil e o r  memory . 

Given this framing of the information processing problem we can now proceed to specify 

th e optima l  information-processin g behavior .  Thi s i s t o conside r  memorie s (o r  files )  i n orde r 

of  descendin g P(A )  an d sto p whe n th e expecte d cos t  associate d wit h failin g t o conside r  th e 

nex t  ite m i s greate r  tha n th e cos t  associate d wit h considerin g i t  o r  whe n 

P[A] Cjj < {l-P[A]) Cp (11 

We now have a complete theory of human memory except for one major issue--how 

shoul d th e syste m g o abou t  estimatin g P[A] .  I  propos e tha t  th e syste m shoul d us e th e 

item' s pas t  histor y o f  usag e an d th e element s i n th e curren t  contex t  t o com e u p wit h a 

Bayesia n estimat e o f  tha t  probability .  A  particularl y transparen t  wa y o f  statin g thi s i s wit h 

th e Bayesia n odd s ratio n formul a whic h w e ca n stat e 

P(A\H^&Q )  P{A\H^ )  P(i\A ) 

P{A\Ha&Q) P(A\Hj^) f^^ P(i\A) 
(21 

wher e P(A|H^&Q )  i s th e posterio r  probabilit y  tha t  th e memor y i s neede d give n it s pas t  histor y 

and th e cue s i n th e curren t  context ,  P(A|H^&Q )  i s 1-P(A|H^&Q) ,  P(A|H^ )  i s th e posterio r 

probabilit y  give n jus t  th e history ,  P(A|H^ )  =  1-P(A|H^) ,  P(i|A )  i s th e conditiona l  probabilit y  tha t  i 

woul d b e i n th e curren t  contex t  i f  A  i s needed ,  an d P(i|A )  i s th e conditiona l  probabilit y  i f  A 

i s no t  needed .  Thi s wa y o f  formulatin g th e relationshi p _nicel y break s u p th e nee d 

probabilit y  int o th e produc t  o f  a  histor y facto r  P(A|H^)/P(A|H^ )  plu s a  contex t  facto r  th e 

produc t  involvin g th e P(i|A)/P(i/A) .  Not e tha t  i n thi s contex t  facto r  w e ar e assumin g th e 

individua l  cue s ar e independen t  o f  on e anothe r  i n orde r  t o obtai n a  product .  I  neithe r  wan t 

t o argu e tha t  thi s i s reall y tru e no r  tha t  th e huma n syste m actuall y act s a s i f  i t  is .  I  a m 

onl y usin g thi s a s a n approximatio n t o ge t  a n indicatio n o f  wha t  th e rationa l  prediction s are . 

The History Factor 

In investigating the implications of this rational analysis for the power-law learning function 

we nee d t o focu s o n th e histor y facto r  i n th e abov e equation .  I n particula r  w e nee d t o 

specif y  P(A|H^) .  T o determin e thi s w e nee d t o kno w ho w th e pas t  histor y o f  usag e o f  a 

memory trac e predict s whethe r  i t  wil l  b e currentl y used .  T o determin e thi s i n a  trul y vali d 

objectiv e wa y w e woul d hav e t o follo w peopl e around ,  determin e whe n the y us e particula r 

facts ,  an d induc e wha t  th e empirica l  relationshi p is .  I t  i s  nearl y impossibl e t o imagin e 

collectin g suc h objectiv e statistic s i n th e huma n cas e bu t  suc h statististic s ar e availabl e fo r 

othe r  informatio n retrieva l  systems .  Fo r  instance ,  ther e i s dat a abou t  ho w pas t  borrowing s 

fro m a  librar y predic t  futur e borrowings(Burrell ,  1980 ;  Burrel l  &  Cane ,  1982) .  Ther e i s dat a 
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about how past accesses to a file predict future accesses(Stritter, 1977), The data for 

thes e differen t  domain s i s quit e simila r  i n term s o f  th e natur e o f  th e functiona l  relationshi p 

betwee n pas t  us e an d curren t  use .  I  propos e tha t  thes e relationship s ar e tru e o f  al l 

informatio n retrieva l  system s includin g th e huma n one . 

Burrell developed a model for library borrowings which provides a good analytical starting 

point .  Ther e ar e thre e basi c assumption s i n Burrel l  s  model .  Th e firs t  i s  tha t  th e item s i n 

a syste m var y i n thei r  desirability .  Burrel l  assume s tha t  th e distributio n o f  desirabilit y  i s  a 

g a m ma distributio n wit h paramete r  b  an d inde x v .  H e i s abl e t o basicall y sho w suc h a 

distributio n o f  borrowing s i n th e cas e o f  a  librar y system .  Th e secon d assumptio n tha t 

Burrel l  make s i s tha t  ther e i s a n agin g proces s suc h tha t  item s wil l  deca y i n thei r  borrowin g 

rat e wit h th e passag e o f  time .  Agai n h e ca n empiricall y validat e tha t  suc h a n agin g 

proces s doe s occur .  Thi s mean s tha t  i f  w e tak e a n ite m fro m th e g a m ma distributio n wit h 

initia l  desirabilit y  X  it s desirabilit y  afte r  tim e t  wil l  b e Xr(t )  wher e r(t )  describe s th e rat e o f 

decay .  Burrel l  use s a  simpl e exponentia l  deca y i n rat e o f  th e form .  Th e thir d assumptio n 

of  Burrel l  i s  tha t  borrowing s ar e a  Poisso n proces s an d tha t  time s unti l  nex t  borrowin g ar e 

exponentiall y  distribute d wit h rat e Xr(t) . 

With these assumptions we can derive what I call the recency-frequency function RF(n,t) 

whic h i s th e probabilit y  tha t  a n ite m introduce d t  tim e unit s ag o an d use d n  time s ove r  tha t 

perio d wil l  b e neede d i n th e curren t  tim e unit .  I t  produce s a  linea r  relationshi p betwee n 

number  o f  uses ,  n ,  an d nee d probability .  Thi s i s a  specia l  cas e o f  a  powe r  function . 

When w e conside r  plausibl e monotoni c transformation s fro m nee d probabilit y  t o latenc y th e 

linea r  relationshi p disappear s bu t  th e powe r  functio n relationshi p remains .  Becaus e o f  th e 

agin g facto r  r(t )  w e win d u p predictin g th e forgettin g functio n quit e accuratel y a s well . 

Thus, we have shown that power law learning can be predicted from a rational perspective 

whic h see s huma n memor y a s adaptin g t o th e statistic s o f  informatio n use .  Thus ,  i t  i s  wha t 

i s outsid e th e huma n hea d no t  wha t  i s insid e tha t  i s controllin g th e memor y performance .  I 

shoul d emphasiz e tha t  thi s doe s no t  den y tha t  chunkin g ma y b e on e o f  th e mechanism s th e 

min d use s t o achiev e thi s adaption .  However ,  th e argumen t  i s tha t  th e rea l  explanatio n i s 

i n th e outsid e worl d an d no t  i n th e interna l  mechanisms . 

A C T * - - T h e F a n Effec t 

Now I would like to turn to the second architecture, ACT*, and consider a signature 

phenomeno n whic h ha s playe d a  ke y rol e i n it s development .  Thi s i s th e fa n effec t 

(Anderson ,  1983 )  .  A  typica l  experimen t  i s focuse d o n subjects '  abilit y  t o recogniz e sentence s 

tha t  the y hav e learned .  Accordin g t o ACT* ,  upo n bein g presente d wit h a  sentenc e suc h a s 

"Th e lawye r  i s i n th e park "  th e subjec t  activate s th e concept s i n th e sentenc e suc h a s 

lawyer ,  in ,  an d park .  Activatio n spread s fro m thes e concept s alon g variou s networ k paths . 

The tim e t o recogniz e a  sentenc e i s a  functio n o f  th e amoun t  o f  activatio n reachin g th e 

propositio n node .  Th e critica l  additiona l  assumptio n i n th e A C T *  theor y i s tha t  th e amoun t 

of  activatio n tha t  ca n sprea d ou t  o f  a  nod e i s fixe d an d tha t  th e mor e path s emanatin g ou t 

of  a  concep t  th e les s activatio n ca n g o t o an y on e propositio n an d s o th e slowe r 

recognitio n wil l  be .  Fa n refer s t o th e numbe r  o f  suc h path s an d i s manipulate d b y 

manipulatin g th e numbe r  o f  fact s studie d abou t  a  concep t  lik e lawyer . 
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We can extend our previous rational analysis of the fan fan effect to accomodate the fan 

effect .  Her e w e wil l  b e intereste d i n analyzin g th e contex t  facto r  rathe r  tha n th e histor y 

facto r  sinc e w e ar e manipulatin g propertie s o f  th e memor y cues_tha t  w e presente d t o 

subjects .  Tha t  i s w e wan t  t o focu s o n th e quantitie s P(i|A)/P(i|A )  wher e th e i  ar e concept s 

lik e lawye r  an d th e A  ar e th e sentence s t o b e recalled .  W e ca n rewrit e thes e a s 

PU\A]  PiA\i)P{iyP{A ) 

P{i\A )  P{A\i)P{i) l  P{A ) 
(31 

The P(i )  dro p out .  Sinc e P(A )  mus t  b e nea r  on e (ther e ar e million s o f  trace s an d n o on e 

ca n b e ver y probable )  i t  ca n als o b e ignored .  T o a n approximatio n w e ca n als o ignor e 

P(A|i) .  Thi s i s a  goo d approximatio n t o th e exten t  tha t  th e probabilit y  o f  needin g a  trac e 

remain s lo w eve n i n th e presenc e o f  a  predictiv e cue .  I f  w e allo w thi s approximatio n w e 

get  th e followin g whic h i s ver y eas y t o analyze : 

P{i\A )  P{A\i ) 

PUIA )  P{A ) 
141 

Our  claim s d o no t  depen d o n makin g thi s approximation .  I t  i s  jus t  tha t  the y ar e a  lo t 

easie r  t o se e wit h th e approximation .  I n ou r  experiment s P(A )  i s basicall y constan t  fo r  al l 

item s an d s o th e critica l  facto r  turn s ou t  t o b e th e probabilit y  tha t  th e trac e i s releven t 

give n a  particula r  cue .  Thi s i s precisel y wha t  i s manipulate d b y fa n i n a  typica l  experiment . 

The mor e fact s associate d wit h a  particula r  concep t  th e les s likel y an y on e i s give n th e 

concept .  Basicall y i f  th e fa n i s n  th e probabilit y  i s 1/n .  Anderso n (1976 )  di d a n experimen t 

tha t  decorrelate d fa n an d probabilit y  b y manipulatin g th e probabilit y  o f  testin g variou s fact s 

associate d wit h a  particula r  concept .  Tha t  experimen t  showe d conclusivel y tha t  th e critica l 

facto r  i s probabilit y  an d no t  fan . 

Thus, the fan effect is a consequence.of memory using the correlation between cues and 

a memor y s  relevenc e t o predic t  whe n th e memor y i s needed .  I t  ma y b e tha t  spreadin g 

activatio n i s on e o f  th e mechanism s tha t  th e min d use s t o comput e th e correlation . 

However ,  fo r  curren t  purpose s th e critica l  fac t  i s  onc e agai n tha t  th e explanatio n o f  th e 

phenomen a lie s i n wha t  i s outsid e o f  th e huma n hea d an d no t  wha t  i s inside . 

P DP - -  Categorizatio n 

PDP models involve representing knowledge in a distributed form where specific 

experience s d o no t  hav e specifi c  encodings .  O n th e othe r  han d P D P model s d o learnin g 

locall y suc h tha t  change s i n strength s o f  connectio n betwee n specifi c  element s mus t  underli e 

thes e distribute d encodings .  Thi s lead s P D P model s t o naturall y produc e generalizatio n 

phenomen a suc h tha t  the y extrac t  centra l  tendencie s ou t  o f  th e experienc e o f  specifi c 

instances .  I n introducin g P D P models ,  fvlcClelland ,  Rumelhart ,  &  Hinton(1986 )  giv e a  lo t  o f 

pla y t o categorizatio n phenomen a whic h i s th e identificatio n o f  c o m m o n categorie s i n a  se t 

of  tendencies .  I t  receive s mor e pag e spac e i n thei r  articl e tha n an y othe r  phenomena . 

Ther e i s a  substantia l  literatur e i n cognitiv e psycholog y o n categorizatio n behavior . 
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McClelland el al. do not actually simulate any specific experiment in this literature but 

rathe r  offe r  a  simulatio n o f  th e extractio n o f  th e characteristic s o f  th e member s o f  tw o 

gang s (th e jet s an d th e sharks )  a s a  prototyp e o f  th e experiment s i n th e literatur e 

To develop a rational analysis of categorization behavior the first thing we need to ask is 

what  ar e th e goal s o f  th e cognitiv e syste m i n formin g categories .  I n muc h o f  th e 

experimenta l  literatur e o n categorizatio n on e get s th e feelin g tha t  th e drivin g forc e behin d 

categorizatio n i s som e sor t  o f  socia l  conformity-tha t  w e nee d t o lear n t o us e th e sam e 

label s t o describ e object s a s d o othe r  people .  However ,  thi s clearl y canno t  b e al l  o f  th e 

picture ,  particularl y becaus e peopl e ca n lear n t o identif y categorie s i n th e absenc e o f  an y 

labels .  I  thin k th e rea l  functio n o f  categorizatio n i s t o maximiz e th e system' s abilit y  t o 

predic t  propertie s o f  object s includin g thei r  labels .  Clearly ,  a  syste m tha t  ca n mak e 

accurat e prediction s wil l  b e i n a  positio n t o maximiz e it s goals . 

The reason people form categories to maximize prediction is because of the nature of 

object s i n th e externa l  world .  Formally ,  th e followin g i s th e characterizatio n tha t  I  wil l 

assume i n m y rationa l  derivations .  I  wil l  assum e tha t  th e worl d see n s o fa r  ha s consiste d 

of  n  object s whic h ar e partitione d int o s  disjoin t  set s o r  categories .  Eac h objec t  ca n b e 

classifie d accordin g t o som e r  dimension s (fo r  simplicit y I  wil l  onl y conside r  cardina l 

dimensions )  wher e eac h dimensio n i  ha s som e m |  values .  Th e member s o f  a  categor y 

belon g i n tha t  categor y b y virtu e o f  possessin g theoretica l  probabilitie s P| .  tha t  the y wil l 

displa y valu e j  o n dimensio n i .  Thes e probabilitie s provid e th e intensiona l  definitio n o f  a 

categor y i n contras t  t o it s extensiona l  definitio n whic h ca n b e gotte n simpl y b y listin g th e 

categor y members . 

These assumptions are intended as descriptions of the external world not just of the 

perceptio n o f  th e worl d i n th e huma n head .  On e ca n as k wh y th e object s i n th e worl d 

shoul d partitio n themselve s i n disjoin t  partition s define d b y conjunction s o f  features .  I 

canno t  sa y I  kno w th e tota l  answe r  bu t  ther e ar e som e obviou s thing s t o poin t  at .  Fo r 

instanc e ther e i s th e geneti c phenomeno n o f  specie s whic h enforce s a  disjoin t  (n o 

crossbreeding )  partitionin g o f  conjunctivel y define d categorie s (th e c o m m o n geneti c cod e 

withi n a  species) .  Othe r  type s o f  object s lik e physica l  element s an d tool s ten d t o produc e 

simila r  disjoin t  partitioning s o f  conjunctivel y define d categories .  On e ca n als o questio n th e 

probabilisti c  definitio n o f  categor y membershi p sinc e thi s i s i n contradictio n t o th e traditio n i n 

th e artificia l  intelligenc e wor k o n categories .  However ,  I  thin k i t  i s  indisputabl e tha t  categor y 

members d o displa y thei r  feature s wit h onl y certai n probabilities .  Mos t  labrador s ar e blac k 

and hav e fou r  leg s bu t  neithe r  featur e i s displaye d universally . 

From these assumptions one can derive a Bayesian algorithm to assign objects to 

categorie s an d t o estimat e th e theoretica l  probabilitie s p̂ j .  Again ,  I  d o no t  hav e th e spac e 

t o g o int o th e detail s o f  th e algorithm .  I  hav e applie d th e algorith m t o th e no w classi c 

dat a o f  Medi n an d Schaffe r  (1978 )  wher e i t  di d bette r  tha n thei r  origina l  mode l  usin g onl y a 

singl e paramete r  rathe r  tha n thei r  many .  I  hav e als o applie d i t  t o th e lon g serie s o f 

experiment s involvin g th e Posne r  an d Keel e (1968 )  stimul i  usin g a n encodin g o f  thes e 

material s develope d b y Hintzma n (1986) .  I t  account s fo r  al l  th e phenomen a tha t  Hintzma n 

list s fo r  thes e materials ,  I  hav e als o successfull y predicte d th e result s o f  a  complicate d 

experimen t  o f  Eli o an d Anderso n (1981 )  whic h n o mode l  befor e Hintzman' s wa s abl e t o 
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account for. Rather than discussing the specific experiments in detail it is worthwhile listing 

some o f  th e majo r  phenomen a tha t  ar e know n abou t  huma n categorizatio n an d explainin g 

ho w th e mode l  account s fo r  each : 

1. Clearly the research indicates that, to a degree, people extract the central tendency of 

a se t  o f  instance s i n tha t  thei r  behavio r  i s a  functio n o f  th e distanc e fro m tha t  centra l 

tendency .  Thi s simpl y reflect s a  sensitivit y t o th e statistica l  correlatio n betwee n feature s an d 

categor y identit y whic h amount s t o usin g conditiona l  probabilitie s i n a  Bayesia n analysis . 

2. In addition to distance from a central tendency the literature has found an effect of 

distanc e fro m specifi c  examples(eg. ,  Medi n &  Schaffer ,  1978) .  Thi s i s produce d b y th e 

tendenc y o f  th e mode l  t o brea k divers e categorie s int o subcategorie s wher e th e feature s 

cluste r  together .  Th e reaso n fo r  thi s i s tha t  predictiv e powe r  i s gaine d b y suc h 

decomposition . 

3. It has shown that when a category has multiple central tendencies subjects can pick 

thi s u p (Neumann ,  1977) .  A s wit h poin t  (2 )  thi s i s produce d b y th e tendenc y t o brea k a 

larg e divers e categor y int o smalle r  categorie s tha t  increas e predictability . 

4. There is an effect of category size as was discussed with respect to the Posner & 

Keel e task .  Thi s i s simpl y a  sensitivit y t o bas e rates . 

5. Rosch, Mervis, Gray, Johnson, Boyes-Braem (1976) has documented the many 

circumstance s i n whic h ther e appea r  t o basi c leve l  categories .  Th e existanc e o f  suc h 

categorie s i n ou r  framewor k i s simpl y a  consequenc e o f  th e fac t  tha t  thes e categorie s 

maximiz e th e predictabilit y  o f  th e world-whic h i s basicall y Rosc h s  origina l  point . 

6. It is not necessary for feedback on category membership to be given in order for 

categorie s t o emerge(Frie d an d Holyoak ,  1984) .  Categorie s wil l  emerg e an y tim e the y 

increas e i n predictabilit y  o f  th e universe .  However ,  b y applyin g categor y label s w e increas e 

th e amoun t  o f  structur e tha t  ca n b e predicte d an d s o enhanc e th e valu e o f  categor y 

membership .  So ,  label s shoul d enhanc e categorizatio n bu t  ar e no t  essential . 

7. The more things that can be predicted from category membership the more likely a 

categor y i s t o b e forme d eve n thoug h thi s mean s on e ha s t o lear n mor e abou t  a  categor y 

(Biiiman ,  1983) . 

Thus it seems that categorization phenomena can be again explained from a rational 

perspectiv e assumin g tha t  th e controllin g facto r  i s th e structur e o f  th e worl d an d no t  th e 

structur e i n th e huma n head .  Not e agai n thi s analysi s doe s no t  den y tha t  P D P mechanism s 

may b e th e wa y tha t  th e min d implement s thi s rationa l  analysis .  However ,  i t  denie s tha t 

P DP model s provid e a n adequat e explanatio n o f  th e phenomena . 
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Conclusions 

In summary we have looked at three cognitive architectures For each we have have 

take n a  signatur e phenomeno n an d develope d a  reasonabl e mode l  o f  th e worl d i n whic h 

tha t  phenomeno n occur s an d th e goal s o f  human s operatin g i n tha t  world .  W e hav e mad e 

a fe w assumption s abou t  computationa l  cost s whic h ar e no t  a t  al l  mechanis m specifi c  W e 

hav e derive d th e signatur e phenomen a a s solution s t o th e optimizatio n problem s w e define d 

I n eac h cas e thi s rationa l  analysi s le d t o a n accoun t  tha t  wa s a s accurat e o r  mor e accurat e 

tha n th e origina l  mechanisti c account . 

Now we come to the hard question of what the implications are of these demonstrations. 

I  a m no t  reall y sur e wha t  th e implication s ar e bu t  I  wil l  hazar d a  guess .  Thi s i s tha t 

cognitiv e architecture s shoul d b e viewe d a s notation s fo r  expressin g th e behaviora l  function s 

tha t  emerg e a s th e solution s t o th e optimizatio n problem s i n a  rationa l  analysis .  Th e rea l 

theor y lie s i n th e assumption s mad e i n th e statemen t  o f  th e optimizatio n problem--!.e. ,  th e 

assumption s abou t  th e goals ,  th e world ,  an d th e computationa l  limitations .  Thes e 

assumption s d o no t  hav e th e sam e identifiabilit y  problem s tha t  th e mechanisti c model s d o 

and lea d t o a  muc h deepe r  explanatio n o f  th e phenomen a a t  hand .  However ,  somethin g 

computationall y powerfu l  lik e a  Turing-equivalen t  architectur e i s necessar y i f  w e ar e goin g t o 

be abl e t o expres s th e solutio n t o thes e optimizatio n problems . 

Thus the theory is in the framing of the information processing problem and the 

architecture s provid e notatio n fo r  expressin g th e solution s t o th e optimizatio n problem s I 

se e a  one-to-man y mappin g betwee n f-aming s an d architectures .  Tha t  is ,  on e ca n tak e a 

singl e framin g an d fo r  ever y architectur e fin d som e configuratio n o f  it s  mechanism s tha t 

enabl e th e optima l  behavio r  t o b e computed .  Choic e amon g architecture s i s the n no t  t o b e 

determine d b y veracit y o f  empirica l  predictions .  Rathe r  i t  i s  t o b e determine d b y ho w eas y 

it  i s  t o wor k ou t  th e optima l  behavio r  i n tha t  architecture .  Eas e o f  us e i s th e classi c 

criterio n fo r  selectin g amon g notations .  Empirica l  veracit y i s reserve d fo r  theories , 
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Transition s i n Strateg y Choice s 

Robert S. Siegler 

Carnegie-Mellon University 

Traditionally, transitions in children's thinking have been characterized 
i n elegantl y simpl e ways .  Fo r  example ,  5-year-old s hav e bee n sai d t o 
understan d conservatio n i n term s o f  a  singl e dimension ,  th e heigh t  o f  th e 
liqui d column s i n th e tw o glasses ,  wherea s 7-year-old s hav e bee n sai d t o 
understan d i t  i n term s o f  transformations .  Similarly ,  firs t  an d secon d grader s 
hav e bee n sai d t o ad d smal l  number s b y countin g u p fro m th e large r  addend , 
wherea s thos e beyon d thir d grad e hav e bee n sai d t o solv e suc h problem s b y 
retrievin g answer s fro m memor y (e .  g. ,  Groe n &  Parkman ,  1972) . 

These models of transitions are clean and appealing, but they also are 
to o simpl e t o captur e man y o f  th e mos t  interestin g change s i n children' s 
thinking .  O n a  variet y o f  problems ,  individua l  childre n kno w an d us e multipl e 
strategies ,  no t  jus t  one .  The y choos e amon g thes e strategie s i n way s tha t 
produc e adaptiv e combination s o f  strateg y us e a t  an y on e tim e an d tha t  produc e 
adaptiv e change s i n strateg y us e ove r  time .  The y als o construc t  ne w 
strategies ,  whic h gai n a  nich e amon g th e existin g ones ,  an d chang e th e 
situation s i n whic h differen t  strategie s ar e used .  Concurren t  wit h al l  o f 
thes e change s i n strateg y use ,  childre n becom e faste r  an d mor e accurat e i n 
executin g eac h strateg y an d i n solvin g al l  problems . 

This article is organized into four sections. The first describes some of 
th e evidenc e tha t  childre n actuall y us e multipl e strategie s i n situation s 
wher e the y previousl y hav e bee n presume d t o jus t  us e one .  Th e secon d describe s 
a mode l  o f  ho w childre n choos e strategie s a t  an y particula r  poin t  i n 
development .  Th e thir d describe s th e par t  o f  th e mode l  tha t  deal s wit h ho w 
childre n chang e strategie s ove r  time .  Th e fourt h describe s ho w childre n 
construc t  ne w strategies . 

Evidence that Children Use Diverse Strategies 

Here and in most of the sections that follow, I describe research on 4-
t o 10-year-olds '  strateg y choice s i n arithmetic .  My colleague s an d I  hav e 
obtaine d simila r  finding s i n a  numbe r  o f  othe r  areas :  wor d identification , 
time-telling ,  spelling ,  an d seria l  recal l  (Siegler ,  1986 ;  i n press-a) .  I  focu s 
on th e arithmeti c researc h her e becaus e th e finding s ar e representativ e o f 
thos e w e hav e obtaine d i n othe r  domains ,  an d becaus e th e model s o f  transitio n 
processe s hav e progresse d th e furthest . 

For the past 15 years, the min model has been widely accepted as 
accuratel y describin g th e wa y tha t  firs t  an d secon d grader s solv e additio n 
problems .  I n thi s model ,  childre n consistentl y solv e additio n problem s b y 
countin g u p fro m th e large r  adden d th e numbe r  o f  time s indicate d b y th e 
smalle r  addend .  Fo r  example ,  o n 3+6 ,  trhe y woul d thin k "6 ,  7 ,  8 ,  9" .  Th e mi n 
model  predict s tha t  solutio n time s o n eac h proble m wil l  b e a  linea r  functio n 
of  th e smalle r  addend ,  becaus e th e smalle r  adden d indicate s th e amoun t  o f 
counting-o n fro m th e large r  numbe r  tha t  need s t o b e don e t o solv e th e problem . 
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This prediction has proved accurate for both groups of children and 
individuals ,  i n bot h Europ e an d Nort h America ,  an d i n bot h standar d an d 
specia l  educatio n settings . 

Despite all this support, the min model is wrong. Siegler (1987) examined 
youn g children' s simpl e addition ,  usin g bot h th e usua l  solution-tim e measure s 
and children' s verba l  reports .  Th e result s wer e striking .  When dat a wer e 
average d ove r  al l  trial s (an d ove r  al l  strategies) ,  a s i n earlie r  studies ,  th e 
result s replicate d th e previou s findin g tha t  solutio n time s wer e a  linea r 
functio n o f  th e smalle r  addend .  I f  thes e analyse s ha d bee n th e onl y one s 
conducted ,  th e usua l  conclusio n woul d hav e bee n reached ,  namel y tha t  firs t  an d 
secon d grader s consistentl y us e th e mi n strateg y t o add . 

However, the children's verbal reports suggested a quite different 
picture .  Th e mi n strateg y wa s bu t  on e o f  fiv e approache s tha t  the y reporte d 
using .  Thi s reportin g o f  divers e strategie s characterize d individua l  a s wel l 
as grou p performance ;  mos t  childre n reporte d usin g a t  leas t  thre e approaches . 
Childre n reporte d usin g th e mi n strateg y o n onl y 36 % o f  trials . 

Dividing the solution time data according to what strategy children said 
the y ha d use d o n tha t  tria l  len t  considerabl e credenc e t o th e children' s 
verba l  reports .  O n trial s wher e the y reporte d usin g th e mi n strategy ,  th e mi n 
model  wa s a n eve n bette r  predicto r  o f  solutio n time s tha n i n pas t  studie s o r 
i n th e Siegle r  (1987 )  dat a se t  a s a  whole ;  i t  accounte d fo r  86 % o f  th e 
varianc e i n solutio n times .  I n contrast ,  o n trial s wher e the y reporte d usin g 
one o f  th e othe r  strategies ,  th e mi n mode l  wa s neve r  a  goo d predicto r  o f 
performance ,  eithe r  i n absolut e term s o r  relativ e t o othe r  predictors .  I t 
neve r  accounte d fo r  a s muc h a s 40 % o f  th e variance .  A  variet y o f  measure s 
converge d o n th e conclusio n tha t  childre n use d th e fiv e strategie s tha t  the y 
reporte d using ,  an d tha t  the y employe d the m o n thos e trial s wher e the y sai d 
the y had . 

Models of transitions can be no better than the characterizations of 
earl y an d late r  knowledg e state s tha t  the y ar e attemptin g t o connect .  I n 
arithmeti c an d man y othe r  domains ,  adequatel y characterizin g thes e knowledg e 
state s demand s recognitio n o f  children' s us e o f  divers e strategie s ove r 
extende d period s o f  development . 

A Model of How Children Choose Which Strategy to Use 

Once we recognize that children use diverse strategies to solve many 
problems ,  i t  become s essentia l  t o identif y ho w the y choos e amon g them .  Fo r 
th e pas t  fe w years ,  my colleague s an d I  hav e bee n developin g a  mode l  o f  ho w 
childre n choos e amon g thei r  divers e strategies .  Th e mode l  ha s bee n 
implemente d i n detai l  (a s a  runnin g compute r  simulation )  fo r  addition , 
subtraction ,  an d multiplication .  I n al l  o f  thes e areas ,  th e simulation s 
produc e strateg y choice s a t  an y give n time ,  change s i n strateg y us e ove r  time , 
and improvement s i n accurac y an d spee d muc h lik e thos e o f  th e childre n w e hav e 
observed . 

The current version of the simulation, which I will describe here, is a 
more genera l  versio n o f  th e additio n simulatio n describe d b y Siegle r  an d 
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Shrage r  (198A) .  Lik e th e previou s version ,  i t  include s a  representatio n o f 
knowledg e an d a  proces s tha t  operate s o n tha t  representatio n t o produc e 
performanc e an d learning . 

First consider the representation. Children are hypothesized to have 
knowledg e o f  problems ,  o f  strategies ,  an d o f  th e interactio n betwee n problem s 
and strategies .  Thei r  knowledg e o f  problem s involve s association s betwee n 
eac h proble m an d possibl e answer s t o tha t  problem ,  bot h correc t  an d incorrect . 
For  example ,  5+ 3 woul d b e associate d no t  onl y wit h 8  bu t  als o wit h 6 ,  7 ,  an d 
9.  Thes e representation s o f  knowledg e o f  eac h proble m ca n b e classifie d alon g 
a dimensio n o f  th e peakednes s o f  thei r  distributio n o f  associations .  I n a 
peake d distribution ,  mos t  associativ e strengt h i s concentrate d i n th e correc t 
answer .  A t  th e othe r  extreme ,  i n a  fla t  distribution ,  associativ e strengt h i s 
disperse d amon g severa l  answers ,  wit h non e o f  the m formin g a  stron g peak .  Fo r 
example ,  i n Figur e 1 ,  th e associativ e strength s fo r  answer s t o 2+ 1 for m a 
peake d distributio n (wit h th e associativ e strengt h fo r  3  a t  th e peak )  an d 
thos e fo r  3+ 5 for m a  fla t  distribution . 

The representation also includes knowledge about strategies. Each time a 
strateg y i s used ,  th e simulatio n gain s informatio n abou t  it s spee d an d 
accuracy .  Thi s informatio n generate s a  strengt h fo r  eac h strategy ,  bot h i n 
genera l  an d o n particula r  problems .  Th e strategie s modele d i n th e curren t 
versio n o f  th e additio n simulatio n ar e th e thre e mos t  common approache s tha t 
youn g childre n use :  countin g fro m one ,  th e mi n strategy ,  an d retrieval . 

One furt h 
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X 
h-
O 
2 
UJ 
a. 
h-
V) 
UJ 
> 
<_) 
O 
t o 
t o 
< 

8 

6 

5 

4 

J 

2 

1 

-  1 

•- • 

•  2  +  1 

( 
CONFIDENCE 
CRITERION 

8 

7 
X 
IB 6 
z 
u 

UJ 4 
> 
§ 3 
o 
°  , 
< 

I 

3 +  5 

CONFIDENCE 
CRITERION 

1 2 3 4 5 6 ^ 8 9 l O 
ANSWER 
Figure 1. A peaked (left) <ind a flat (right) distribution of associations. 

I  2 3 4 5 6 7 8 9 1 0 
ANSWER 

13 



SIEGLER 

given strategy being chosen is proportional to its strength relative to the 
strengt h o f  al l  strategies .  Strengt h o f  a  strateg y o n a  proble m i s a  join t 
functio n o f  th e loca l  valu e o f  th e strateg y (ho w wel l  i t  ha s don e o n tha t 
proble m i n th e past )  an d o f  it s  globa l  valu e (ho w wel l  i t  ha s don e acros s al l 
problems) .  O n problem s neve r  previousl y encountered ,  th e globa l  valu e o f  th e 
strateg y i s th e sol e determinan t  o f  it s  strength .  Thus ,  th e stronge r  a 
strateg y i n genera l  an d o n th e particula r  proble m tha t  i s posed ,  th e mor e 
likel y tha t  i t  wil l  b e chose n fo r  us e o n tha t  problem . 

If a strategy other than retrieval is chosen, that strategy is executed. 
I f  retrieva l  i s  chosen ,  th e simulatio n retrieve s a  specifi c  answe r  (e .  g. .  A ) 
fro m th e problem' s distributio n o f  association s (Figur e 1 ) .  Th e probabilit y 
of  an y give n answe r  bein g retrieve d i s proportiona l  t o tha t  answer' s 
associativ e strengt h relativ e t o th e strengt h o f  al l  answer s t o th e problem . 
Thus ,  i n Figur e 1 ,  th e connectio n betwee n "2+1 "  an d "3 "  ha s a  strengt h o f  .80 , 
th e strengt h o f  connection s betwee n "2+1 "  an d al l  answer s i s 1.00 ,  s o th e 
probabilit y  o f  retrievin g "3 "  i s 80X .  I f  th e associativ e strengt h o f 
whicheve r  answe r  i s chose n exceed s th e confidenc e criterio n ( a threshol d fo r 
statin g a  retrieve d answer) ,  th e simulatio n state s tha t  answer .  Otherwise ,  th e 
simulatio n agai n choose s a  strateg y wit h probabilit y  proportiona l  t o th e 
strengt h o f  tha t  strateg y relativ e t o thos e o f  al l  strategies .  Th e proces s 
continue s unti l  a  strateg y i s chose n an d a n answe r  stated . 

The simulation generates patterns of accuracy, solution times, and 
strateg y us e muc h lik e thos e o f  children .  Fo r  example ,  i t  use s th e mi n 
strateg y mos t  ofte n o n problem s wher e th e smalle r  o f  th e tw o addend s i s ver y 
smal l  an d wher e th e differenc e betwee n th e tw o addend s i s quit e large . 
Siegle r  (1987 )  foun d th e sam e patter n i n kindergarteners' ,  firs t  graders' ,  an d 
secon d graders '  performance .  Als o a s wit h children ,  th e simulatio n use s 
retrieva l  mos t  ofte n o n problem s wher e bot h addend s ar e smal l  an d use s 
counting-from-on e primaril y o n problem s wher e bot h addend s ar e large . 
Relativ e proble m difficult y an d particula r  error s tha t  th e simulatio n make s 
als o paralle l  thos e o f  children .  Th e reaso n lie s i n th e simulation' s learnin g 
mechanism ,  whic h i s describe d i n th e nex t  section . 

Transitions in Strategy Use Over Time 

The simulation learns a great deal through its experience with strategies 
and problems .  A s i t  gain s experience ,  i t  produce s faste r  an d mor e accurat e 
performance ,  mor e frequen t  us e o f  retrieval ,  les s frequen t  us e o f  countin g 
fro m one ,  an d close r  fittin g o f  whe n strategie s ar e use d t o thei r  advantage s 
and disadvantage s o n eac h problem .  Suc h learnin g i s no t  produce d b y an y 
explicit ,  metacognitiv e governmenta l  process ,  bu t  rathe r  throug h th e operatio n 
of  th e above-describe d progra m togethe r  wit h a  simpl e learnin g mechanism : 
childre n associat e answer s tha t  the y stat e wit h th e proble m o n whic h the y 
stat e them ,  an d associat e eac h strateg y wit h th e spee d an d accurac y tha t  th e 
strateg y ha s produce d o n eac h proble m an d ove r  al l  problems . 

The way that this learning mechanism operates can be illustrated in the 
contex t  o f  wh y som e strategie s ar e assigne d t o som e problem s mor e tha n others . 
Conside r  tw o problems ,  9+ 1 an d 5+5 .  Kindergartener s an d firs t  grader s us e th e 
mi n strateg y considerabl y mor e ofte n o n 9+1 ,  ye t  us e counting-from-on e mor e 
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often on 5+5. The simulation generates similar behavior, and illustrates how 
suc h a  patter n migh t  emerge .  On 9+1 ,  th e mi n strateg y ha s a  ver y larg e 
advantag e i n bot h spee d an d accurac y ove r  th e count-al l  strategy .  I t  require s 
onl y 1/1 0 a s man y counts .  I n contrast ,  th e number s o f  count s require d t o 
execut e th e tw o strategie s ar e mor e comparabl e o n 5+5 ,  wher e th e mi n strateg y 
require s 1/ 2 a s man y counts .  I f  th e numbe r  o f  count s wer e th e onl y 
consideration ,  childre n migh t  b e expecte d t o consistentl y us e th e mi n strateg y 
on bot h problem s (an d o n al l  problems )  fro m th e tim e the y learne d it .  However , 
fo r  an y give n numbe r  o f  counts ,  counting-o n fro m a n arbitrar y numbe r  i s 
considerabl y mor e difficul t  fo r  youn g childre n (i n term s o f  tim e an d error s 
per  count )  tha n countin g fro m on e Fuso n an d Richards ,  1982) .  Th e simulation' s 
probabilit y  o f  errin g o n eac h count ,  an d it s tim e pe r  count ,  reflec t  thi s 
greate r  difficult y o f  counting-o n fro m a  numbe r  large r  tha n one .  Thus ,  th e 
simulatio n learn s tha t  althoug h th e mi n strateg y i s generall y mor e effective , 
ther e ar e som e problems ,  suc h a s 5+5 ,  wher e counting-from-on e work s better . 
Thi s lead s t o counting-from-on e bein g th e mos t  frequen t  strateg y o n suc h 
problem s fo r  awhile .  I t  eventuall y i s overtake n b y retrieval ,  however ,  a s th e 
associativ e strengt h o f  th e correc t  answe r  become s sufficientl y grea t  tha t  i t 
i s  likel y t o b e retrieve d an d stated . 

The influence of performance on learning also is reflected in relative 
proble m difficult y an d i n th e particula r  error s tha t  childre n make .  Earl y i n 
learning ,  childre n mos t  ofte n us e backu p strategie s (suc h a s counting-from-on e 
and th e mi n strategy) .  Earl y pattern s o f  difficult y i n executin g suc h backu p 
strategie s see m t o influenc e late r  pattern s o f  retrieva l  difficult y an d 
particula r  error s tha t  ar e made .  Fo r  example ,  i n multiplication ,  th e mos t 
common backu p strateg y i s repeate d addition .  Repeate d additio n generate s tw o 
mai n type s o f  errors :  answer s i n whic h on e multiplican d i s adde d to o man y o r 
to o fe w time s (e .  g. ,  o n 8X4 ,  addin g 7  o r  9  A's ,  an d gettin g 2 8 o r  36 )  an d 
smal l  additio n error s (e .  g. ,  addin g 8  A' s an d gettin g 33) .  Thes e ar e th e 
same type s o f  error s tha t  childre n mak e mos t  ofte n whe n retrievin g answer s an d 
tha t  adult s mak e unde r  tim e pressure .  Similarly ,  thir d an d fourt h graders ' 
probabilit y  o f  correctl y executin g repeate d additio n o n simpl e multiplicatio n 
problem s i s highl y correlate d wit h thei r  probabilit y  o f  retrievin g correctl y 
(Siegler ,  i n press-a) .  Th e sam e relatio n betwee n difficult y o f  solvin g 
problem s vi a backu p strategie s an d vi a retrieva l  ha s bee n foun d i n additio n 
and subtractio n (Siegler ,  1986) . 

The simulation's learning mechanism also produces parallels between 
backu p strateg y an d retrieva l  performance .  Problem s tha t  ar e mor e difficul t  t o 
solv e earl y i n learnin g vi a backu p strategie s becom e mor e difficul t  t o solv e 
late r  vi a retrieval .  When th e simulatio n err s i n usin g backu p strategies ,  th e 
resul t  i s  les s opportunit y t o associat e th e proble m wit h th e correc t  answe r 
and mor e opportunit y t o associat e incorrec t  answer s wit h it . 

Backup strategies also influence their own future use, in a somewhat 
ironi c way .  Th e mor e accuratel y tha t  the y ar e execute d withi n th e simulation , 
th e soone r  the y sto p bein g used .  Th e reaso n i s tha t  accurat e executio n o f 
backu p strategie s lead s t o peake d distribution s o f  association s betwee n 
answer s an d eac h problem ,  whic h i n tur n lead s t o retrieval ,  inherentl y th e 
fastes t  strategy ,  als o generatin g accurat e performanc e an d therefor e bein g 
use d increasingl y often .  Thus ,  backu p strategie s contribut e t o th e transitio n 
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process in ways that lead to their own demise. Consistent with this view, the 
accurac y wit h whic h childre n execut e backu p strategie s i s quit e strongl y 
correlate d wit h ho w ofte n the y ar e abl e t o correctl y retriev e answer s i n 
addition ,  subtraction ,  an d wor d identificatio n (Siegler ,  i n press-b) . 

Acquisition of New Strategies 

The computer simulations generate a fair range of transitions in 
children' s arithmetic ,  bu t  b y n o mean s al l  o f  them .  Perhap s th e mos t 
conspicuou s ga p i s i n th e accoun t  o f  ho w ne w strategie s ar e acquired .  T o 
lear n mor e abou t  thi s issue ,  Eri c Jenkins ,  a  graduat e studen t  a t  CMU,  an d I 
ar e currentl y conductin g a  longitudina l  stud y o f  acquisitio n o f  th e mi n 
strategy .  Pas t  studie s indicat e tha t  childre n ordinaril y  acquir e thi s strateg y 
at  ag e 5  o r  6 ,  an d tha t  4-year-old s ca n lear n i t  i f  give n extensiv e additio n 
experience . 

To study the acquisition process, Jenkins and I pretested a group of 4-
and 5-year-old s t o identif y childre n wh o gav e n o evidenc e o f  prio r  knowledg e 
of  th e mi n strategy .  Onc e th e childre n wer e identified ,  w e presente d the m 7 
problem s dail y fo r  abou t  3 0 sessions .  Afte r  eac h problem ,  w e aske d th e chil d 
how h e o r  sh e ha d solve d th e problem .  Th e verba l  statement ,  togethe r  wit h th e 
videocassett e o f  th e child' s over t  behavio r  whil e solvin g th e problem ,  becam e 
our  guid e fo r  identifyin g th e child' s strateg y o n eac h trial .  Thi s gav e u s a 
way o f  identifyin g th e exac t  tria l  o n whic h th e chil d discovere d th e mi n 
strategy ,  an d thu s t o analyz e wha t  le d u p t o th e discover y an d ho w th e 
strategy ,  onc e discovered ,  wa s extende d t o ne w problems . 

The min strategy was discovered by 7 of the 9 children in the experiment. 
Some childre n constructe d th e strateg y withi n th e firs t  5  sessions ;  other s di d 
so betwee n th e 25t h an d 30t h sessions .  Fo r  som e children ,  inventio n o f  th e ne w 
strateg y wa s accompanie d b y consciou s appreciatio n tha t  the y wer e doin g 
somethin g ne w an d tha t  th e ne w wa y o f  addin g wa s mor e efficient .  Othe r 
childre n wer e unawar e tha t  the y wer e doin g anythin g different ,  eve n sayin g 
tha t  the y ha d counte d fro m on e whe n the y ha d audibl y bega n countin g a t  th e 
large r  addend . 

The most striking finding of the study involved a condition that seemed 
t o strongl y promot e bot h discover y o f  th e mi n strateg y amon g childre n wh o ha d 
not  alread y discovere d i t  an d increase d us e o f  th e strateg y amon g thos e wh o 
had .  Thi s conditio n involve d presentatio n o f  problem s tha t  woul d b e ver y 
difficul t  t o solv e b y mean s o f  th e prio r  counting-from-on e strategy ,  bu t  tha t 
woul d b e quit e eas y t o solv e vi a th e mi n strategy .  Thes e problem s involve d 
addin g ver y larg e an d ver y smal l  numbers ,  scu h a s 24+ 3 an d 2+23 .  Withi n tw o 
session s o f  th e introductio n o f  thes e problems ,  us e o f  th e mi n strateg y 
increase d fro m 15 % t o 65 % o f  trial s o n whic h an y typ e o f  countin g wa s used . 
The progres s wa s maintaine d afte r  th e demandin g problem s wer e n o longe r  give n 
and mor e standar d problem s (e .  g. ,  7+4 )  wer e substituted .  Thus ,  childre n met 
th e challeng e o f  th e difficul t  problem s b y constructin g a  ne w strategy ,  an d 
the n continue d t o us e th e ne w strateg y o n othe r  problems . 

Looking at the present research as a whole, perhaps the most striking 
characteristi c o f  cognitive-developmenta l  transition s i s thei r  self-regulatin g 
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quality. The transitions are self-regulating in at least three senses. 
First ,  children' s choice s o f  strategie s adap t  t o changin g circumstances .  A s 
the y gai n experienc e wit h a  strategy ,  the y us e i t  increasingl y ofte n o n thos e 
problem s wher e it s advantage s relativ e t o othe r  strategie s ar e greatest . 
Second ,  children' s strateg y choice s hav e buil t  int o the m a  kin d o f 
self-rightin g capability ,  a n abilit y  t o recove r  fro m error s an d initia l 
unfavorabl e experiences .  Th e heav y us e o f  backu p strategie s earl y i n learnin g 
confer s thi s typ e o f  stability .  Illustratively ,  th e simulatio n o f 
multiplicatio n reporte d i n Siegle r  (i n press-a )  erre d o n it s firs t  h  answer s 
on 8X 9 an d o n 8  o f  it s  firs t  10 .  Ye t  b y th e en d o f  th e learnin g phase ,  th e 
simulatio n wa s advancin g th e correc t  answe r  o n 99 X o f  trials .  Th e reaso n wa s 
tha t  ove r  trials ,  th e backu p strategie s produce d 7 2 mor e ofte n tha n an y othe r 
answer ,  whic h le d t o it s associativ e strengt h increasin g an d therefor e t o it s 
bein g retrieve d an d state d increasingl y often . 

Third, when existing procedures prove inadequate, children are especially 
likel y t o creat e ne w strategie s tha t  ca n overcom e th e difficulties .  Th e 
presen t  model s produc e th e firs t  tw o type s o f  self-regulation ;  I  hop e soo n t o 
incorporat e mechanism s int o th e models ,  perhap s aki n t o thos e i n Newell' s  Soa r 
or  VanLehn' s Sierr a models ,  tha t  produc e th e thir d typ e o f  self-regulatio n a s 
well . 
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Abstract 

VITA L i s a n experimen t  i n parsin g natura l  languag e throug h th e interactio n o f  man y loca l 

processe s withou t  a n explici t  globa l  control .  Th e globa l  interpretatio n i s achieve d throug h 

th e convergenc e o f  a  networ k o f  processe s o n a  mutuall y consisten t  stat e throug h cycle s 

of  spreadin g activatio n an d a n implici t  for m o f  mutua l  inhibition .  Thi s ca n b e viewe d a s 

a constrain t  satisfactio n techniqu e consisten t  wit h curren t  researc h bot h i n linguistic s an d 

connectionism. ^ 

Keyw^ords: Natural language processing, Connectionism 

Natural language as constraint satisfaction 

In linguistics, computational linguistics and natural language processing the idea is becoming 

increasingl y prevalen t  tha t  languag e i s bette r  describe d a s th e interactio n o f  man y wea k con -

straint s tha n a s th e interpretatio n o f  a  rigi d rul e syste m (Berwick ,  1987) .  Governmen t  Bindin g 

Theory ,  Lexica l  Fimctiona l  Grammar  an d Generahze d Phras e Structur e Grammar  aJ l  see m t o 

favo r  a  cooperativ e contro l  structur e governe d b y a  multitud e o f  ver y specific ,  loca l  constraint s 

distribute d throughou t  th e lexicon .  Similarly ,  th e Wor d Exper t  Parse r  (Smal l  &  Rieger ,  1982 ) 

has attracte d m u c h interes t  i n natura l  languag e processin g circle s a s a n attemp t  t o defin e a  ree d 

formalis m base d o n th e sort s o f  comple x lexica l  interaction s tha t  ar e imphci t  i n th e Yal e styl e 

conceptua l  analyzer s (B imbau m k .  Selfridge ,  1981) .  Th e appea l  o f  thi s approac h i s it s promis e 

of  a  mor e flexible  mechanism ,  wit h th e abilit y  t o handl e "mor e o r  less "  grammatica l  utterances , 

and t o provid e reasonabl e performanc e i n th e presenc e o f  flaws  an d shortcoming s her e an d ther e 

i n th e system .  I t  als o provide s a  processin g mode l  mor e consisten t  wit h wha t  w e kno w o f  cog -

nitiv e processing ,  especiall y i f  th e loca l  constraint s ca n b e treate d a s fairl y autonomou s paralle l 

processes .  A  proble m wit h th e approac h i s obvious :  give n a  multitud e o f  interactin g agents , 

eac h wit h it s o w n loca l  view ,  ho w d o yo u contro l  th e flow  o f  processin g t o arriv e a t  a  globe d 

interpretatio n a t  all ? 

Connectionist models 

Coimectionist network relaxation models provide an attractive approach to this sort of con-

strain t  satisfactio n proble m (Smolensk! ,  1986) .  Communicatio n betwee n processe s i s Hmite d 

T̂hi s researc h wa s supporte d b y a n NS F Presidentia l  Youn g Investigator s Awar d NSFIST-8351863 ,  D A R PA 
contrac t  N00014-87-K-0238 ,  an d th e Offic e o f  Nava l  Researc h unde r  a  Universit y Researc h Initiativ e grant ,  contrac t 
N00014-86-K-0764 . 
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to the passing of numerical activation and inhibition, with the processing state at any point 

i n tim e define d b y th e distributio n o f  activation .  I f  al l  goe s wel l  th e networ k wil l  converg e o n 

a configuratio n tha t  represent s a  maximall y consisten t  globa l  interpretation .  Thi s i s a  trul y 

distribute d contro l  structur e wit h a  ver y hig h degre e o f  parallelism .  I t  als o require s tha t  th e 

syste m b e develope d accordin g t o simpl e an d consisten t  principles ,  whic h m a y b e a  benefi t  i n 

itself . 

Gar y Cottre U an d Steve n Smal l  hav e use d thi s approac h t o mode l  wor d sens e disambigua -

tio n (Cottre U &  Small ,  1983) .  Jorda n Pollac k an d Davi d Walt z hav e propose d i t  a s a  wa y o f 

integratin g multipl e knowledg e source s i n natiira l  languag e processin g (Walt z &  PoUack ,  1985) . 

The system s mos t  simila r  t o m y ow n ar e th e parser s buil t  b y Mar k Fant y (Fanty ,  1985 )  an d Bar t 

Selma n (Selma n k  Hirst ,  1985) .  Thes e bot h pars e accordin g t o a  phras e structur e gramma r  us -

in g spreadin g activatio n ove r  a  networ k i n whic h th e node s represen t  th e rule s i n th e grammar . 

The networ k converge s wit h a  pars e tre e o f  th e inpu t  sentenc e activated . 

V I T A L 

Distinguishin g characteristic s 

Whil e Mar k Fant y use d a  dynami c programmin g approac h an d Bar t  Selma n a  Boltzman n ma -

chin e approac h i n thei r  parsers ,  I'v e applie d a n interactiv e relaxatio n algorith m simila r  t o tha t 

use d i n McClellan d an d Rumelhart' s  wor d recognitio n progra m (1981) .  I  fee l  tha t  thi s techniqu e 

maps mor e naturall y ont o th e problem ,  althoug h th e networ k behavio r  i s no t  a s wel l  tmderstoo d 

as i t  i s  wit h eithe r  o f  th e othe r  tw o approaches .  Whil e Selma n an d Fant y use d prebiiil t  dat a 

structure s capabl e o f  representin g al l  possibl e parse s o f  al l  sentence s o f  u p t o a  fixe d length ,  m y 

network s ar e buil t  dynamicall y durin g parsing .  I  regar d thi s a s a  questio n o f  implementatio n 

wit h th e usuc d sort s o f  space/tim e trad e ofFs . 

My relaxatio n algorith m i s imusua l  i n tha t  instea d o f  exphci t  inhibitor y Hnk s i t  utihze s 

deca y ove r  tim e togethe r  wit h a  "competition "  fo r  availabl e activatio n simila r  t o tha t  propose d 

by Jame s Reggi a (1987) .  Thi s produce d a  munbe r  o f  nic e result s whic h wi U b e detaile d below . 

The background grammar 

The phrase structure grammar is encoded as a collection of "template" network nodes, each of 

whic h represent s a  singl e rule .  Th e essentia l  informatio n i n thes e templat e node s is : 

• The ride itself; e.g. NP => DET N ^ 

• Pointers to other rules (I'll call them context rules) that have the represented rule's left-

hand-sid e a s a  constituen t  o f  thei r  right-hand-sides .  T w o contex t  rtile s fo r  th e abov e rul e 

woul d be : 

1. S => NP VP 

2.  PrepPh r  = > Pre p N P 

• Weights reflecting the statistical Ukelihood that the represented rule is in fact a constituent 

of  eac h o f  thos e contex t  rules ,  assumin g tha t  th e represente d rul e i s i n th e pars e tree .  Thes e 

ar e simpl y counter s tha t  ar e incremente d ever y tim e th e tw o rule s participat e togethe r  i n 

a successfu l  parse . 

^N ( N bar )  i s  a n intermediat e stag e i n formin g a  nou n phras e tha t  ma y b e complete d b y tackin g o n a  determiner . 
It  may b e a  singl e nou n o r  a  comple x phras e lik e "woma n tha t  w e sa w o n th e wa y t o th e park" . 
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Tabl e 1 :  A  sampl e gramma r  fragmen t 

syntacti c uni t 

book 

D ET 

N 

N 

th e 

contex t  rule s 

N = > boo k 

V =j > boo k 

NP = » D E T N 

N ^  N 

NP = ^  D E T N 

N = > AD J N 

D ET = > th e 

coun < 

18 

3 

208 

172 

208 

35 

72 

As neede d durin g parsing ,  copie s o f  thes e "templates "  ar e instantiate d a s node s i n th e network . 

A distinctio n i s mad e betwee n "branching "  rule s tha t  hav e mor e tha n on e constituen t  o n 

thei r  righ t  han d sides ,  an d "non-branching "  rule s whic h hav e onl y a  singl e constituent .  Ther e 

i s a  qualitativ e differenc e betwee n thes e tw o classe s o f  rules :  a  branchin g rul e specifie s a  wa y 

i n whic h it s constituent s ma y b e combined ,  whil e a  non-branchin g rul e merel y provide s anothe r 

name b y whic h t o refe r  t o it s  constituent . 

A portio n o f  th e gramma r  neede d fo r  th e parsin g o f  noi m phrase s migh t  b e recorde d a s show n 

i n th e abov e table .  I n thi s example ,  th e parse r  ha s currentl y see n a  tota l  o f  24 3 instance s wher e 

an N  nod e wa s incorporate d int o a  pars e tree .  I n 20 8 o f  thos e case s i t  wa s simpl y joine d wit h a 

determine r  t o for m a  nov m phras e (NP )  a s i n "th e house" .  I n th e remainin g 3 5 case s wher e a n 

N nod e occurre d i t  wa s combine d wit h a n adjectiv e t o for m a  ne w N  suc h a s "re d house" .  Th e 

rule s show n her e ar e oversimpUfie d fo r  th e sak e o f  a n eas y example . 

A general description of the algorithm 

Network building 

Network building begins with the instantiation of the words of the input sentence as the terminal 

nodes .  Thes e ar e give n a n activatio n o f  20 0 whic h remain s constan t  throughou t  th e parse .  Whe n 

a nod e come s int o existenc e i t  firs t  activate s al l  it s  non-branchin g contex t  rules .  Thes e air e 

activate d immediatel y becaus e the y merel y represen t  alternativ e way s t o refe r  t o th e origina l 

node an d no t  a  furthe r  hypothesi s regardin g ho w othe r  consitituent s migh t  b e combined .  A s 

node s i n th e networ k reac h a  threshol d activatio n leve l  (currentl y se t  a t  110 )  the y activat e 

new node s correspondin g t o thei r  branchin g contex t  rules .  Th e ne w node s ar e initiahze d wit h 

an activatio n leve l  proportiona l  t o th e activatio n level s o f  thei r  constituent s an d th e coimter s 

associate d wit h it s contex t  ride .  I'l l  giv e a n exampl e o f  thi s below .  Whe n a  nod e reache s a n 

activatio n leve l  o f  zer o i t  i s  remove d fro m th e network . 

The proces s o f  networ k buildin g i s illustrate d i n figure  1 ,  whic h show s thre e step s i n parsin g 

th e noi m phras e "th e book "  usin g th e gramma r  o f  tabl e 1 . 

(a) The input nodes are instantiated along with their non-branching context-nodes (and their 

non-branchin g contex t  nodes '  non-branchin g context-nodes ,  etc.) . 

(b) As existing nodes pass the threshold activation level they activate new nodes representing 

thei r  context-nodes .  Thes e ne w node s loo k o n list s o f  existin g node s t o fin d thei r  othe r 

constituents .  Interna l  bookeepin g prevent s th e creatio n o f  dupUcat e nodes . 
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MBfi R 

BOOK 

T164 :  TH E BOOK 

HBfi R MP 

THE BOOK 

T16?: THE BOOK 

HBHR 

BOOK 

T169 :  TH E BOOK 

Figtir e 1 :  parsin g "th e book " 

(c) During the network relaxation superfluous nodes reach zero activation levels and are re-

m o v ed f ro m th e network . 

To give an example of how activation levels are initiaHzed, when the "book" node activated 

it s contex t  rule s " N "  an d " V "  i t  ha d a n activatio n leve l  o f  200 ;  th e frequenc y count s i t  h a d 

wer e 20 8 fo r  " N "  an d 3 5 fo r  " V "  (totalin g 243) ;  therefor e i t  create d a n " N "  hypothesi s wit h a n 

activatio n o f  20 0 x  || |  o r  171 ,  an d a  " V "  hypothesi s wit h a n activatio n o f  20 0 X  ^  o r  29 .  A s 

node s aquir e n e w constituent s the y immediatel y ge t  m o r e activatio n f ro m t h e m accordin g t o th e 

same formula .  T h e effec t  o f  thi s procedur e wit h reaHsti c g r a m m a r s i s tha t  syntacti c ujiit s  lik e N 

tha t  participat e i n m a n y differen t  construction s w i U activat e m a n y relativel y w e a k hypothesis , 

whil e th e functio n word s [e.g .  article s an d prepostitions )  wil l  activat e onl y a  smal l  m m i b e r  o f 

ver y stron g hypotheses . 

Network relaxation 

W i t h eac h cycl e eac h nod e send s s o m e portio n o f  it s tota l  activatio n t o it s connecte d node s a n d 

the n th e n e w activatio n level s ar e subjec t  t o decay .  T h e termina l  node s representin g th e inpu t 

sen d activatio n bu t  d o no t  receiv e i t  an d ar e no t  subjec t  t o decay .  Ther e ar e distinc t  procedure s 

fo r  sendin g activatio n t o th e node s tha t  wan t  th e sendin g nod e a s a  constituen t  (bot tom-u p 

activation )  an d th e node s tha t  i t  want s a s constituent s ( top-dow n activation) : 

• Bottom-up activation: The total amount of activation to be divided among the nodes com-

petin g fo r  th e sendin g nod e a s a  constituen t  i s calculate d a s a  percentag e o f  it s  activation . 

T h e n it' s  apportione d accordin g t o th e squar e o f  thei r  curren t  activatio n levels ,  s o tha t 

node s tha t  alread y hav e hig h activatio n level s attrac t  larg e a m o u n t s o f  activatio n f ro m 

thei r  constituents ,  whil e thos e wit h lo w activatio n attrac t  little .  Sa y th e syste m pa rame -

te r  controlin g bot tom-u p activatio n i s P  (I' m cvirrentl y settin g P  a t  0.4) .  I f  a  nod e wit h a n 

activatio n leve l  o f  A  i s sendin g bot tom-u p activatio n t o n  othe r  node s an d th e activatio n 

of  th e î ^  o f  thos e n  node s i s  ai .  T h e n th e activatio n give n t o th e i* ^  nod e wil l  be : 

Ax P  X at 

•  Top-dow n activation :  A n a m o u n t  o f  activation ,  agai n equa l  t o a  percentag e (currentl y 4 0 % ) 

of  th e sendin g node' s activation ,  i s  divide d equall y a m o n g th e sendin g node' s constituents . 
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These procedures reflect the fact that each node in the final parse should have all its available 

constituen t  nodes ,  bu t  shoul d onl y b e a  constituen t  o f  a  singl e node ,  henc e th e winne r  tak e al l 

situatio n fo r  b o t t o m - u p activation . 

Afte r  eac h cycl e o f  b o t t o m - u p a n d t o p - d o w n activatio n th e node s ar e subjec t  t o a  deca y rat e 

controle d b y anothe r  syste m paramete r  (currentl y se t  a t  0.8) .  A  penalt y fo r  node s tha t  d o no t 

hav e al l  o f  thei r  consituent s i s factore d in .  I f  th e paramete r  i s P ,  a  node' s activatio n befor e deca y 

i s A ,  th e n u m b e r  o f  constituent s i t  require s i s C ,  a n d th e n u m b e r  o f  constituent s i t  actuall y ha s 

i s C o the n afte r  deca y it s activatio n is : 

Ax {1 -  P) x 
Cr 

A n e x a m p l e 

Figures two through six show the network at various stages while parsing the sentence "Mary 

gav e th e w o m a n weeirin g a  yello w dres s th e book. "  Th e pars e i s complicate d b y th e fac t  tha t 

th e wor d "yellow "  i s no t  i n th e lexicon .  V I T A L use s top-dow n expectation s t o complet e th e 

pattern .  Th e dotte d line s i n th e networ k graph s indicat e th e "guesses "  i t  made .  I n thi s exampl e 

th e pars e tre e wa s derive d i n 2 4 cycle s an d th e networ k converge d i n 3 4 cycles . 

NP 

Hfll E 

o 

DET 

MBfl R NBRR 

PRES DET DET 

mm 

nflR Y GRVE TH E IJOdR M UEfiRIH G fl  YELLON DRESS TH E BOOK 

T194: MflRV GR'JE THE UOfinn l-lEflRING fl YELLOW DRESS THE BOOK 

Figur e 2 :  Instantiatio n o f  th e inpu t  node s 

^Zl . 

. .  S 
.  . .  . 1 • !  I  .  1 

Figur e 3 :  T h e networ k afte r  1  cycl e 
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Figur e 4 :  .. .  afte r  5  cycle s 
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Figur e 5 :  . .  .1 5 cycle s Figur e 6 :  Th e networ k afte r  2 5 cycle s 

Discussio n 

A nic e featur e o f  thi s algorith m i s a  smoot h integratio n o f  bottom-u p an d top-dow n process -

ing .  I n th e earl y cycle s th e activatio n i s stronges t  i n th e node s a t  th e botto m o f  th e network . 

Afte r  severa l  cycle s th e activatio n i s distribute d mor e evenly ,  em d i n th e lat e cycle s th e heavi -

est  concentratio n o f  activatio n i s i n a  fe w node s nea r  th e to p o f  th e network .  Th e mor e usua l 

techniqu e o f  usin g explici t  inhibitor y link s require s th e us e o f  a  squashin g functio n t o kee p th e 

activatio n level s withi n prese t  bounds .  B y usin g dynamicall y changin g weight s an d decay ,  th e 

node s converg e o n value s reflectin g th e amoun t  o f  activatio n availabl e t o the m acros s th e net -

work .  Islan d drivin g effect s aris e naturally ,  sinc e node s representin g hypothese s wit h a  comple x 

and imcimbiguou s interna l  structur e attrac t  larg e amount s o f  activatio n relativ e t o simple r  o r 

confuse d hypotheses .  Th e us e o f  inhibitor y link s als o entail s a  muc h mor e highl y intercormecte d 

networ k (Reggia ,  1987) . 

Hinto n an d Sejnowsk i  hav e describe d a  majo r  concer n regardin g relaxatio n algorithms : 

We would like these networks to settle into states in which a few units are fully active 

and th e res t  ar e inactive .  Suc h state s constitut e clea n "digital "  interpretations .  T o 

preven t  th e networ k fro m hedgin g it s bet s b y settlin g int o a  stat e wher e m a n y unit s 

ar e slightl y active ,  i t  i s  usuall y necessar y t o us e a  strongl y nonlinea r  decisio n rtde , 

and thi s als o speed s u p convergence .  (Hinto n an d Sejnowski ,  1986 ) 
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With my algorithm I fotmd that I could get the desired "cleEin interpretations" with real-valued 

unit s b y allowin g a  ver y activ e flow  o f  energ y throug h th e system .  Tha t  i s  t o sa y th e networ k 

woul d settl e wit h al l  node s eithe r  highl y activate d o r  completel y of f  i f  I  se t  th e syste m parameter s 

so tha t  th e node s sen d larg e amount s o f  activatio n an d ar e subjec t  t o a  hig h rat e o f  decay .  ̂  

A goo d tes t  o f  thi s behavio r  i s  highl y ambiguou s inpu t  wher e yo u migh t  expec t  th e activatio n 

t o ge t  distribute d amon g th e equaU y vaU d interpretation s rathe r  tha n settlin g decisivel y o n on e 

of  them .  I  teste d thi s wit h th e nou n phras e "th e gree n gree n dres s wearin g w o m a n "  whic h 

has thre e equeill y  vali d syntacti c interpretations .  V I T A L generate s al l  thre e interpretation s i n 

it s networ k bu t  settle s cleanl y o n a  singl e one .  Thi s i s a  particularl y importan t  qualit y i n 

natura l  languag e processing ,  sinc e a  typica l  sentenc e i n a  busines s lette r  ca n hav e a  fe w hundre d 

syntacti c interpretations .  I t  woul d b e nic e t o b e abl e t o bia s th e networ k i n favo r  on e o r 

anothe r  interpretation ,  bu t  i n orde r  t o d o thi s effectivel y I'l l  hav e t o introduc e som e additiona l 

sophisticatio n i n th e networ k nodes . 

I  thin k tha t  thi s networ k relaxatio n algorith m i s a n intmtivel y pleasin g styl e o f  parsing .  A s 

describe d above ,  a  simpl e distribute d contro l  structur e allow s bottom-u p an d top-dow n effect s 

t o b e integrate d smoothl y an d effectively ,  an d th e procedur e fo r  initializin g th e activatio n level s 

of  ne w node s base d o n th e loca l  statistica l  memor y o f  th e existin g node s cause s functio n word s 

t o dominat e processin g i n a  natura l  way .  Thi s memor y base d approac h als o leave s roo m fo r 

learnin g ove r  time ,  althoug h thi s i s  no t  a  learnin g progra m i n th e usua l  connectionis t  sense . 

The nex t  natura l  ste p wit h thi s parse r  woul d b e t o incorporat e a  semanti c componen t  tha t  doe s 

limite d inferenc e usin g th e sam e constrain t  satisfactio n approac h wit h loca l  associativ e memories . 

Ther e ar e formidabl e problem s i n tryin g t o exten d thi s approac h t o semanti c processing ,  however , 

mainl y becaus e w e can' t  represen t  semanti c structure s a s cleanl y a s th e syntacti c structure s o f 

a context-fre e grammar . 
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A p p l y i n g Con tex tua l  Constraint s i n S e n t e n c e C o m p r e h e n s i o n 

Mark F. St. John and James L. McClelland 

Carnegie-Mellon University 

The goal of our research has been to develop a model that converts a simple 
sentenc e int o a  conceptua l  representatio n o f  th e even t  tha t  th e sentenc e describes : 
specifically ,  a  mode l  tha t  convert s th e constituen t  phrase s o f  a  sentenc e int o a 
representatio n o f  a n event ,  tha t  assign s a  themati c rol e t o eac h constituen t  (Fillmore ,  1968) , 
and tha t  interpret s ambiguou s an d vagu e words .  I n ou r  model ,  th e comprehensio n proces s 
i s viewe d a s a  font n o f  constrain t  satisfaction .  Th e surfac e feature s o f  a  sentence ,  it s 
particula r  word s an d thei r  orde r  an d morpholog y provid e a  ric h se t  o f  constraint s o n th e 
sentence' s meaning .  Thes e constraint s var y i n strengt h an d comj>et e o r  cooperat e 
accordin g t o thei r  strengt h t o produc e a n interpretatio n o f  th e sentence . 

Determinin g th e exac t  constraints ,  an d thei r  appropriat e strengths ,  i s  difficult ,  bu t  a 
connectionis t  learnin g procedur e allow s a  mode l  t o lear n them .  Th e learnin g procedure s 
tak e a  statistica l  approac h t o th e task .  B y comparin g larg e number s o f  sentence s t o th e 
event s the y describe ,  th e many-to-man y mapping ,  betwee n feature s o f  th e sentence s an d 
events ,  emerge s a s statistica l  regularities . 

Ofte n a  sentenc e wil l  omi t  informatio n abou t  th e even t  i t  describes .  W e wante d ou r 
model  t o infe r  thi s missin g information :  t o represen t  th e even t  a s completel y a s possible . 
Sometimes ,  though ,  a  sentenc e i s compatibl e wit h mor e tha n on e interpretation .  I n "Th e 
privat e sho t  th e target, "  th e instrumen t  i s sometime s a  rifle ,  an d sometime s a  pistol .  I n 
suc h situations ,  a  goo d long-ter m strateg y i s t o represen t  eac h possibilit y  accordin g t o it s 
likelihoo d i n th e give n context . 

As eac h constituen t  o f  a  sentenc e i s processed ,  th e contex t  changes .  Th e processo r 
shoul d updat e it s inference s t o reflec t  th e changin g context .  I t  shoul d als o adjus t  it s 
interpretatio n o f  previou s material .  Th e mode l  shoul d utiliz e informatio n derive d from  th e 
sentenc e immediatel y (Carpente r  &  Just ,  1977 ;  Marslen-Wilso n &  Tyler ,  1980) .  I n all , 
therefore ,  w e hav e si x goal s fo r  ou r  mode l  o f  sentenc e comprehension : 

* to disambiguate ambiguous words * to elaborate implied roles 
*  t o instantiat e vagu e word s *  t o lear n t o perfor m thes e task s 
*  t o assig n themati c role s *  t o iirimediatel y adjus t  it s  interpretatio n 

Overview of the Model 
Processin g 

A sentenc e i s represente d a s a  sequenc e o f  phrase s an d eac h i s processe d i n turn . 
The informatio n eac h phras e provide s i s immediatel y use d t o updat e a  representatio n o f  th e 
event .  Thi s representatio n i s calle d th e sentenc e gestal t  becaus e al l  o f  th e informatio n fro m 
th e sentenc e i s represente d togethe r  withi n a  single ,  distribute d representation .  Th e even t 
describe d b y a  sentenc e i s represente d a s a  patte m o f  activit y acros s th e unit s o f  thi s 
representation . 

To proces s th e constituen t  phrase s o f  a  sentence ,  w e adapte d a n architectur e fro m 
Jorda n (1986 )  tha t  use s th e outpu t  o f  previou s processin g a s inpu t  o n th e nex t  iteration .  T o 
proces s a  phrase ,  th e appropriat e phras e unit s ar e activate d an d th e sentenc e gestal t 
activation s (initiall y  zero )  ar e copie d ove r  t o th e previou s sentenc e gestal t  units . 
Activatio n fro m thes e layer s combin e i n a  hidde n laye r  an d creat e a  ne w patte m ove r  th e 
sentenc e gestal t  unit s (se e Figur e 1) .  Eac h phras e o f  th e sentenc e i s processe d i n sequence . 

Thoug h othe r  model s hav e use d a  typ e o f  sentenc e gestal t  t o represen t  th e meanin g 
of  a  sentenc e (McClellan d &  Kawamoto ,  1986 ;  St .  Joh n &  McClellajid ,  1987) ,  our s i s th e 
first  t o mak e th e gestal t  a  trainabl e laye r  o f  hidde n units .  Th e advantag e i s tha t  th e 
networ k ca n optimiz e it s representatio n t o includ e onl y informatio n tha t  i s relevan t  t o it s 
task .  Sinc e a  laye r  o f  hidde n unit s canno t  b e traine d directly ,  w e invente d a  wa y o f 
"decoding "  th e representatio n int o a n outpu t  layer .  Th e outpu t  laye r  represent s th e even t  a s 
a se t  o f  themati c rol e an d filler  pairs .  Fo r  example ,  th e even t  describe d b y "Th e pitche r 
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Figur e 1 .  Th e architectur e o f  th e network .  Th e boxe s highligh t  th e functiona l  parts :  Are a 

A processe s th e phrase s int o th e sentenc e gestalt ,  an d Are a B  processe s th e sentenc e gestal t 

int o th e outpu t  representation. 

threw the ball" would be represented as the set {(agent, pitcher/ball-player), (action, 

threw/toss) ,  (patient ,  ball/sphere)) . 

T h e outpu t  laye r  ca n represen t  o n e role/fille r  pai r  a t  a  time .  T o d e c o d e a  particula r 

role/fille r  pair ,  th e sentenc e gestal t  i s  p robe d wit h hal f  o f  th e pair .  Activatio n f r o m th e 

prob e an d th e sentenc e gestal t  c o m b i n e i n anothe r  h idde n laye r  w h i c h the n activate s th e 

entir e pai r  i n th e outpu t  layer .  T h e entir e even t  ca n b e d e c o d e d i n thi s w a y b y 

successivel y probin g wit h eac h hal f  o f  eac h pair . 

W h en m o r e tha n on e objec t  ca n plausibl y fill  a  role ,  th e m o d e l  m a x i m i z e s it s  long -
ter m succes s b y activatin g eac h filler  t o th e degre e i t  i s  likely .  M o r e formally ,  th e 

activatio n o f  eac h filler  shoul d correspon d t o it s  conditiona l  probabilit y o f  occurrin g i n th e 

give n context .  T h e ne twor k shoul d lear n weight s t o p roduc e thes e activation s throug h 

training .  T o achiev e thi s goal ,  w e e m p l o y e d a n erro r  m e a s u r e i n th e learnin g procedure , 

cross-entrop y (Hinton ,  1 9 8 7 ) ,  tha t  converge s o n thi s goal : 

C =  -  I  [T j  log 2 (Aj )  +  (1-T )  log 2 (1-Aj) ] 

wher e T j  i s  th e targe t  activatio n an d A j  i s  th e outpu t  activatio n o f  uni t  j .  A s wit h an y 

connectionis t  learnin g procedure ,  th e goa l  i s  t o minimiz e th e erro r  measur e o r  cost-functio n 

(cf .  Hinton ,  1987) .  W h e n C  i s minimize d acros s al l  th e sentence s o f  th e trainin g corpus , 

th e activatio n o f  a  particula r  outpu t  uni t  i s  equa l  t o th e conditiona l  probabilit y  tha t 

whateve r  th e uni t  represent s i s tm e give n th e curren t  situation .  Specifically ,  i f  eac h uni t 

represente d th e occurrenc e o f  a  particula r  filler  i n a n event ,  tha t  unit' s  activatio n woul d 

represen t  th e conditiona l  probabilit y  o f  tha t  filler  occurrin g give n wha t  wa s currentl y 

k n o w n abou t  th e event .  I n minimizin g C ,  th e networ k i s searchin g fo r  weight s tha t  allo w i t 

t o matc h activation s t o conditiona l  probabilities . 

Environment and training 

Trainin g consist s o f  trial s i n whic h th e networ k i s presente d wit h a  sentenc e an d th e 

even t  i t  describes .  Th e networ k i s traine d t o generat e th e even t  fro m th e sentenc e a s input . 

Thes e sentence/even t  pair s wer e generate d on-lin e fo r  eac h trainin g trial .  S o m e pair s wer e 

mor e likel y t o b e generate d tha n others .  Ove r  training ,  thes e likelihoo d difference s 

translate d int o difference s i n trainin g frequenc y an d create d regularities . 

T o promot e immediat e processin g a  specia l  trainin g regim e i s used .  Afte r  eac h 

phras e ha s bee n processed ,  th e networ k i s traine d t o predic t  th e se t  o f  role/fille r  pair s o f  th e 

entir e sentence .  F ro m th e first  phras e o f  th e sentence ,  then ,  th e mode l  i s force d t o tr y t o 

predic t  th e entir e event .  Thi s trainin g procedur e force s th e mode l  t o d o a s m u c h 

immediat e processin g a s possible .  Consequently ,  a s eac h n e w phras e i s processed ,  th e 

model' s prediction s o f  th e even t  ar e refine d t o reflec t  th e additiona l  evidenc e i t  supplies . 

An illustration of processing 

As th e networ k processe s "Th e adul t  at e th e steak, "  th e sentenc e gestal t  ca n b e 

probe d t o se e wha t  i t  i s  representin g afte r  eac h phras e i s processe d (se e Figur e 2) .  Afte r 

processin g "th e adult, "  th e gestal t  represent s tha t  th e agen t  o f  th e even t  i s a n adult ,  an d i t 
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guesses weakly at a number of actions. Following "ate," the network encodes that 
informatio n an d expect s th e patien t  t o b e food .  Onc e "th e steak "  i s processed ,  th e networ k 
represent s stea k a s th e patien t  an d infer s tha t  knif e i s th e instrument .  I t  als o i s abl e t o 
revis e it s representatio n o f  th e agent .  Becaus e on e person ,  th e busdriver ,  i s  th e mos t 
frequen t  steak-eate r  i n th e corpus ,  th e networ k infer s tha t  th e adul t  fro m th e sentenc e i s th e 
busdriver .  I n thi s way ,  th e mode l  infer s missin g themati c role s an d immediatel y adjust s 
previou s result s (i n thi s cas e b y instantiatin g th e agent )  a s mor e informatio n become s 
available . 

Specifics of the Model 
Inpu t  representatio n 

Each phras e wa s encode d b y a  singl e uni t  representin g th e nou n o r  verb .  N o 
semanti c informatio n wa s provided .  Fo r  prepositiona l  phrases ,  th e prepositio n wa s encode d 
by a  secon d unit .  Th e passiv e voic e wa s encode d b y a  uni t  i n th e ver b phras e 
representation .  On e uni t  stoo d fo r  eac h o f  1 3 verbs ,  3 1 nouns ,  4  prepositions ,  3  adverbs , 
and 7  ambiguou s words .  T w o o f  th e ambiguou s word s ha d tw o ver b meanings ,  thre e ha d 
tw o nou n meanings ,  an d tw o ha d a  ver b an d a  nou n meaning .  Si x o f  th e word s wer e 
vagu e term s (e.g .  someone ,  something ,  an d food) . 

The relativ e locatio n o f  eac h phras e withi n th e sentenc e wa s als o encode d i n th e 
input .  I t  wa s code d b y fou r  unit s tha t  represen t  locatio n respectiv e t o th e verb :  pre-verbal , 
verbal ,  first-post-verbal,  an d n-post-verbal .  Th e first-post-verbal  uni t  wa s activ e fo r  th e 
phras e immediatel y followin g th e verb ,  an d th e n-post-verba l  uni t  wa s activ e fo r  an y phras e 
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Figur e 2 .  Th e evolutio n o f  th e sentenc e gestal t  durin g processin g o f  a  sentence .  Th e # 

correspond s t o th e numbe r  o f  phrase s tha t  hav e bee n presente d t o th e networi c a t  tha t  point . 

#1 mean s th e networ k ha s see n th e first  phrase ;  # 2 mean s i t  ha s see n th e first  tw o phrases ; 

etc .  Th e activation s (rangin g betwee n 0  an d 1 )  o f  a  samplin g o f  unit s ar e graphe d a s th e 

darkene d are a o f  eac h box .  B y probin g th e gestal t  wit h th e rol e hal f  o f  eac h role/fille r 

pair ,  th e even t  represente d b y eac h gestal t  ca n b e observed .  Th e rol e prob e an d th e 

activatio n leve l  o f  activ e fille r  unit s i n th e outpu t  laye r  ar e presente d fo r  eac h gestalt . 
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occurring after the first-post-verbal phrase. A number of phrases, therefore, could share the 
n-post-verba l  position .  Fo r  example ,  "Th e bai l  wa s hi t  b y someon e wit h th e ba t  i n th e 
park, "  wa s encode d a s th e ordere d se t  {(pre-verbal ,  ball) ,  (verbal ,  passive-voice ,  hit) ,  (first -

post-verbal ,  by ,  someone) ,  (n-post-verbal ,  with ,  bat) ,  (n-post-verbal ,  in ,  park)) . 

Output representation 

Th e outpu t  ha d on e uni t  fo r  eac h o f  9  possibl e themati c role s (e.g .  agent ,  action , 

patient ,  instmment )  an d on e uni t  fo r  eac h o f  2 8 concepts ,  1 4 actions ,  an d 3  adverbs . 

Additionally ,  1 3 "feature "  units ,  lik e male ,  female ,  an d adult ,  wer e include d i n th e outpu t 

t o allo w th e demonstratio n o f  mor e subtl e effect s o f  constraint s o n interpretation .  A n y on e 

role/fille r  pattern ,  then ,  consiste d o f  tw o parts :  fo r  th e role ,  on e o f  th e 9  rol e unit s wa s 

active ,  an d fo r  th e filler,  a  uni t  representin g th e concept ,  action ,  o r  adver b wa s active .  I f 

relevant ,  an y o f  th e featur e unit s o r  th e passiv e voic e uni t  wer e active .  Thi s 

representatio n i s no t  mean t  t o b e comprehensive .  Instead ,  i t  i s  mean t  t o b e a  convenien t 

way t o trai n an d demonstrat e th e processin g abilitie s o f  th e network . 

Training environment 

Whil e th e sentence s ofte n includ e ambiguou s o r  vagu e words ,  th e event s ar e alway s 

specifi c  an d complete :  eac h themati c rol e relate d t o a n actio n i s filled  b y som e specifi c 

concept .  Accordingly ,  eac h actio n occur s i n a  particula r  location ,  an d action s requirin g a n 

instrumen t  alway s hav e a  specifi c  instmment .  Th e even t  woul d b e generate d b y pickin g 

concept s t o fill  eac h themati c rol e relate d t o th e even t  accordin g t o prese t  probabilities . 

The probabilit y  o f  selectin g eac h concep t  depende d upo n wha t  els e ha d bee n selecte d fo r 

tha t  event .  (Conversely ,  th e sentence s ofte n omi t  themati c role s (e.g .  instrumen t  an d 

location )  fro m mentio n an d us e vagu e word s (e.g .  someon e an d something )  t o refe r  t o part s 

of  a n event . 

Th e sentence s ha d t o b e limite d i n complexit y becaus e o f  limitation s i n th e even t 

representation .  Onl y on e filler  coul d b e assigne d t o a  rol e i n a  particula r  sentence .  Also , 

al l  th e role s ar e assume d t o belon g t o th e sentenc e a s a  whole .  Therefore ,  n o embedde d 

clause s o r  phrase s attache d t o singl e constituent s wer e possible . 
On eac h trainin g trial ,  th e error ,  i n term s o f  cross-entropy ,  wa s propagate d 

backwar d throug h th e networ k (cf .  Rumelhart ,  Hinton ,  &  Williams ,  1986) .  Th e weigh t 

change s fro m eac h tria l  wer e adde d togethe r  an d use d t o updat e th e weight s ever y 6 0 trials . 

Thi s consolidatio n o f  weigh t  change s tend s t o smoot h ou t  th e aberration s cause d b y th e 

rando m generatio n o f  trainin g examples . 

Performance 
Processin g i n genera l 

The simulatio n wa s stoppe d an d evaluate d afte r  330,00 0 sentenc e trials .  First ,  w e 

wil l  asses s th e model' s abilit y  t o comprehen d sentence s generally .  The n w e wil l  examin e 

th e model' s abilit y  t o fulfil l  ou r  specifi c  processin g goals .  O n e hundre d sentence s wer e 

draw n randoml y from  th e corpus .  Th e probabilit y  o f  drawin g a  sentenc e wa s th e sam e a s 

durin g training .  Consequently ,  frequently  practice d sentence s wer e mor e c o m m o n a m o n g 

th e 10 0 tes t  sentence s tha n infrequentl y practice d sentences .  Thirtee n o f  thes e sentence s 

wer e completel y ambiguous .  Fo r  example ,  th e sentence ,  'Th e adul t  dran k th e iced-tea, " 

ca n b e instantiate d wit h eithe r  busdrive r  o r  teache r  a s th e agent ,  bu t  th e sentenc e offer s n o 

clue s tha t  busdrive r  i s th e correc t  agen t  i n thi s particula r  sentence/even t  pai r  i n th e tes t  set . 

I f  ih e wor d related  t o th e concep t  appeare d i n a  prepositiona l  phrase ,  suc h a s wit h th e knife, "  th e 
appropriat e prepositio n uni t  wa s als o activated . 

A second output layer was included in the simulations. This layer reproduced the input phrase that fit with 
th e role/fille r  pai r  bein g probed .  Consequently ,  th e mode l  wa s required  t o retain  th e specifi c  word s i n th e 
sentenc e a s wel l  a s thei r  meaning .  Sinc e thi s aspec t  o f  th e processin g doe s no t  fit  int o th e contex t  o f  th e 
curren t  discussion ,  thes e unit s ar e no t  discusse d further . 
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Figur e 3 .  Histogra m o f  th e cross-entrop y fo r  frequency-biase d rando m sentences . 

Sentence s tha t  wer e processe d almos t  perfectl y produce d a  smal l  cross-entrop y measur e o f 

betwee n 0  an d 10 :  onl y smal l  error s occurre d whe n a n outpu t  uni t  shoul d hav e bee n 

completel y activat e (wit h a  valu e o f  1) ,  bu t  onl y obtaine d a n activatio n o f  . 7 o r  .8 ,  o r  whe n 

a uni t  shoul d hav e ha d a n activatio n o f  0 ,  bu t  ha d a n activatio n o f  . 1 o r  .2 .  Th e incorrec t 

activatio n o f  on e role/fille r  pai r  produce d a  large r  cross-entropy :  betwee n 1 5 an d 20 .  Fo r 

example ,  i f  teache r  wer e suppose d t o b e th e agent ,  bu t  th e networ k activate d busdriver ,  a n 

erro r  o f  abou t  1 5 woul d result . 

Since the network cannot predict the event, these sentences were not tested. The remaining 

sentence s w e r e tested ,  an d figure  3  present s a  histogra m o f  th e results .  Nearl y ever y 

sentenc e w a s processe d correctly . 

Performance on specific processes 

O ur  specifi c  interes t  w a s t o develo p a  processo r  tha t  coul d correctl y perfor m severa l 

importan t  languag e comprehens io n processes .  Fiv e typica l  sentence s we r e d r a w n f ro m th e 

corpu s t o tes t  eac h processin g task .  T h e rol e assignmen t  categor y w a s divide d int o group s 

accordin g t o th e primar y typ e o f  informatio n used .  Sentence s i n th e active-voic e semanti c 

g rou p contai n semanti c informatio n relevan t  t o assignin g roles .  I n th e examp l e i n Tabl e 1 , 

th e ne twor k assign s schoolgir l  t o th e rol e o f  agent .  O f  th e concept s referre d t o i n th e 

sentence ,  onl y th e schoolgir l  ha s feature s w h i c h m a t c h a n agen t  o f  stirring .  Similarly , 

semanti c k n o w l e d g e constraint s kool-ai d t o b e th e patient .  Sentence s i n th e passive-voic e 

semanti c categor y w o r k similarly .  T h e m o d e l  processe d eac h tes t  sentenc e correctly . 

T o proces s sentence s i n th e activ e an d passiv e w o r d orde r  categories ,  howeve r ,  th e 

ne twor k canno t  rel y entirel y o n semanti c constraint s t o assig n themati c roles .  I n th e 

sentence ,  " T h e busdrive r  w a s kisse d b y th e teacher, "  th e busdrive r  i s  a s likel y t o b e th e 

Categor y 

Rol e assignmen t 

Activ e semanti c 

Passiv e semanti c 

Activ e wor d orde r 

Passiv e wor d orde r 

W o r d ambiguit y 

Concep t  instantiatio n 

Rol e elaboratio n 

Processin g task s 

Example 

The schoolgirl stirred the kool-aid with a spoon. 

The bal l  wa s hi t  b y th e pitcher . 

Th e busdrive r  gav e th e ros e t o th e teacher . 

Th e busdrive r  wa s kisse d b y th e teacher . 

Th e pitche r  hi t  th e ba t  wit h th e bat . 

Th e teache r  kisse d someone . 

Th e teache r  at e th e sou p (wit h a  spoon) . 

Tabl e 1 .  Th e fou r  categorie s o f  processin g task s an d a n exampl e sentenc e o f  each .  Rol e 

assignmen t  wa s teste d unde r  fou r  condition s t o asses s th e us e o f  bot h semantic-an d wor d 

orde r  information .  Th e remainin g thre e categorie s involv e inference s abou t  th e conten t  o f  a 

sentence .  Th e parenthese s i n th e rol e elaboratio n exampl e denot e a  rol e tha t  i s no t 

presente d i n th e sentence ,  an d mus t  b e inferre d from  th e context . 
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agent as the patient. Only the relative location information, in conjunction with the 

passiv e cues ,  ca n cu e th e correc t  rol e assignments .  I n activ e sentences ,  th e pre-verba l 

phras e i s th e agen t  an d th e post-verba l  phras e i s th e patient .  I n passiv e sentences ,  o n th e 

othe r  hand ,  th e pre-verba l  phras e i s th e patien t  an d th e post-verba l  phras e i s th e agent .  Th e 

model  processe d eac h tes t  sentenc e correctly . 

Th e remainin g thre e categorie s involv e th e us e o f  contex t  t o furthe r  specif y th e 

concept s referre d t o i n a  sentence .  Sentence s i n th e wor d ambiguit y categor y contai n 

ambiguou s words .  Whil e th e wor d itsel f  cue s tw o differen t  interpretations ,  th e contex t  fits 

onl y one .  I n "Th e pitche r  hi t  th e ba t  wit h th e bat, "  pitche r  cue s bot h containe r  an d bal l 

player .  Th e contex t  cue s bot h bal l  playe r  an d busdrive r  becaus e th e mode l  ha s see n 

sentence s involvin g bot h peopl e hittin g bats .  Al l  th e constraint s supportin g bal l  playe r 

combine ,  an d togethe r  the y wi n th e competitio n fo r  th e interpretatio n o f  th e sentence . 

Eve n whe n severa l  word s o f  a  sentenc e ar e ambiguous ,  th e even t  whic h the y suppor t  i n 

c o m m on dominate s th e disparat e event s tha t  the y suppor t  individually .  Consequently ,  th e 

final  interpretatio n o f  eac h wor d fits  togethe r  int o a  globall y consisten t  event .  Fo r  eac h tes t 

sentence ,  eve n whe n severa l  word s wer e ambiguous ,  th e mode l  performe d correctly . 

Concep t  instantiatio n work s similarly .  Thoug h th e wor d cue s a  numbe r  o f  mor e 

specifi c  concepts ,  onl y on e fits  th e context .  Again ,  th e constraint s fro m th e wor d an d fro m 

th e contex t  combin e t o produc e a  unique ,  specifi c  interpretatio n o f  th e term .  Dependin g 

upo n th e sentence ,  however ,  th e contex t  m a y onl y partiall y  constrai n th e interpretation . 

Such i s th e cas e i n "Th e teache r  kisse d someone. "  "Someone "  coul d refe r  t o an y o f  th e 

fou r  peopl e foun d i n th e corpus .  Since ,  i n th e network' s experience ,  female s onl y kis s 

males ,  th e contex t  constrain s th e interpretatio n o f  "someone "  t o b e eithe r  th e busdrive r  o r 

th e pitcher ,  bu t  n o further .  Consequently ,  th e mode l  activate s th e mal e an d perso n feature s 

of  th e patien t  w h U e leavin g th e unit s representin g busdrive r  an d pitche r  partiall y  an d 

equall y active .  I n general ,  th e mode l  i s capabl e o f  inferrin g a s m u c h informatio n a s th e 

evidenc e permits :  th e mor e evidence ,  th e mor e specifi c  th e inference . 

Finally ,  sentence s i n th e rol e elaboratio n categor y tes t  th e model' s abilit y  t o infe r 

themati c role s no t  mentione d i n th e inpu t  sentence .  Fo r  example ,  i n "Th e teache r  at e th e 

soup, "  n o instrumen t  i s mentioned ,  ye t  a  spoo n ca n b e inferred .  Here ,  th e contex t  alon e 

provide s th e constraint s fo r  makin g th e inference .  Extr a role s tha t  ar e ver y likel y ar e 

inferre d strongly .  W h e n th e role s ar e les s likely ,  o r  w h e n mor e tha n on e concep t  ca n fill  a 

role ,  th e concept s ar e onl y wea k inferred .  Again ,  th e mode l  processed  eac h tes t  sentenc e 

correctly . 

Conclusions 

Paralle l  Distribute d Processin g model s hav e a  numbe r  o f  qualitie s tha t  m a k e the m 
usefu l  a s model s o f  languag e comprehension .  First ,  the y allo w th e simultaneou s processin g 

of  man y constraints .  Eac h bi t  o f  relevan t  informatio n ca n b e applie d t o a  computation . 

Thi s featur e allow s fa r  greate r  interactio n betwee n constraint s i n computin g a n 

interpretatio n o f  a  sentence .  A s Marcu s (1980 )  point s out ,  th e competitio n an d cooperatio n 

among constraint s o f  varyin g strengt h i s a n essentia l  aspec t  o f  comprehension .  Second , 

P DP model s allo w th e strengt h o f  constraint s t o var y o n a  continuu m rathe r  tha n discretely . 

Informatio n m a y b e mor e o r  les s reliable ,  an d correlation s m a y b e mor e o r  les s strong . 

The activatio n leve l  o f  a  uni t  allow s th e qualit y o f  th e informatio n t o b e represente d 

explicitl y  an d combine d effectively .  Thi s featur e allow s quantitativ e interactio n amon g 

constraints .  Third ,  P D P model s naturall y perfor m parte m completion .  Give n som e input , 

th e model s ad d defaul t  infomiatio n t o produc e a n elaborate d representation .  Lnportantly , 

thi s defaul t  informatio n i s tailore d t o th e specifi c  inpu t  presented .  Thi s featur e allow s 

contex t  specifi c  inference s abou t  th e inpu t  t o b e computed . 

Becaus e P D P model s learn ,  usefu l  an d comple x constraint s develo p o f  thei r  o w n 

accord .  Thi s leamin g proces s i s slow ,  requirin g a  grea t  dea l  o f  practice .  Whil e 

comprehensio n involvin g stron g an d regula r  constraint s ar e learne d relativel y rapidly , 

irregula r  an d comple x constraint s ar e onl y leame d ver y slowly .  Earl y on ,  therefore ,  th e 

networ k begin s t o perfor m passably ,  an d i t  slowl y improve s t o correctl y proces s mor e 
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sentences. 
The mode l  handle s ambiguit y robustl y b y processin g th e inpu t  i n term s o f 

constraint s o n a  conceptua l  representatio n o f  a n event .  Withi n thi s framework ,  wor d 
disambiguatio n an d concep t  instantiatio n ar e simila r  processes .  Bot h ambiguou s word s an d 
vagu e term s provid e conflictin g constraint s o n thei r  interpretation .  Th e constraint s fro m th e 
wor d itsel f  an d additiona l  constraint s fro m it s contex t  provid e evidence ,  respectively ,  fo r 
th e genera l  an d specifi c  feature s o f  th e concep t  referre d to .  Rol e elaboratio n i s similar ,  bu t 
at  th e leve l  o f  interpretin g th e sentenc e a s a  whole .  Th e feature s o f  th e sentenc e provid e 
constraint s o n th e unsf)ecifie d feature s o f  th e event ,  suc h a s implici t  themati c role s lik e 
location ,  instrument ,  an d manner .  Whe n mor e tha n on e role/fille r  i s  likely ,  eac h i s 
represente d accordin g t o it s conditiona l  probability . 

The interpretatio n o f  a  sentenc e evolve s a s eac h wor d i s presente d t o th e network . 
The mode l  sequentiall y  processe s eac h wor d an d immediatel y adjust s it s interpretatio n o f 
ol d informatio n an d create s expectation s o f  additiona l  informatio n a s i t  attempt s t o 
represen t  th e entir e conceptua l  event . 

The mode l  cannot ,  however ,  represen t  sentence s wit h embedde d clauses .  Extendin g 
th e mode l  t o represen t  mor e comple x sentence s i s a n importan t  goal .  Meanwhile ,  w e hav e 
learne d a  grea t  dea l  abou t  viewin g sentenc e comprehensio n a s a  proces s o f  wea k constrain t 
satisfaction . 
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Recurs i v e Auto-Associat iv e M e m o r y : 
Dev i s i n g Compos i t i ona l  Distribute d Representat ion s 

Jordan Pollack 
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N ew Mexic o Stat e Universit y 

INTRODUCTION 

A major outstanding problem for connec-
tionis t  model s i s  th e representatio n o f  variable -
size d recursiv e an d sequentia l  dat a structures , 
suc h a s tree s an d stacks ,  i n fixed-resource  sys -
tems .  Suc h representationa l  scheme s ar e crucia l 
t o effort s i n modelin g high-leve l  cognitiv e facul -
ties ,  such  a s Natura l  Languag e processing .  Pur e 
connectionis m ha s thu s fa r  generate d somewha t 
unsatisfyin g system s i n thi s domain ,  fo r  example , 
whic h pars e fixed  lengt h sentence s (Cottrell , 
1985 ;  Fant y 1985 ;  Selman ,  1985 ;  Hanso n & 
Kegl ,  1987) ,  o r  flat  one s (McCIeUan d & 
Kawamoto ,  1986). ^ 

Thus ,  on e o f  th e mai n attack s o n connec -
tionis m ha s bee n o n th e inadequac y o f  it s 
representations ,  especiall y o n thei r  lac k o f  com -
positionaUt y (Fodo r  &  Pylyshyn ,  1988) . 

However ,  som e desig n wor k ha s bee n don e 
on general-purpos e distribute d representation s 
wit h limite d capacit y fo r  sequentia l  o r  recursiv e 
structures .  Fo r  example ,  Touretzk y ha s 
develope d a  coarse-code d memor y syste m an d 
use d i t  bot h i n a  productio n syste m (Touretzk y & 
Hinton ,  1985 )  an d i n tw o othe r  symboli c 
processe s (Touretzky ,  1986ab) .  I n th e past-tens e 
model ,  Rumelhar t  an d McClellan d (1986 ) 
develope d a n implicitl y  sequentia l  representation , 
wher e a  patter n o f  well-forme d overlappin g tri -
ple s coul d b e interprete d a s a  sequence . 

Althoug h bot h representation s wer e suc -
cessfu l  fo r  thei r  prescribe d tasks ,  ther e remai n 
some problems . 

•  First ,  a  larg e amoun t  o f  huma n effor t  wa s 
involve d i n th e design ,  compressio n an d 
tunin g o f  thes e representations . 

•  Second ,  bot h requir e expensiv e an d com -
ple x acces s mechanisms ,  suc h a s pullou t 
network s (Mozer ,  1984 )  o r  clause-space s 
(Touretzk y &  Hinton ,  1985) . 

•  Third ,  the y ca n onl y encod e structure s 
compose d o f  a  fixed  tin y se t  o f  representa -
tiona l  elements ,  (i.e .  lik e triple s o f  2 5 
tokens) ,  an d ca n onl y represen t  a  smal l 
number  o f  thes e element-structure s befor e 
spuriou s element s ar e introduced^ .  Thes e 

representationa l  space s are ,  figuratively 
speaking ,  lik e a  "prairie "  covere d i n shor t 
bushe s o f  onl y a  fe w species . 

•  Finally ,  the y utiliz e onl y binar y code s ove r 
a larg e se t  o f  units . 

Th e compositiona l  distribute d representa -
tion s devise d b y th e techniqu e t o b e describe d 
belo w demonstrat e somewha t  opposing ,  and ,  I 
believe ,  bette r  properties : 

•  Les s huma n wor k i n desig n b y lettin g a 
machin e d o th e work , 

•  Simpl e an d deterministi c access  mechan -
isms , 

•  A  mor e flexible  notio n o f  capacit y i n a 
"tropical "  representationa l  space :  a  poten -
tiall y  ver y larg e numbe r  o f  primitiv e 
species ,  whic h combin e int o tall ,  bu t 
spars e structures . 

•  Finally ,  th e utilizatio n o f  analo g encodings . 

Th e res t  o f  thi s pape r  i s organize d a s fol -
lows .  First ,  I  describ e th e strateg y fo r  learnin g 
t o represen t  stack s an d trees ,  whic h involve s th e 
co-evolutio n o f  th e trainin g environmen t  alon g 
wit h th e acces s mechanism s an d distribute d 
representations .  Second ,  I  allud e t o severa l 
experiment s usin g thi s strategy ,  an d provid e th e 
detail s o f  a n experimen t  i n developin g represen -
tation s fo r  binar y syntacti c trees .  And ,  finally, 
some crucia l  issue s ar e discussed . 

RECURSIVE AUTO-ASSOCIATIVE MEMORY 

Learning To Be A Stack 

Conside r  a  variable-dept h stac k o f  L-bi t 
items .  Fo r  a  particula r  application ,  both  th e se t 
of  item s (i.e .  a  subse t  o f  th e 2 ^  patterns )  an d th e 
orde r  i n whic h the y ar e pushe d an d poppe d ar e 
m u ch mor e constraine d than ,  say ,  al l  possibl e 
sequence s o f  A ^  suc h patterns ,  o f  whic h ther e ar e 
2 .  Give n thi s fact ,  i t  shoul d b e possibl e t o 
buil d a  stac k wit h les s tha n L N unit s (a s i n a 
shift-registe r  approach )  bu t  mor e tha n L  unit s 
wit h les s tha n N  bit s o f  analo g resolution ,  a s i n 
an approac h usin g fractiona l  encoding s suc h a s 
th e on e I  use d i n th e constructio n o f  a  "neurin g 
machine "  (Pollack ,  1987a) . 

'  I t  i s  possibl e t o ge t  aroun d som e o f  thes e problem s 
by resorting  t o hybri d modeling ,  e.g .  (Walt z &  Pollack , 
1985) . 

^  Rosenfel d an d Touretzk y (1987 )  provid e a  nic e 
analysi s o f  coarse-code d symbo l  memories . 
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The proble m i s findin g suc h a  stac k fo r  a 
particula r  application . 

M UNIT S 

I  stack I 

.  /\ 
I  STAC K I  TO P I 

M +  L  UNIT S 

M +  L  UNIT S 

I STACK I TOP I 

STACK 

M UNIT S 

Figur e 1 . 

Propose d invers e stac k mechanism s 
i n single-layere d feedforwar d net -
works . 

Consider representing a stack in a activity 
vecto r  o f  M bounde d analo g values ,  wher e 
M > L .  Pushin g a  L  -bi t  vecto r  ont o th e stac k i s 
essentiall y a  functio n tha t  woul d hav e L + M 
inputs ,  fo r  th e ne w ite m t o pus h plu s th e curren t 
valu e o f  th e stack ,  an d M outputs ,  fo r  th e ne w 
valu e o f  th e stack .  Poppin g th e stac k i s a  func -
tio n tha t  woul d hav e M inpu t  units ,  fo r  th e 
curren t  valu e o f  th e stack ,  an d L + M outpu t 
units ,  fo r  th e to p ite m plu s th e representatio n fo r 
th e remainin g stack .  Potentia l  mechanism s i n th e 
for m o f  single-layere d network s ar e show n i n 
figure  1 .  Th e operatio n performe d b y a  singl e 
laye r  i s  a  vector-by-matri x multiplicatio n an d 
the n a  non-linea r  scalin g o f  th e outpu t  vecto r  t o 
betwee n 0  an d 1  b y a  logisti c function . 

Al l  w e nee d fo r  a  stac k mechanis m then , 
ar e thes e tw o function s plu s a  distinguishe d M -
vecto r  o f  numbers ,  e ,  th e empt y vector .  T o pus h 
element s ont o th e stack ,  simpl y encod e th e ele -
ment  plu s th e curren t  stack ;  t o po p th e stack , 
decod e th e stac k int o th e to p elemen t  an d th e 
forme r  stack .  Not e tha t  thi s i s  a  recursiv e 
definition ,  wher e previousl y encode d stack s ar e 
use d i n furthe r  encodings .  Th e proble m i s tha t  i t 
i s  no t  a t  al l  clea r  h o w t o desig n thes e functions , 
whic h involv e som e magica l  wa y t o recursivel y 
encod e L + M number s int o M number s whil e 
preservin g enoug h informatio n t o consistentl y 
decod e th e L  + M number s back . 

O ne clu e fo r  h o w t o d o thi s come s fro m 
th e Encode r  Proble m (Ackley ,  Hinton ,  & 
Sejnowski ,  1985) ,  wher e a  spars e se t  o f  fixed-
widt h pattern s ar e encode d int o a  se t  o f  pattern s 
of  smalle r  width .  Back-propagatio n ha s bee n 
quit e successfu l  a t  thi s problem ,  whe n use d i n a n 
unsupervise d autoassociativ e m o d e o n a  thre e 
laye r  network .  Rumelhart ,  Hinton ,  &  William s 
(1986 )  onl y demonstrate d a n 8-3- 8 encoder, ^  bu t 
Cottrell ,  Munro ,  &  Zipse r  (1987 )  demonstrate d a 
64-16-6 4 encode r  an d Hanso n &  Keg l  (1987 ) 
use d a  270-45-27 0 network . 

^  Th e thre e number s correspon d t o th e numbe r  o f  un -
it s i n eac h laye r  o f  a  3-laye r  feed-forwar d network .  I 
wil l  no t  describ e back-propagatio n here ,  assumin g tha t 
th e reader  i s  familia r  wit h th e technique .  An y pro -

Thes e encode r  network s ar e no t  directl y 
applicabl e t o th e stac k mechanism ,  becaus e th e 
compresse d representation s ar e neve r  furthe r  pro -
cessed .  Bu t  the y ca n be . 

Conside r  a  se t  o f  trainin g example s fo r  a 
stac k a s snapshot s o f  th e deepes t  state s som e 
procedur e usin g tha t  stac k creates .  Fo r  example , 
i f  th e procedur e performe d th e followin g stac k 
operation s generatin g th e correspondin g stac k 
stales : 

stagk state 
PUSH A 
PUSHB 
PUSHC 
POP 
P U S HD 
PUSHC 
POP 
POP 
POP 
P U S HD 
POP 
POP 

(A ) 
(BA ) 
( C B A ) 
(BA ) 
( D B A ) 
( C D  B  A ) 
( D B A ) 
(BA ) 
(A ) 
(DA ) 
(A ) 
0 

Then th e deepes t  state s create d ar e ( C B  A) ,  ( C 
D B  A) ,  an d ( D A) ,  sinc e al l  th e othe r  stac k 
state s ar e "substacks "  o f  thes e three . 

OUTPUT 

— I STACK I TOP I 

TRAININ G 
ENVIRONMENT 

FEEDBACK 
STACK I  HIDDE N 

/ \ 
STACK I  TO P 

INPUT 

Figure 2. 

Recursiv e Autoassociativ e Memory . 
The memor y develop s compositiona l 
distribute d representation s a s th e 
output s o f  th e hidde n layer .  Th e 
developin g representation s ar e fe d 
bac k int o th e trainin g environment , 
whic h therefor e evolve s wit h th e 
weight s i n th e network . 

Consider simultaneously training the push 
and po p mechanism s fro m figure  1 .  Take n 
together ,  the y for m a n encode r  networ k a s show n 
i n Figur e 2 ,  wit h L + M inpu t  units ,  M hidde n 
units ,  an d L + M outpu t  units .  I f  th e symbol s 

grammed implementatio n o f  i t  ca n b e simpl y modifie d 
t o d o recursive  auto-association .  Thes e modifications , 
whic h involv e usin g tw o erro r  tolerances ,  an d a  mechan -
is m t o save ,  restore ,  an d cop y th e outpu t  value s o f  th e 
hidde n laye r  int o th e inpu t  layer ,  wUl  b e mad e obviou s 
throug h th e discussion . 
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above ,  A  throug h D ,  represen t  L  -bi t  vectors ,  an d 
e i s a  distinguishe d vecto r  o f  siz e M ,  the n a  suc -
cessfu l  applicatio n (t o b e define d below )  o f 
back-propagatio n ove r  thi s networ k wit h th e fol -
lowin g se t  o f  trainin g example s ca n develo p th e 
mechanism s fo r  thi s stack .  Th e roma n letter s 
indicat e particula r  L  -bi t  patterns ,  /? ,  (/ )  represent s 
th e M value s o f  th e hidde n unit s fo r  a  particula r 
exampl e durin g a  particula r  trainin g epoch ,  an d + 
i s use d t o indicat e concatenatio n rathe r  tha n 
addition . 

inpu t hidde n outpu t 

A+£ 

C+RBA f̂) 

A+e 
B+/?̂ (i ) 

^Rba^' ) 
C+RdbaO) 

A+e 
D+/? (̂ 0 

Ther e 
on here . 

- » 
—> 

—» 
—» 
—» 
—» 

—> 
- • 

KaC) 
î baC ) 
HcbaO) 

Î aO ) 
î baC ) 
Î dbaC ) 
RcdbaC) 

RaO) 

—> 
—» 
—> 

—» 
—» 

—y 

—) 

A'+e ' 
B'+« (̂/) ' 

C'+RbaOY 

A'+e ' 
B'+«a(0 ' 
O'+RbaOY 
C+RoBAit y 

A'+e ' 
T>'+Ra(' Y 

ar e severa l  nonobviou s thing s goin g 

Firs t  o f  all ,  th e (initiall y  random )  value s o f 
th e hidde n units ,  /?,(/) .  ar e par t  o f  th e trainin g 
environment .  A s th e weight s i n th e syste m 
evolve ,  s o doe s th e trainin g environment .  Th e 
stabilit y  an d convergenc e o f  th e networ k i s thu s 
sensitiv e t o th e learnin g rate .  I t  mus t  b e se t  lo w 
enoug h tha t  th e chang e i n th e hidde n representa -
tion s doe s no t  invalidat e th e decreasin g erro r 
grante d b y th e chang e i n weights . 

I n lie u o f  a  forma l  proo f  o f  convergence ,  I 
simpl y argu e inductivel y tha t  th e termina l  train -
in g pattern s ar e constant ,  s o tha t  th e pattern s o f 
dept h 1  becom e constan t  a s learnin g proceeds ;  a s 
the y becom e stable ,  th e pattern s o f  dept h 2  star t 
t o stabilize ,  an d s o on .  Thi s pape r  focuse s o n th e 
strateg y fo r  finding  thes e representations ,  s o 
whil e stabilit y  an d convergenc e i n learnin g i s a n 
importan t  problem ,  her e i t  i s  onl y a  secondar y 
issue .  A s wil l  b e discusse d later ,  i t  ma y b e pos -
sibl e t o solv e auto-associatio n problem s directl y 
throug h algebrai c means . 

The secon d nonintuiliv e poin t  i s  tha t  th e 
networ k i s no t  reall y bein g traine d a s a  stack ! 
Considerin g tha t  th e input-to-hidde n functio n 
perform s a  P U S H,  an d th e hidden-to-outpu t  func -
tio n functio n a  POP ,  th e trainin g regim e involve s 
multipl e PUSHes ,  bu t  onl y singl e POPs . 

Ente r  th e notio n o f  successfu l  training ,  b y 
whic h I  mea n th e usua l  terminatio n conditio n fo r 
back-propagation :  Fo r  eac h example ,  an d fo r 
eac h unit ,  th e absolut e valu e o f  th e differenc e 
betwee n desire d an d actua l  outpu t  i s les s tha n 
some tolerance . 

For  th e encode r  an d decode r  t o reall y 
work ,  however ,  th e toleranc e o n th e develope d 
representation s ha s t o b e quit e sharp .  Afte r  push -

in g A ,  th e stac k i s represente d b y /?^ .  Afte r 
pushin g B ,  th e stac k i s represente d b y Rb a •  Pop -
pin g /?B A return s B '  an d R ^  ' •  I n orde r  t o success -
full y po p R a '  1 0 ge t  A '  an d e' ,  /?^ '  mus t  b e ver y 
simila r  t o R ^  • 

I n runnin g th e simulations ,  then ,  I  us e tw o 
differen t  tolerances ,  a  termina l  tolerance ,  x ,  fo r 
th e input/outpu t  bit-vectors ,  an d anothe r  non -
termina l  tolerance ,  v  fo r  th e developin g hidde n 
representations .  I n th e experiment s describe d 
below ,  I  us e t=0. 2 an d v==0.05 . 

The thir d conceptua l  proble m i s tha t  th e 
tw o part s o f  th e R A A M reall y defin e separat e 
mechanisms ,  a  P U S H encode r  an d a  P O P 
decoder ,  whic h wil l  b e embedde d i n differen t 
part s o f  a n applicatio n networ k wit h som e 
simple r  sor t  o f  memor y an d contro l  logic .  Tha t 
thes e mechanism s ar e tightl y couple d i n trainin g 
doe s no t  mea n tha t  the y alway s for m a  singl e 
network . 

I  hav e ru n severa l  experiment s i n learnin g 
distribute d representation s fo r  sequence s whos e 
detail s ar e omitte d fo r  lac k o f  space .  O n e 21-12 -
21 R A A M learne d t o b e a  stac k fo r  a  networ k 
usin g a  recursiv e subgoa l  strateg y t o solv e th e 
Towers-of-Hano i  Puzzle ;  Anothe r  15-10-1 5 
R A AM learne d t o represen t  sequence s o f  letter s 
(encode d a s 5  bi t  numbers )  i n c o m m o n words ; 
and a  thir d experimen t  o n a  4-3- 4 R A A M traine d 
on al l  eigh t  depth- 3 pattern s o f  a  singl e bi t  stac k 
develope d int o a  shif t  register . 

Learning to Represent Trees 

Considerin g tha t  a  stac k i s reall y a  right -
branchin g binar y tre e wit h a  distinguishe d empt y 
symbol ,  i t  shoul d b e obviou s tha t  thi s mechanis m 
can als o b e adapte d fo r  dealin g wit h othe r  fixe d 
valenc e trees .  Fo r  a  trainin g se t  consistin g o f 
unlabele d binar y tree s wher e th e terminal s ar e 
/C-bi t  binar y vectors ,  a  three-laye r  networ k wit h 
I K inpu t  units ,  K  hidde n units ,  an d I K outpu t 
unit s ca n b e use d t o develo p representation s fo r  a 
set  o f  suc h trees .  Th e input-to-hidde n functio n 
encode s tw o tree s int o a  new ,  higher-level ,  tree , 
whil e th e hidde n t o outpu t  funcdo n decode s a 
tre e int o tw o subtrees . 

Conside r  th e tree ,  (( D ( A N))( V ( P ( D 
N))) ,  a s on e member  o f  a  trainin g se t  o f  suc h 
U-ees .  I f  th e aforemendone d networ k i s success -
full y traine d wit h th e followin g pattern s (amon g 
othe r  suc h pattern s i n th e trainin g environment) , 
th e resultan t  encode r  an d decode r  network s ca n 
reliabl y for m representauon s fo r  thes e binar y 
trees . 
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inpu t hidde n outpu t 

A+N 
D+ZJ^C) 
EM-N 
P+RdnH) 
V+/?roN(' ) 
'^OywC'H^VPDwCO 

-*/?an(' ) 
/̂?DAA/(' ) 

-^RdnO ) 
-^RpdnO ) 
- *  f^VPD N 0  ) 
- •  f^DANVPD N ( 0 

- ^  A'+N ' 
^D'+/?^(r) ' 
- •  D'+N ' 
-•P'+/?ow(0 ' 
-,W+Rpon(i ) 
-»Rdan(iY+ R (.') ' VPDN 

DETAIL S O F A N EXPERIMENT 

In fact, the above example was part of the 
first  experimen t  I  ra n o n learnin g t o represen t 
trees .  Conside r  a  simpl e grammar ,  wher e ever y 
rul e expansio n ha s exactl y tw o components : 

S -> NP VP I NP V 
NP - > D  A P I  D  N  I  N P P P 

PP - > P  N P 
VP - > V  N P I  V  P P 
AP - > A  A P I  A  N 

Give n a  se t  o f  string s i n th e languag e 
define d b y thi s grammar ,  an y ol d parse r  i s capa -
bl e o f  returnin g brackete d binar y tree s whic h wil l 
make u p ou r  trainin g set .  I  mad e u p suc h a  se t  o f 
strings ,  an d use d a  parse r  t o ge t  th e followin g se t 
of  trees : 

(D(A(A(AN)))) 
(( D N)( P ( D N)) ) 

( V ( D N) ) 
( P ( D ( A N)) ) 

((DN)V ) 
(( D N )  ( V ( D ( A N)))) ) 

(( D ( A N) )  ( V ( P ( D N))) ) 
Each termina l  ( D A  N  V  &  P )  wa s 

represente d a s a  l-bit-in- 5 cod e padde d wit h 5 
zeros .  A  20-10-2 0 R A A M devise d th e represen -
tation s show n i n figure  3 . 

ĴP 

\J P 

=p 

AP 

S 

(DN) 

( D ( A ( A ( A N))) ) 
( D ( A N) ) 

aDN)(P(DN)) ) 

( V ( P ( D N)) ) 
( V ( D ( A N)) ) 

(\J(DH\ \ 

(P(DN) ) 

(P(D(AN)) ) 

(AN) 

(A ( A N) ) 
( A ( A ( A N)) ) 

(( D N )  V ) 

(( D N )  ( V ( D ( A N))) ) 

((D(AN))(V(P{DN))) ) 

DDD n n 
oDDD D 
odd b n 
• .o • • • •DD • 
• • • • . . .nn o 
•.Do-D-Dn D 
•  -  n » -D-Cl '  a 
- •D - -n •D" • 
•-D--D-OD D 

•  ODUOD •  o[ J -
• •DDD••-o • 
••DDD'•-D * 
CjD-DD'QoD -

•n«••o.no • 

Figur e 3 . 

Representation s o f  al l  th e binar y 
tree s i n th e trainin g set ,  devise d b y a 
20-10-2 0 R A A M.  manuall y clustere d 

by phrase-type .  Th e square s 
represen t  value s betwee n 0  an d 1  b y 
area . 

I labeled each tree and its representation by 
th e phras e typ e i n th e grammar ,  an d sorte d the m 
by type .  Th e R A A M ha s clearl y develope d a 
representatio n wit h similarit y betwee n member s 
of  th e sam e type .  Fo r  example ,  th e thir d featur e 
seems t o b e clearl y distinguishin g sentence s fro m 
non-sentences ,  th e fifth  featur e seem s t o b e 
involve d i n separatin g adjectiv e phrase s fro m 
others ,  whil e th e tent h featur e appear s t o distin -
guis h prepositiona l  an d nou n phrase s fro m oth -
ers.' ' 

At  th e sam e time ,  th e representatio n mus t 
be keepin g enoug h informatio n abou t  th e sub -
tree s i n orde r  t o accuratel y reconstruc t  them . 

The encode r  an d decode r  network s thu s 
for m a  recursiv e well-formednes s tes t  a s follows : 
Tak e tw o trees ,  encod e the m int o a  new ,  higher -
level ,  tree ,  an d decod e tha t  bac k int o tw o sub -
trees .  I f  th e subtree s ar e reconstructe d withi n 
toleranc e (i.e .  x  fo r  termina l  binar y vectors ,  an d 
V fo r  non-termina l  analo g vectors )  tha n tha t  tre e 
ca n b e sai d t o b e well-formed . 

Th e implication s fo r  conventiona l  parsin g 
i s tha t  instea d o f  searchin g a  gramma r  fo r  a  rul e 
whos e right-hand  side s matche s th e tw o phrase -
markers ,  w e ca n accomplis h thi s searc h wit h a 
simpl e feed-forwar d computatio n an d paralle l 
element-by -  elemen t  comparison .  Thi s coul d lea d 
t o a  somewha t  nift y spee d improvement . 

Th e implication s fo r  connectionis t  parsin g 
i s tha t  th e outpu t  o f  a n unsupervise d R A A M 
coul d b e th e teache r  fo r  a  supervise d sequentia l 
learnin g techniqu e suc h a s sequentia l  cascade d 
network s (Pollack ,  1987b) . 

Furthermore ,  th e well-formednes s tes t  ca n 
be use d i n a  generato r  a s follows .  Star t  wit h a 
poo l  o f  tree s compose d o f  th e terminals .  Tak e 
ever y pai r  o f  tree s fro m th e pool ,  appl y th e 
well-formednes s test ,  an d i f  i t  passes ,  ad d th e 
ne w higher-leve l  tre e t o th e pool . 

Runnin g thi s generato r  ove r  th e networ k 
forme d fro m th e abov e experimen t  yielde d th e 
followin g tw o interestin g pars e trees ,  amon g 
many sill y  ones : 

(((D N)(P (D N)))(P (D N))) 
(( D ( A N))( V ( D N) ) 

The first  seem s t o b e a  recursiv e applica -
tio n o f  th e N P - > N P P P rule ,  whil e th e secon d i s 
a singl e instanc e o f  a  know n N P newl y appearin g 
i n a  VP . 

*  I n fact ,  b y thes e metrics ,  th e tes t  cas e (( D N)( P ( D 
N)) )  shoul d reall y b e classifie d a s a  sentence ;  sinc e i t 
w as no t  use d i n an y othe r  construction ,  ther e w a s n o 
reaso n fo r  th e R A A M t o believ e otherwise . 
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I n m y experiment s thu s far ,  R A A MS liav c 
onl y show n evidenc e o f  ver y limite d gcnerativit y 
i n thi s sense .  Th e issu e wil l  b e discusse d furthe r 
below . 

DISCUSSION 

The Tricks That Make RAAMS Work 

Extensiona l  Programmin g (Cottrell ,  et .  al , 
1987) .  Give n that ,  wit h suitabl e contro l  logic , 
th e encode r  produce s a  fixed-length  analo g 
representatio n fo r  a  sequenc e o r  tre e whic h th e 
decode r  ca n decompos e an d reconstruc t  int o a 
goo d facsimil e o f  th e origina l  sequenc e o r  tree , 
the n th e fixed-length  vecto r  mus t  b e representin g 
tha t  sequenc e o r  tree . 

Embeddin g th e developin g representation s 
int o th e trainin g environment .  Thi s i s reall y new , 
thoug h McClellan d &  St .  Joh n (1986) , 
apparentl y trie d somethin g similar . 

Recursivel y Reduce d Descriptions .  Recur -
siv e Autoassociativ e M e m o r y appear s t o imple -
ment  on e o f  Hinton' s (unpublished )  idea' s tha t 
has bee n floating  aroun d fo r  a  coupl e o f  years . 
Wit h implementation ,  however ,  come s bot h vali -
datio n an d bette r  understanding . 

Constraine d Co-evolutio n o f  Multipl e 
Mechanisms .  Th e encode r  an d decode r  o f  a 
R A AM ar e reall y separat e mechanism s whic h ar e 
evolve d simultaneousl y an d cooperat e t o develo p 
a share d representation .  Ther e m a y b e a  usefu l 
foundationa l  principl e a t  wor k 

Performanc e Induce d fro m Toleranc e 
Chaining .  Neithe r  stac k no r  tre e mechanism s ar e 
reall y traine d t o b e wha t  the y become .  I  a m 
makin g a n induction ,  backe d u p b y lot s o f  exper -
imentation ,  tha t  i f  a n origina l  encode d represen -
tatio n i s compresse d eve n furthe r  b y th e encoder , 
but  ca n b e reconstructe d b y th e decode r  t o withi n 
a clos e toleranc e o f  th e original ,  the n thi s recon -
structe d representatio n ca n b e decode d almos t  a s 
wel l  a s th e original .  I t  stand s t o reaso n tha t  th e 
erro r  toleranc e mus t  ge t  smalle r  a s th e desire d 
representation s ge t  deeper ,  bu t  thi s ha s no t  ye t 
bee n quantified . 

Compositionality is Settled 

Fodo r  &  Pylyshy n (1988 )  attacke d th e 
non-compositiona l  natur e o f  connectionis t 
representations ,  whil e McDermot t  (1986 )  chal -
lenge d th e communit y t o b e abl e t o represen t  an d 
reaso n abou t  th e meanin g o f  a  comple x sentenc e 
like :  "Sh e i s mor e a t  h o m e wit h he r  fello w stu -
dent s tha n wit h m e ,  he r  advisor. " 

Compositionalit y an d complexit y ar e n o 
longe r  cripplin g issue s fo r  connectionism .  Th e 
representation s tha t  R A A M ' s develo p m a y no t  b e 
obvious ,  excep t  i n th e simples t  an d mos t  highl y 
constraine d cases ,  bu t  the y ar e compositiona l  i n 
th e strictes t  sense . 

Systematicity is not Settled 

Unfortunately ,  Fodo r  &  Pylyshyn' s genera -
tiv e capacit y issue ,  whic h the y calle d "systema -
ticity" ,  stil l  stand s fo r  th e tim e being .  Ther e ar e 
essentiall y  thre e possibilities ,  whic h wil l  b e 
explore d i n futur e work .  Give n tha t  I  hav e show n 
some limite d generativ e capacit y i n th e for m o f  a 
smal l  numbe r  o f  ne w usefu l  representations ,  I 
believ e tha t  eithe r  th e second ,  third ,  o r  bot h wil l 
be th e case . 

1 R A A M wil l  no t  b e abl e t o develo p sys -
tematicity ; 

2 Bette r  trainin g environment s an d bette r 
activatio n function s ar e needed ;  o r 

3 Critica l  mass ,  i n term s o f  networ k siz e o r 
trainin g environmen t  size ,  i s  needed . 

Default Topology and Training is not Essen-
tia l 

Ther e i s n o reaso n w h y onl y singl e leve l 
network s fo r  th e encode r  an d decode r  shoul d b e 
used .  Hidde n unit s i n th e decode r  a s wel l  a s rea l 
threshold s wil l  probabl y b e necessar y fo r  a 
R A A M t o develo p a  rea l  analo g stac k representa -
tion ,  whic h m a y affec t  generativ e capacity^ . 

On th e othe r  hand ,  thi s simpl e for m o f 
autoassociatio n m a y b e directl y solvabl e b y 
linea r  methods :  Cottrell ,  et .  al .  (1987 )  reporte d 
tha t  thei r  autoassociato r  essentiall y  perform s 
decompositio n int o principa l  components ,  whil e 
Bourlar d &  K a m p (1988 )  reporte d tha t  autoasso -
ciativ e network s hav e direc t  an d optima l  alge -
brai c solutions .  Whethe r  suc h method s ca n b e 
implemente d unde r  th e constraint s o f  extrem e 
locality ,  an d whethe r  the y migh t  exten d t o recur -
siv e autoassociatio n ar e still ,  however ,  ope n 
questions . 

CONCLUSIONS 

Implications: The Ultimate Capacity Of 
R A A MS 

I  d o no t  hav e an y close d analytica l  form s 
fo r  th e capacit y o f  R A A M s .  Somebod y els e wil l 
hav e t o d o tha t  work .  Give n tha t  i s i s no t  reall y 
an file-cabinet  o r  content-addressabl e memory , 
but  a  memor y fo r  a  gestal t  o f  rule s fo r  recursiv e 
patter n compressio n an d reconstruction ,  result s 
suc h a s Willshaw' s (1981 )  an d Hopfield' s (1982 ) 
do no t  directl y apply .  Binar y pattern s ar e no t 
bein g stored ,  s o on e canno t  simpl y coun t  h o w 
many. 

I  hav e considere d th e capacit y o f  suc h a 
m e m o ry i n th e limit ,  however ,  wher e th e actua l 
function s an d analo g representation s ar e no t 
bounde d b y singl e linea r  transformation s an d sig -
moid s o r  b y 32-bi t  floating  poin t  resolution . 

5 Th e ultimat e iron y her e woul d h) e i f  th e 
competence/performanc e distinctio n reduce d t o a  prob -
le m i n roundof f  error . 
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Saund (1987 )  ha s investigate d autoassocia -
tio n a s a  metho d o f  dimensionalit y reduction , 
and asserte d that ,  i n orde r  t o work ,  th e dat a mus t 
be constraine d t o for m a  smal l  dimensiona l 
parametri c surfac e i n a  large r  dimensiona l  space . 

Conside r  jus t  a  2-1- 2 autoassociator .  I t  i s 
reall y a  reconstructibl e mappin g fro m dat a point s 
on th e uni t  squar e t o uniqu e point s o n th e uni t 
line .  I n orde r  t o work ,  th e environmen t  shoul d 
defin e a  parametri c 1-dimensiona l  curv e i n 2 -
space ,  perhap s a  se t  o f  connecte d splines .  A s 
more an d mor e dat a point s nee d t o b e encoded , 
thi s parametri c curv e mus t  ge t  "curvier "  t o 
cove r  them .  I n th e limit ,  i t  i s  n o longe r  a  1 -
dimensiona l  curve ,  bu t  a  space-fillin g curv e wit h 
a fractiona l  dimension .  (A t  thi s point ,  however , 
th e similarit y betwee n nearb y point s i s lost. ) 

I t  i s  no t  ye t  th e tim e t o discus s th e impli -
cation s o f  fracta l  representation s fo r  AI :  Jus t 
conside r  tha t  th e decompositio n o f  meanin g can -
not  reall y sto p a t  a  semanti c primitiv e suc h a s 
" M T R A N S ". 

Applications: Inference By Association 

I f  th e reade r  almos t  believe s tha t  (1 )  com -
ple x Al-styl e representation s ca n no w b e 
encode d int o fixed-length  analo g vectors ,  whic h 
ar e compositional ,  similarity-based ,  an d recursiv e 
i n nature ,  an d (2 )  tha t  function s ca n b e devised , 
say ,  usin g back-propagation ,  whic h perfor m arbi -
trar y association s (tha t  ca n generalize )  betwee n 
suc h fixed-width  vectors ,  tha n i t  i s no t  to o har d a 
lea p t o believ e tha t  i t  ma y b e possible ,  i n th e 
near  future ,  t o construc t  simple ,  constant-time , 
deterministi c (bu t  fallible )  mechanism s fo r 
apparend y rule-base d processe s suc h a s parsing , 
logica l  deduction ,  plausibl e inference ,  and , 
perhaps ,  even ,  syntacti c transformations . 

I  wil l  b e explorin g severa l  o f  thes e appli -
cations ,  wit h th e sloga n o f  "Associativ e Infer -
ence "  ove r  th e nex t  year . 

ACKNOWLEDGEMENTS & REFERENCES 

Tony Plat e implemente d back-propagatio n 
and th e necessar y modification s i n C  i n exchang e 
fo r  a  nic e lunch ;  anothe r  i s du e fo r  solvin g th e 
travelin g scientis t  proble m (fillin g i n th e blank s 
of  man y references) . 

Ackley ,  D .  H. ,  Hinton ,  G .  E .  &  Sejnowski ,  T .  J . 
(1985) .  A  learnin g algorith m fo r 
Boltzman n Machines .  Cognitiv e Science ,  9 , 
147-169 . 

Bourlard ,  H .  &  Kamp ,  Y .  (1988 )  Auto -
Associatio n b y M u tilaye r  Perception s an d 
Singula r  Valu e Decompositio n Technica l 
Repor t  M217 .  Brussels :  Phillip s Researc h 
Laboratory . 

Cottrell ,  G .  W .  (1985) .  Connectionis t  Parsing .  I n 
Proceeding s o f  th e Sevent h Annua l  Confer -
ence o f  th e Cognitiv e Scienc e Society . 
Irvine ,  CA . 

Cottrell ,  G. ,  Munro ,  P. ,  an d Zipser ,  D .  (1987) . 
Learnin g Interna l  Representation s fro m 
Gray-Scale s Images :  A n Exampl e o f 
Extensiona l  Programming .  Proceeding s o f 
th e Nint h Annua l  Conferenc e o f  th e Cogni -
tiv e Scienc e Society .  Seattle ,  W A.  461-473 . 

Fanty ,  M .  (1985) .  Context-fre e parsin g i n Con -
nectionis t  Networks .  T R 74 ,  Rochester , 
N.Y. :  Universit y o f  Rochester ,  Compute r 
Scienc e Department . 

Fodor  J .  &  Pylyshyn ,  Z .  (1988 )  Connectionis m 
and Cognitiv e Architecture :  A  critica l 
Analysis .  Cognition ,  28 ,  3-71 . 

Hanson ,  S .  an d Kegl ,  J .  (1987 )  PARSNIP :  A 
connectionis t  networ k tha t  learn s natura l 
languag e gramma r  fro m exposur e t o 
natura l  languag e sentences .  Proceeding s 
of  th e Nint h Annua l  Conferenc e o f  th e 
Cognitiv e Scienc e Society ,  SeatUe ,  WA. , 
106-119 . 

Hinto n G .  (unpublished) .  Representin g Part -
Whol e Hierarchie s i n Connectionis t  Net -
works . 

Hopfield ,  J .  J .  (1982) .  Neura l  Network s an d phy -
sica l  system s wit h emergen t  collectiv e 
computationa l  abilities .  Proceeding s o f  th e 
Nationa l  Academ y o f  Sciences ,  79 ,  2554 -
2558 . 

McClellan d J .  &  St .  John ,  M .  (1986. )  Recon -
structiv e Memor y fo r  Sentences :  A  PD P 
Approach .  Proceeding s o f  th e Ohi o 
Universit y Inferenc e Conference . 

McClelland ,  J .  an d Kawamot o A .  (1986 ) 
Mechanism s o f  Sentenc e Processing : 
Assignin g Role s t o Constituents .  I n J .  L . 
McClelland ,  D .  E .  Rumelhar t  &  th e PD P 
researc h group ,  (Eds.) ,  Paralle l  Distribute d 
Processing :  Experiment s i n th e Micros -
tructur e o f  Cognition ,  Vol .  2 .  Cambridge : 
MI T Pres s 

McDermott ,  D .  (1986 )  What  A I  need s fro m con -
nectionism .  Appendi x t o McClelland ,  J.L. , 
Feldman ,  J.A. ,  Bower ,  G .  &  McDermott , 
D.  Connectionis t  model s an d cognitiv e 
science :  goals ,  direction s an d implications . 
A repor t  o n a n NS F workshop . 

Mozer ,  M .  (1984 )  Inductiv e Informatio n 
Retrieva l  Usin g Paralle l  Distribute d Com-
pulation .  Technica l  Report .  L a Jolla :  Insti -
tut e fo r  Cognitiv e Science ,  UCSD. 

Pollack ,  J .  B .  (1987a )  Connectionis m an d natura l 
languag e processing .  Cambridge :  MI T 
Press .  (I n preparation ;  Ava l  abl e a s 
MCCS-87-100 ,  Computin g Researc h 
Laboratory ,  N M S U,  La s Cruces ) 

Pollack ,  J .  B .  (1987b )  Cascade d back -
propagatio n o n dynami c connectionis t  net -
works .  Proceeding s o f  th e Nint h Annua l 
Conferenc e o f  th e Cognitiv e Scienc e 
Society ,  SeatUe ,  W A. 

38 



P O L L A CK 

Rosenfel d R .  &  Touretzky ,  D .  (1987) .  Fou r  capa -
cit y model s fo r  coarse-code d symbo l 
memories .  CMU-CS-87-182 .  Piiisburgh : 
Computer  Scienc e Dept. ,  Carnegie-Mello n 
University . 

Rumelhart ,  D .  E. ,  Hinton ,  G .  &  Williams ,  R . 
(1986) .  Learnin g Interna l  Representation s 
throug h Erro r  Propagation .  I n D .  E . 
Rumelhart ,  J .  L .  McClellan d &  th e PD P 
researc h Group ,  (Eds.) ,  Paralle l  Distri -
bute d Processing :  Experiment s i n th e 
Microstructur e o f  Cognition ,  Vol .  1 .  Cam-
bridge :  MI T Press . 

Rumelhart ,  D .  E .  &  McClelland ,  J .  L .  (1986) .  O n 
Learnin g th e Pas t  Tense s o f  Englis h Verbs . 
I n J .  L .  McClelland ,  D .  E .  Rumelhar t  & 
th e PD P researc h group ,  (Eds.) ,  Paralle l 
Distribute d Processing :  Experiment s i n th e 
Microstructur e o f  Cognition ,  Vol .  2 .  Cam-
bridge :  MI T Press . 

Saund,  E .  (1987 )  Dimensionalit y Reductio n an d 
Constrain t  i n Late r  Yision.Proceeding s o f 
th e Nint h Annua l  Conferenc e o f  th e Cogni -
tiv e Scienc e Society, ,  908-915 ,  Seattle , 
WA. 

Selman ,  B .  (1985) .  Rule-Base d Processin g i n a 
Connectionis t  Syste m fo r  Natura l 
Languag e Understanding .  CSRI-168 , 
Toronto ,  Canada :  Universit y o f  Toronto , 
Computer  System s Researc h Institute . 

Touretzky ,  D .  S .  &  Hinton ,  G .  E .  (1985) .  Sym-
bol s amon g th e neurons :  detail s o f  a  con -
nectionis t  inferenc e architecture .  I n 
Proceeding s o f  th e Nint h Internationa l 
Join t  Conferenc e o n Artificia l  Intelligence . 
Los Angeles ,  CA . 

Touretzky ,  D .  S .  (1986a) .  BoltzCONS :  Reconcil -
in g connectionis m wit h th e recursiv e 
natur e o f  stack s an d trees .  I n Proceeding s 
of  th e 8t h Annua l  Conferenc e o f  th e Cogni -
tiv e Scienc e Society .  Amherst ,  M A ,  522 -
530. 

Touretzky ,  D .  S .  (1986b) .  Representin g an d 
transformin g recursiv e object s i n a  neura l 
network ,  o r  "tree s d o gro w o n Boltzman n 
machines" .  I n roceeding s o f  th e 198 6 
Institut e o f  Electrica l  an d Electronic s 
Engineer s Internationa l  Conferenc e o n Sys -
tems ,  Man ,  an d Cybernetics .  Atlanta ,  GA . 

Waltz ,  D .  L .  &  Pollack ,  J .  B .  (1985) .  Massivel y 
Paralle l  Parsing :  A  strongl y interactiv e 
model  o f  Natura l  Languag e Interpretation . 
Cognitiv e Science ,  9 ,  51-74 . 

Willshaw ,  D .  (1981) .  Holography ,  Associativ e 
Memory,  an d Inductiv e Generalization .  I n 
Hinton ,  G .  an d J .  Anderso n (Eds. )  Paralle l 
Model s o f  Associativ e Memory .  Hillsdale : 
Lawrenc e Erlbau m Associates . 

39 



E x p e r i m e n t s W i t h Sequen t i a l  Assoc ia t i v e M e m o r i e s 

Stephen I. Gallant* and Donna J. King 

College of Computer Science 

Northeaster n Universit y 

Boston ,  M a .  0211 5 U S A 

Abstrac t 

Humans ar e ver y goo d a t  manipulatin g sequentia l  information ,  bu t  sequence s presen t 

specia l  problem s fo r  connectionis t  models . 

As a n approac h t o sequentia l  problem s w e hav e examine d totall y connecte d subnetwork s 

of  cell s calle d sequentia l  associativ e memorie s (SAM's) .  Th e coefficient s fo r  S A M cell s ar e 

unmodifiabl e an d ar e generate d a t  random . 

A subnetwor k o f  S A M cell s perform s tw o tasks : 

1.  Thei r  activation s determin e a  stat e fo r  th e networ k tha t  permit s previou s input s an d 

output s t o b e recalled ,  an d 

2.  The y increas e th e dimensionalit y o f  inpu t  an d outpu t  representation s t o mak e i t  possibl e 

fo r  othe r  (modifiable )  cell s i n th e networ k t o lear n difficul t  tasks . 

T h e secon d functio n i s simila r  t o th e distribute d method ,  a  wa y o f  generatin g intermediat e 

cell s fo r  non-sequentia l  problems . 

Result s fro m severa l  experiment s ar e presented .  Th e first  i s a  roboti c contro l  tas k tha t 

require d a  networ k t o produc e on e o f  severa l  sequence s o f  output s whe n inpu t  cell s wer e se t 
t o a  correspondin g 'pla n number' . 

Th e secon d experimen t  wa s t o lear n a  sequentia l  versio n o f  th e parit y functio n tha t  woul d 

generaliz e t o arbitraril y  lon g inpu t  strings . 

Finall y w e attempte d t o teac h a  networ k ho w t o ad d arbitraril y  lon g pair s o f  binar y 

numbers .  Her e w e wer e successfu l  i f  th e networ k containe d a  cel l  dedicate d t o th e notio n o f 

'carry' ;  otherwis e th e networ k performe d a t  les s tha n 1 0 0 % fo r  unsee n sequence s longe r  tha n 

thos e use d durin g training . 

Eac h o f  thes e task s require d a  representatio n o f  state ,  an d henc e a  networ k wit h feedback . 

Al l  wer e learne d usin g subnetwork s o f  S A M cells . 

K e y w o r d s :  Connectionis t  Models ,  Learning ,  Sequences ,  Distribute d Representation ,  Roboti c 

Contro l 

1 Introduction 

A supervised, discrete SEQUENCE learning problem involves learning to produce a sequence 

of  correc t  outpu t  vector s 

c\c\---,c> ^  (C'e{+i,-i}^ ) 

'Partiall y  supporte d b y Nationa l  Scienc e Foundatio n gran t  IRI-8611596 .  Thank s t o Emmanoui l  KaJfaogl u fo r 
hel p wit h experiments .  Th e firs t  portio n o f  thi s pape r  i s revise d fro m [Gallan t  1987] . 
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in response to a corresponding sequence of example input vectors 

E\E\---,E'' (£'G{+i,-i}P) 

where order counts. 

For  exampl e i f  E '  an d C  ar e on e dimensiona l  vector s s o tha t  E \ C ^  =  ± 1 the n w e migh t 

desir e 

^ .  ̂  f  + 1 i f  r j = A E ' \ E ^  =  + 1 }  i s od d 

1 - 1 otherwise . 

This is clearly a sequential version of the parity problem for a network with one input cell and 

one outpu t  cell .  Not e tha t  th e previou s contex t  {{E^\ j  <  i} )  i s  important ;  knowin g th e valu e o f 

£ '  alon e i s no t  enoug h informatio n t o determin e C . 

Ther e ar e man y interestin g sequentia l  learnin g problem s fro m a  variet y o f  disciplines :  speec h 

understandin g (eve n fo r  a  singl e word) ,  languag e understanding ,  roboti c contro l  (i.e .  coordinate d 

muscula r  activitie s tha t  tak e advantag e o f  sensor y input) ,  sequentia l  faul t  detectio n problems , 

dynami c visio n tasks ,  en d eve n stati c visio n problem s i f  a  singl e scen e i s analyze d b y a  sequenc e 

of  visua l  fixation s o n part s o f  tha t  scene . 

Sequence s ca n b e difficul t  fo r  connectionis t  models ,  particularl y i f  the y ar e o f  indefinit e length . 

For  som e task s (e.g .  pronou n disambiguation )  w e canno t  specif y a n n  wher e th e n  previou s input s 

ar e alway s sufficien t  t o allo w correc t  outputs .  Moreove r  i f  w e remembe r  th e "window "  o f  n 

previou s input s an d appl y brut e forc e method s t o ever y possibl e n-inpu t  configuratio n the n th e 

combinatoric s become s devastating .  Therefor e som e sor t  o f  processin g i s require d t o extrac t  an d 

remember  relevan t  informatio n fro m prio r  context . 

Recentl y ther e ha s bee n increase d attentio n t o sequenc e processin g b y connectionis t  models . 

Jorda n [Jorda n 1986a,Jorda n 1986b ]  ha s employe d a  simpl e subnetwor k o f  cell s t o represen t  th e 

stat e o f  a  networ k b y encodin g previou s activation s fro m eac h outpu t  cel l  i n th e activatio n valu e 

of  a  correspondin g stat e cel l  usin g lo w orde r  binar y decima l  bits .  Thu s i f  Ui{T )  i s th e activatio n 

of  outpu t  cel l  U i  a t  tim e T  the n a  correspondin g stat e cell ,  Ui^{T )  woul d hav e activatio n 

^r'iT) = X:(0.5)^-'t..(0. 

This method preserves information on a//previous outputs but at the (inevitable) cost of requiring 

manipulatio n o f  hig h precisio n activations . 

I n thi s pape r  w e explor e highl y connecte d subnetwork s wit h feedbac k calle d sequentia l  associa -

tiv e memorie s o r  SAAfs .  SAM' s ar e compose d o f  linea r  discriminan t  cell s wit h fixed ,  randoml y 

generate d weights .  Thes e subnetwork s serv e tw o importan t  functions : 

1. Their activations define a state for the network that allows previous inputs and outputs to 

affec t  th e curren t  output . 

2. They help trainable cells elsewhere in the network to solve difficult (i.e. nonseparable) 

computationa l  task s requirin g intermediat e (o r  "hidden" )  cells . 

SAM cell activations are discrete, so there is no problem with high precision activation values. 

However  sinc e a  finit e numbe r  o f  bit s ca n onl y encod e a  finit e amoun t  o f  information ,  th e S A M 
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X / W 

Outpu t  Cel l 

Distribute d Cell s 

Inpu t  Cell s 

K e y : 

•  Trainabl e Weight s 

• Randomly Generated Weights 

Figure 1: The Distributed Method. 

cells cannot have perfect memory; they must 'forget' some information when their capacity is 

exceeded . 

The followin g section s giv e a  motivatio n for ,  an d a  mor e precis e definitio n of ,  sequentia l 

associativ e memorie s an d describ e thei r  rol e i n severa l  learnin g experiments . 

2 The Distributed Method 

We have previously described a technique called the distributed method for creating intermediate 

cell s s o tha t  a  networ k coul d lear n nonseparabl e function s [Gallan t  1986a ,  Gallan t  &  Smit h 1987] . 

See figure  1 . 

I n thi s metho d al l  o f  th e networ k cell s (excep t  inpu t  cells )  ar e linea r  discriminant s [Fishe r  1936 ] 

(als o know n a s threshol d logi c unit s [McCulloc h & :  Pitt s 1943 ]  o r  perceptron s [Rosenblat t  1961]) . 

Al l  cell s comput e discret e activatio n value s o f  + 1 ,  — 1 ,  o r  0  accordin g t o whethe r  th e weighte d 

su m o f  thei r  input s (plu s a  constan t  bia s term )  i s >  0 ,  <  0 ,  o r  =  0  respectively .  Th e weight s 

fo r  distribute d cell s ar e chose n a t  random ^ an d remai n fixed.  Outpu t  cel l  weight s ar e generate d 

usin g th e pocke t  algorith m [Gallan t  1986b] ,  a  modificatio n o f  perceptro n learning . 

Assume ther e ar e mor e distribute d cell s tha n inpu t  cells .  Fo r  ever y settin g o f  th e inpu t 

cell s th e activation s o f  th e distribute d cell s wil l  for m a  distribute d representatio n [Rumelhar t  & 

McClellan d 1986 ,  chap .  3 ]  o f  th e inpu t  tha t  lie s i n a  highe r  dimensiona l  spac e tha n th e origina l 

input .  Thi s highe r  dimensiona l  representatio n ease s th e learnin g tas k fo r  th e outpu t  cell s and ,  i n 

'We us e integer s betwee n —5 an d +5 ,  bu t  rando m rea l  value s betwee n —1 an d + 1 ar e arguabl y better . 
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particular, makes it more likely that the transformed problem will be separable. 

For  n  trainin g example s ou r  experiment s hav e show n tha t  addin g betwee n ̂ n an d n  distribute d 

cell s i s  usuall y sufficien t  t o mak e (non-contradictory )  dat a separabl e fo r  th e mos t  difficul t  classica l 

problem s suc h a s parity .  Fewe r  suffic e fo r  mor e 'natural '  problems .  Thi s boun d i s roughl y 

consisten t  wit h a  theoretica l  resul t  b y Cove r  [Cove r  1965 ]  fo r  rando m functions .  B y restrictin g 

distribute d cell s t o linea r  discriminants ,  however ,  w e ar e als o abl e t o preserv e robustnes s becaus e 

a ne w inpu t  tha t  i s  clos e t o a n exampl e use d i n trainin g th e networ k i s likel y t o produc e th e 

same outpu t  a s tha t  example .  Ha d w e use d arbitrar y rando m function s fo r  distribute d cell s 

rathe r  tha n restrictin g ourselve s t o th e subclas s o f  rando m linea r  discriminants ,  th e increase d 

probabilit y  o f  separabilit y  woul d hav e remaine d bu t  th e robustnes s woul d hav e bee n lost .  Fo r  a 

fulle r  descriptio n o f  th e distribute d metho d se e [Gallan t  &  Smit h 1987] . 

3 Sequential Associative JVIemories 

The distributed method increases learning ability while preserving robustness (in the sense de-

scribed) ,  bu t  thi s techniqu e give s n o hel p wit h sequence s sinc e th e networ k i s unaffecte d b y 

previou s input s an d outputs .  Wha t  i s missin g i s feedbac k an d th e notio n o f  stat e t o captur e 

previou s behavior . 

I n figure  2  w e se e a  generalizatio n o f  th e distribute d metho d wher e th e adde d cell s als o 

receiv e input s fro m previou s networ k output s an d fro m eac h other .  W e cal l  suc h a  subnetwor k a 

sequentia l  associativ e memor y (SAM) .  Th e stat e o f  th e networ k i s th e patter n o f  activation s i n 

th e S A M cells ,  an d i t  i s influence d b y previou s inputs ,  outputs ,  an d states .  Moreove r  th e S A M 

cell s ai d learnin g b y th e trainabl e outpu t  cell s whil e stil l  preservin g robustness ,  jus t  a s wit h th e 

distribute d method . 

3.1 Network Dynamics 

The dynamic operation of the network for sequences is as follows: 

1. Initialize SAM cell activations and output cell activations to 0. 

2. Set the activations of input cells to the {first / next} set of inputs in a sequence. 

3. For each SAM cell, compute its new activation value but do not change that activation until 

al l  othe r  S A M cell s hav e compute d thei r  ne w values .  Afte r  computin g th e ne w activatio n 

value s fo r  al l  S A M cells ,  modif y al l  th e activation s accordingly . 

4. For each output cell, compute its new activation value and immediately change its activation 

t o tha t  value .  Thes e activation s ar e th e {firs t  /  next }  networ k output s fo r  th e sequence . 

5. Go to 2. 

Note  that all SAM cells can recompute and update their activations in parallel, making this 

architectur e attractiv e fo r  paralle l  hardwar e implementations . 
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A 

O u t p u t  C e l l 

S A M C e l l s 

••:: > H I n p u t  C e l l s 

K e y : 

Trainabl e Weight s 

Randoml y Generate d Weight s 

Figur e 2 :  Networ k wit h 3  S A M Cells . 

3. 2 Inpu t  Ga i n 

For  som e task s i t  i s  necessar y t o multipl y activation s fo r  inpu t  an d outpu t  cell s b y a  gai n facto r 

t o increas e thei r  effec t  o n th e S A M cells .  I f  thi s i s no t  don e th e S A M cell s ar e no t  sensitiv e 

enoug h t o inpu t  an d outpu t  value s an d performanc e ca n b e poor .  Th e highe r  th e gai n th e mor e 

th e emphasi s i s place d upo n recen t  input s an d outputs ;  thu s gai n migh t  b e viewe d a s a  paramete r 

tha t  determine s a n inductiv e bia s fo r  th e learnin g algorithm .  A  goo d settin g fo r  th e gai n facto r 

varie s wit h th e numbe r  o f  S A M cell s an d th e proble m type . 

The easies t  tim e t o implemen t  gai n i s a t  th e tim e whe n th e (random )  S A M connectio n weight s 

ar e generated ;  w e simpl y multipl y th e weight s fro m inpu t  o r  outpu t  cell s t o S A M cell s b y th e 

gai n factor . 
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4 Experiments 

4.1 Robotic Control 

We tried SAM networks with a robotic control problem similar to the one studied by Jordan 

Jorda n 1986b] .  Th e networ k ha d 4  inpu t  cell s tha t  wer e se t  t o on e o f  1 6 possibl e 'pla n numbers' . 

Ever y pla n numbe r  corresponde d t o a  sequenc e o f  output s fro m a  singl e outpu t  cel l  ove r  4  iter -

ations ;  fo r  exampl e pla n <-|-l,—1,—1,+1 > migh t  correspon d t o th e sequenc e {  — 1,-1,+1,-1} . 

We se t  th e inpu t  cell s t o th e sam e pla n numbe r  a t  eac h tim e step ,  an d th e correspondenc e betwee n 

pla n number s an d correc t  outpu t  sequence s wa s chose n a t  random . 

Notic e tha t  th e networ k canno t  determin e it s correc t  outpu t  base d solel y upo n it s (current ) 

inpu t  (eve n i f  it s  las t  outpu t  wer e available) .  Therefor e a  'state '  mus t  b e maintaine d b y th e 

syste m an d a  feedbac k networ k i s required . 

For  a  networ k wit h 4  inpu t  cell s an d 1  outpu t  cel l  w e foun d tha t  1 6 sequence s o f  lengt h 4  coul d 

be learne d reliabl y b y addin g 4 0 S A M cell s (usin g gai n 1 )  i n abou t  500 0 iteration s (consumin g 

severa l  minute s o f  C P U time) . 

We the n trie d a  harde r  proble m involvin g 5  inpu t  cell s an d 3 2 sequence s o f  lengt h 5 .  Her e 

abou t  15 0 S A M cell s wit h gai n 1  suffice d fo r  reliabl e 100 % performanc e afte r  abou t  800 0 iterations . 

Finall y w e trie d problem s wit h 6  inpu t  cell s an d 6 4 sequence s o f  lengt h 6 .  Her e 35 0 S A M 

cell s wit h gai n 1  wer e require d t o reliabl y giv e 100 % performanc e afte r  abou t  400 0 iterations . 

Our  conclusio n wa s tha t  S A M cell s allo w network s t o lear n simple ,  sequentia l  roboti c task s 

i n reasonabl e time . 

I t  i s interestin g t o analyz e thi s tas k fro m a n informatio n theor y viewpoint .  I f  w e conside r  th e 

rando m coefficient s o f  S A M cell s a s carryin g n o informatio n (sinc e the y ar e no t  specifi c  t o th e 

particula r  se t  o f  plan s an d outpu t  sequence s bein g represented )  the n al l  informatio n i s carrie d 

i n th e trainabl e weight s leadin g t o outpu t  cells .  Th e numbe r  o f  suc h weight s equal s th e numbe r 

of  cell s i n th e network .  I n ou r  experiment s th e numbe r  o f  weight s wa s approximatel y th e sam e 

as th e numbe r  o f  outpu t  bit s tha t  wer e t o b e learned ,  i.e .  th e numbe r  o f  plan s multiplie d b y 

th e lengt h o f  eac h sequence .  Fo r  exampl e wit h 5  inpu t  cel l  sequence s an d 15 0 S A M cell s ther e 

ar e 5  -f -  15 0 +  1  trainabl e weight s an d thes e ca n correctl y produc e 3 2 x  5  tota l  outpu t  bits .  Th e 

magnitude s o f  th e weigh t  value s di d no t  appea r  t o gro w wit h th e difficult y o f  th e problem . 

Th e tota l  numbe r  o f  outpu t  bit s give s a  lowe r  boun d fo r  th e encodin g siz e o f  thi s task ; 

therefor e th e outpu t  cel l  weight s appea r  t o giv e reasonabl y efficien t  encoding s becaus e the y see m 

t o b e growin g linearl y wit h th e lowe r  bound . 

4.2 Sequential Parity 

For our second experiment we set out to teach a network the concept of parity as a sequential 

task .  Ou r  goa l  wa s fo r  th e networ k t o comput e parit y fo r  arbitraril y  lon g inpu t  sequences ,  a n 

impossibl e tas k fo r  a  feed-forwar d network . 

We use d a  networ k wit h on e inpu t  cell ,  on e outpu t  cel l  an d a  collectio n o f  S A M cells .  Th e 

proble m wa s mad e somewha t  harde r  b y allowin g th e outpu t  t o se e onl y th e curren t  inpu t  an d th e 

S A M activation s bu t  no t  th e previou s output .  W e foun d tha t  onl y 1 0 S A M cell s (wit h gai n o f 

10)  wer e sufficien t  t o quickl y an d reliabl y lear n parit y fo r  arbitrar y lengt h sequences. ^  Fiv e S A M 

^We teste d th e resultin g network s o n 5 0 unsee n sequence s o f  lengt h 10 0 t o verif y tha t  the y ha d learne d parit y 
wit h high ,  bu t  no t  100% ,  certeunty . 
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cells were usually too few for this task. To our knowledge this is the first connectionist network 

t o lear n parit y fo r  arbitrar y lengt h sequences . 

4.3 Sequential Addition 

We also attempting to teach a network sequential (right-to-left) addition of pairs of arbitrarily 

lon g number s usin g network s compose d o f  2  inpu t  cells ,  1  outpu t  cel l  an d a  collectio n o f  S A M 

cell s a s i n figur e 2 .  Thi s i s a n eas y tas k i f  w e dedicat e a n extr a outpu t  cel l  t o th e computatio n o f 

'carry' ;  1 0 S A M cell s usuall y suffic e t o quickl y lear n additio n o f  arbitrar y lengt h number s wit h 

perfec t  generalizatio n [Gallan t  1987] . 

Withou t  suc h a  dedicate d carr y cel l  th e proble m i s muc h harde r  becaus e th e notio n o f  carr y 

must  b e represente d i n th e collectiv e activation s o f  th e S A M cells . 

For  thi s proble m a  networ k wit h 30 0 S A M cell s (an d gai n 300 )  learne d t o ad d a  trainin g se t 

consistin g o f  10 0 pair s o f  4 0 bi t  number s usin g 250 0 iterations. ^  Testin g o n group s o f  2 0 (unseen ) 

pair s o f  number s o f  variou s length s th e networ k generalize d a s follows : 

Length of numbers added: 

% Sequence s correct : 

For a sequence to be counted as correct in the testing we required that every output bit be 

correct .  Althoug h th e networ k faile d t o precisel y lear n th e concep t  o f  addition ,  w e considere d 

i t  encouragin g tha t  i t  wa s abl e t o generaliz e fro m 40-bi t  pair s o f  number s t o 75-bi t  an d 100-bi t 

pair s wit h 9 5 pe r  cen t  o f  th e sequence s totall y correct . 

The improvemen t  i n generalizatio n ove r  thos e test s reporte d i n [Gallan t  1987 ]  w e attribut e t o 

tw o factors :  highe r  gai n setting s an d th e us e o f  longe r  sequence s fo r  training .  Experiment s ar e 

continuin g o n thi s problem . 

5 Concluding Remarks 

We have described a connectionist model with feedback and state called sequential associative 

memorie s an d severa l  experiment s involvin g sequences .  Th e mos t  importan t  curren t  researc h 

involvin g S A M network s i s t o determin e ho w wel l  the y trai n an d generaliz e fo r  difficul t  sequentia l 

patter n recognitio n problem s suc h a s speec h understanding ,  faul t  detection ,  natura l  language , 

and possibl y vision .  Whil e w e hol d littl e hop e tha t  S A M network s alon e coul d tackl e thes e 

difficul t  problems ,  w e ar e mor e optimisti c abou t  thei r  combinatio n wit h othe r  technique s (suc h 

as "windows "  an d unsupervise d learnin g o f  inpu t  feature s durin g a  pre-processin g step) . 

We believ e tha t  th e proble m o f  manipulatin g sequence s represent s a n importan t  challeng e fo r 

connectionis t  researc h an d fo r  machin e learnin g i n general . 
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Introductio n 

One reason for scepticism about connectionist mod-

el s tha t  us e distribute d representation s i s tha t  ther e 

ar e currentl y n o convincin g demonstration s o f  ho w 

thes e model s ca n represen t  complex ,  articulate d 

structures .  D re w McDermot t  (persona l  communi -

cation )  ha s suggeste d tha t  th e approac h woul d b e 

fa r  mor e convincin g i f  i t  coul d com e u p wit h a  sen -

sibl e schem e fo r  representin g th e meanin g o f  a  sen -

tenc e suc h as :  "Sh e seem s t o b e mor e a t  eas e wit h 

her  fello w student s tha n wit h m e ,  he r  adviser. "  Thi s 

meanin g i s  clearl y compose d o f  severa l  majo r  con -

stituent s wit h relationship s betwee n them ,  an d eac h 

majo r  constituen t  ha s it s own ,  complex ,  interna l 

structure .  A  representationa l  schem e fo r  dealin g 

wit h meaning s o f  thi s complexit y must ,  a t  th e ver y 

least ,  specif y ho w th e meaning s o f  whol e expression s 

ar e relate d t o th e meaning s o f  thei r  constituent s an d 

ho w i t  i s  possible ,  i n som e sense ,  t o hav e th e whol e 

meanin g i n min d a t  once . 

Th e exampl e give n abov e i s typica l  o f  example s fro m 

m a ny differen t  domains .  I t  appear s tha t  wheneve r 

peopl e hav e t o dea l  wit h complexit y the y impos e 

part-whol e hierarchie s i n whic h object s a t  on e leve l 

ar e compose d o f  inter-relate d object s a t  th e nex t 

leve l  down .  I n representin g a  visua l  scen e o r  a n 

everda y pla n o r  th e structur e o f  a  sentenc e w e us e 

hierarchica l  structure s o f  thi s kind .  T h e mai n issu e 

addresse d i n thi s pape r  i s ho w t o represen t  comple x 

part-whol e hierarchie s i n a  connectionis t  network . 

Thre e differen t  method s ar e described . 

S y m b o l s an d th e conventiona l  imple -

mentat io n o f  hierarchica l  structure s 

It will be helpful to begin by reviewing the standard 

way o f  implementin g hierarchica l  data-structure s 

i n a  conventiona l  digita l  computer .  Ther e ar e 

obviousl y m a n y mino r  variations ,  bu t  a  suitabl e 
paradig m exampl e i s th e kin d o f  recor d structur e 

tha t  i s foun d i n language s lik e Pasca l  (bu t  withou t 

th e typ e constraints) . 

Each instanc e o f  a  recor d i s  compose d o f  a  pre -

determine d se t  o f  fields  (sometime s calle d "slots " 

or  "roles" )  eac h o f  whic h contain s a  pointe r  t o th e 

content s o f  th e field  whic h m a y b e eithe r  anothe r  in -

stanc e o f  a  record ,  o r  a  primitiv e object .  Sinc e th e 

pointer s ca n b e arbitrar y addresses ,  thi s i s  a  ver y 

flexible  wa y o f  implementin g a  hierarchica l  data -

structure ,  bu t  th e flexibility  i s  bough t  a t  th e pric e o f 

th e vo n N e u m a n n bottleneck :  T h e addressin g mech -

anis m mean s tha t  onl y on e pointe r  ca n b e followe d 

at  a  time .  ̂  

Th e essenc e o f  a  symbo l  i s  this :  I t  i s  a  smal l  rep -

resentatio n o f  a n objec t  tha t  provide s a n "remot e 

access "  pat h t o a  fulle r  representatio n o f  th e sam e 
object .  ^  Fo r  example ,  th e addres s o f  a  recor d 

structur e i s a  smal l  representatio n an d th e whol e 

recor d tha t  i t  point s t o i s a  fulle r  representation . 

I n general ,  thi s fulle r  representatio n i s  itsel f  com -

pose d o f  smal l  representation s (e .  g .  addresses ) 

of  th e structure s tha t  fill  th e fields  o f  th e record . 

Becaus e a  symbo l  i s  small ,  m a n y symbol s ca n b e 

put  togethe r  t o creat e a  "fully-articulated "  repre -

sentatio n o f  som e large r  structur e an d th e siz e o f 
thi s fully-articulate d representio n nee d no t  b e an y 

large r  tha n th e fully-articulate d representation s o f 

it s constituents . 

W h en addresse s ar e use d a s symbols ,  ther e i s  nor -

mall y a  purel y arbitrar y relationshi p betwee n th e in -
terna l  structur e o f  a  symbo l  an d th e full y articulate d 

representatio n tha t  i t  provide s acces s to .  Lookin g 
at  th e individua l  bit s i n th e symbo l  provide s n o in -

formatio n abou t  wha t  i t  represents .  Occasionall y 

thi s i s  no t  quit e true .  If ,  fo r  example ,  on e type  o f 

data-structur e i s kep t  i n th e to p hal f  o f  memor y an d 

anothe r  typ e i n th e botto m half ,  th e first  bi t  o f  a 

symbo l  reveal s th e typ e o f  th e data-structur e tha t 

i t  provide s acces s to .  S o i t  i s  possibl e t o chec k th e 

type  withou t  followin g th e pointer .  Thi s tric k ca n 

obviousl y b e extende d s o tha t  m a n y o f  th e bit s i n 

'Architecture s suc h a s th e Connectio n Machin e (Hillis , 
1985)  us e routin g hardwar e tha t  allow s man y pointer s t o b e 
followe d a t  once ,  bu t  eve n wit h hardwar e support ,  th e routin g 
i s quit e slow . 

^Ther e is ,  o f  course ,  muc h debat e abou t  th e meanin g 
of  th e wor d ''symbol" .  Th e informe d definitio n give n her e 
emerge d fro m conversation s wit h AUe n Newell . 
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a symbo l  conve y usefu l  information .  A  symbo l  ca n 
the n b e viewe d a s a  "reduce d description "  o f  th e 

object . 

Th e conclusio n o f  thi s pape r  i s tha t  pattern s o f  ac -

tivit y i n part s o f  a  connectionis t  networ k nee d t o ex -

hibi t  th e doubl e lif e tha t  i s  characteristi c o f  symbols . 

Th e pattern s mus t  allo w remot e acces s t o fulle r  rep -

resentations ,  bu t  s o lon g a s th e pattern s ar e als o 

reduce d description s thi s remot e acces s nee d onl y 

be use d ver y occasionall y (e.g .  a  fe w time s pe r  sec -

ond) .  Mos t  o f  th e processin g ca n b e don e b y paralle l 

constraint-satisfactio n o n th e pattern s themselves . 

M e t h o d 1 :  T h e fully-paralle l  imple -

mentatio n 

Perhaps the most obvious way to implement part-
whol e hierarchie s i n a  connectionis t  networ k i s t o 

use th e connection s themselve s a s pointers .  Figur e 1 
shows a n exampl e take n fro m th e wor k o f  Rumelhar t 

and McClellan d (1981) .  I t  i s a  networ k tha t  recog -

nize s a  wor d whe n give n partia l  informatio n abou t 

th e feature s o f  th e letter s i n th e word .  W e us e thi s a s 
th e standard ,  concret e exampl e o f  a  part-whol e hi -
erarch y becaus e i t  ha s clearl y define d level s an d th e 
part s hav e convenien t  names ,  bu t  thi s pape r  i s no t 

abou t  wor d recognition .  Becaus e eac h relationshi p 

i n th e hierarchica l  tree-structur e i s implemente d b y 
it s o w n dedicate d connection ,  i t  i s  possibl e t o d o a 
lo t  o f  paralle l  processin g durin g recognition .  Simul -
taneously ,  m a n y differen t  letter s ca n chec k whethe r 

th e feature s the y requir e ar e present ,  an d m a n y dif -

feren t  word s ca n chec k whethe r  th e letter s the y re -

quir e ar e present . 

O ne ver y importan t  aspec t  o f  th e Rumelhar t  an d 
McClellan d networ k i s  tha t  eac h o f  th e lette r  unit s 

has t o b e replicate d fo r  eac h o f  th e fou r  possibl e 

position s o f  a  lette r  withi n th e wor d (the y restric t 

themselve s t o four-lette r  words) .  Ther e i s a  separat e 

uni t  fo r  a n H  a s firs t  lette r  an d a n H  a s secon d letter . 
Al l  th e lette r  feature s an d al l  th e knowledg e abou t 

whic h combination s o f  lette r  feature s m a k e a n H 

must  als o b e replicate d fo r  eac h o f  th e fou r  positions . 

Thi s replicatio n i s a  natura l  consequenc e o f  imple -

mentin g part-whol e relationship s wit h pairwis e con -

nections .  A  part-whol e relationshi p involve s thre e 
differen t  things :  T h e part ,  th e whole ,  an d th e rol e 

tha t  th e par t  play s withi n th e whole .  I n th e con -

ventiona l  implementatio n usin g pointers ,  th e rol e i s 

i \ ^ 
Figur e 1 :  Par t  o f  a  networ k use d fo r  recognizin g 

words .  Onl y a  fe w o f  th e unit s an d connection s 

ar e shown .  T h e connection s betwee n alternativ e hy -

pothese s a t  th e sam e leve l  ar e inhibitory . 

encode d b y whic h fiel d th e pointe r  i s  in .  A  pairwis e 

connectio n betwee n neuron-lik e unit s doe s no t  hav e 

anythin g equivalen t  t o a  field ,  an d s o th e destina -

tio n o f  th e connectio n i s use d t o represen t  bot h th e 

fiel d an d th e content s o f  th e field .  Thus ,  instea d o f 
havin g a  singl e role-independen t  representatio n o f 

H whic h i s pointe d t o fro m m a n y differen t  fields,  w e 

hav e m a n y differen t  "role-specific "  representations . 
Activit y i n an y on e o f  thes e unit s the n represent s 

th e conjunctio n o f  a n identit y an d a  role . 

At first sight, the fully-parallel implementation 
seems ver y wastefu l  becaus e i t  replicate s th e appa -

ratu s fo r  representin g an d recognizin g letter s acros s 

al l  th e differen t  roles .  However ,  th e replicatio n ha s 
some usefu l  consequences .  I t  make s i t  possibl e t o 

recogniz e differen t  instance s o f  th e sam e lette r  i n 
paralle l  withou t  an y o f  th e contentio n tha t  woul d 

occu r  i f  severa l  differen t  processe s neede d t o acces s 

a single ,  centra l  stor e o f  knowledg e simultaneously . 
Also ,  whe n letter s ar e use d a s cue s fo r  words ,  i t  i s 

not  jus t  th e lette r  identitie s tha t  ar e important .  I t 
i s th e conjunctio n o f  th e identit y an d th e spatia l 

rol e withi n th e wor d tha t  i s  th e rea l  cue .  S o i t  i s 

ver y convenien t  t o hav e unit s tha t  explictl y repre -

sen t  suc h conjunctions . 

I n additio n t o th e expens e o f  replicatin g th e recog -

nitio n apparatu s acros s al l  roles ,  th e fully-paralle l 
networ k ha s severa l  othe r  problem s : 

1. The replication raises the question of how, if 
at  all ,  th e multipl e differen t  role-specifi c  repre -

sentation s o f  a  give n lette r  ar e relate d t o on e 

another . 
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2.  A s w e g o dow n th e hierarcliy ,  ther e ar e les s an d 

les s unit s availabl e fo r  representin g eac h con -

stituent . 

3. In a network which is not fully connected, it is 

not  a t  al l  obviou s ho w ne w knowledg e ca n b e 

incorporate d withou t  growin g ne w connections . 

For relatively shallow, man-made hierarchies of the 

kin d tha t  ar e importan t  i n readin g o r  speec h recog -

nition ,  i t  ma y b e tolerabl e t o alway s devot e les s 

unit s t o representin g smalle r  fragment s o f  th e over -

al l  structure .  Bu t  fo r  domain s lik e norma l  visua l 

scene s thi s strateg y wil l  no t  work .  A  room ,  fo r  ex -

ample ,  ma y contai n a  wall ,  an d th e wal l  ma y con -
tai n a  picture ,  an d th e pictur e ma y depic t  a  room . 
We nee d t o b e abl e t o devot e jus t  a s muc h appa -

ratu s t o representin g th e depicte d roo m a s th e rea l 

one.  Moreover ,  th e ver y sam e knowledg e tha t  i s 

applie d i n recognizin g th e rea l  roo m need s t o b e ap -

plie d i n recognizin g th e roo m i n th e picture .  I f  thi s 
knowledg e i s i n th e for m o f  connection s an d i f  th e 

knowledg e i s no t  duplicate d ther e mus t  b e a  wa y 

of  mappin g th e depicte d roo m int o a n activit y pat -

ter n o n th e ver y sam e se t  o f  unit s a s ar e use d fo r 

representin g th e rea l  room . 

The distributed version of method 1 

The Rumelhart and McClelland network uses lo-

calis t  representation s i n whic h eac h entit y i s rep -

resente d b y activit y i n a  singl e unit .  Localis t  repre -

sentation s ar e efficien t  i f  a  significan t  fractio n o f  th e 

possibl e entitie s ar e presen t  o n an y on e occasio n o r 

i f  th e knowledg e associate d wit h eac h entit y ha s lit -

tl e i n c o m m o n wit h th e knowledg e associate d wit h 

other ,  alternativ e entities .  Bot h thes e condition s 

hol d quit e wel l  a t  th e leve l  o f  lette r  recognition .  Fo r 

th e mor e natura l  part-whol e hierarchie s tha t  occu r 

i n everyda y scenes ,  neithe r  conditio n holds .  Onl y a 

tin y fractio n o f  th e possibl e object s ar e presen t  o n 

any on e occasion ,  s o i f  on e uni t  i s  devote d t o eac h 
possibl e objec t  almos t  al l  th e unit s wil l  b e inactive . 

Thi s i s a  ver y inefficien t  wa y t o us e th e representa -

tiona l  capacity .  Also ,  differen t  objects ,  lik e a  cu p 

an d a  m u g ,  m a y hav e simila r  appearance s an d m a y 

m a ke simila r  predictions .  Thi s mean s tha t  ther e ca n 

be a  lo t  o f  usefu l  sharin g o f  unit s an d connections . 
Most  o f  wha t  w e kno w abou t  cup s an d m u g s coul d 

be associate d wit h a  uni t  tha t  i s  activ e fo r  eithe r  a 

cu p o r  a  m u g .  I f  thi s metho d o f  sharin g i s take n t o 

it s logica l  conclusio n w e arriv e a t  distribute d rep -

resentation s i n whic h eac h objec t  i s  represente d b y 

activit y i n m a n y unit s an d eac h uni t  i s  involve d i n 

th e representatio n o f  m a n y object s (Hinton ,  McClel -

land ,  an d Rumelhart ,  1986) . 

O ne majo r  advantag e o f  usin g description s rathe r 
tha n singl e unit s a s representation s i s  tha t  i t  i s 

possibl e t o creat e representation s o f  nove l  object s 

(an d als o nove l  role-specifi c  representations )  b y us -

in g nove l  combination s o f  th e sam e se t  o f  primitiv e 

descriptors .  Thi s avoid s th e proble m o f  havin g t o 

find  a  suitabl y connecte d uni t  fo r  eac h nove l  ob -

ject .  However ,  th e othe r  tw o difficultie s o f  th e full y 

paralle l  metho d ar e no t  solve d b y simpl y usin g dis -

tribute d representations . 

Method 2: Sharing recognition appa-

ratu s withi n a  leve l 

Distributed representations provide a way of sharing 

unit s an d connection s betwee n alternativ e object s o r 

alternativ e role-specifi c  representations .  I n thi s re -

spec t  the y wor k jus t  lik e pointer s i n a  conventiona l 

compute r  memory .  Instea d o f  usin g a  separat e bi t 
fo r  eac h possibl e objec t  tha t  coul d b e pointe d to , 

eac h bi t  i s  share d betwee n m a n y possibl e alterna -

tiv e objects .  A s a  result ,  a  wor d o f  m e m o r y ca n 

onl y poin t  t o on e objec t  a t  a  time .  ̂  Th e followin g 

analysi s o f  th e function s performe d b y a  role-specifi c 

representatio n suggest s a  quit e differen t  an d com -

plementar y metho d o f  sharin g whic h ca n b e use d t o 

shar e connectionis t  apparatu s betwee n th e differen t 

role-specifi c  instance s tha t  occu r  withi n on e whole . 

I n th e Rumelhar t  an d McClellan d mode l  eac h role -

specifi c  lette r  uni t  ha s thre e functions : 

1. It recognizes the occurence of that letter in that 

spatia l  role .  T h e recognitio n i s accomplishe d 
by havin g appropriatel y weighte d connection s 

comin g fro m unit s a t  th e featur e level . 

2. It contributes to the recognition of words. This 

i s accomplishe d b y it s connection s t o unit s a t 

th e wor d level . 

3. Its activity level stores the results of letter 

recognition . 

^Some cincien t  implementation s o f  LIS P actUcdl y us e tw o 
separat e role-specifi c  representation s withi n on e wor d s o tha t 
th e first  par t  o f  a  wor d ca n poin t  t o on e objec t  an d th e secon d 
par t  ca n poin t  t o another . 
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Ther e i s a n alternativ e mode l  whic h use s role -

specifi c  lette r  unit s fo r  function s 2  an d 3 ,  bu t  no t 

fo r  functio n 1 .  Instead ,  i t  use s a  singl e letter -

recognitio n modul e whic h i s applie d t o on e positio n 

withi n th e wor d a t  a  time .  Onc e th e lette r  a t  th e 

curren t  positio n ha s bee n recognized ,  th e combina -

tio n o f  it s  identit y an d it s positio n withi n th e wor d 

activate s a  role-specifi c  lette r  uni t  whic h act s ci s a 

temporar y m e m o r y fo r  th e result s o f  th e recognitio n 

and als o contribute s t o th e recognitio n o f  th e wor d 

(se e figure  2) . 

Th e letter-recognitio n modul e mus t  b e applie d t o 

one lette r  a t  a  tim e an d s o ther e mus t  b e extr a "at -

tentional "  apparatu s whic h select s ou t  on e portio n 

of  th e paralle l  inpu t  (whic h contain s feature s o f  al l 
th e letters) ,  m a p s thi s portio n int o th e inpu t  o f  th e 

letter-recognitio n module ,  an d als o create s a n ex -
plici t  representatio n o f  wher e th e currentl y selecte d 

lette r  lie s withi n th e word .  Actually ,  th e Rumel -

har t  an d McClellan d mode l  presuppose s tha t  ther e 

i s apparatu s o f  a  simila r  kin d i n orde r  t o pic k ou t 

th e feature s o f  on e wor d withi n a  sentenc e o r  t o cop e 

wit h change s i n th e positio n o f  a  word .  S o th e ne w 

model  doe s no t  requir e an y qualitativel y ne w atten -

tiona l  apparatus ,  i t  jus t  require s i t  a t  th e leve l  o f 

letter s instea d o f  a t  th e leve l  o f  words . 

A connectionis t  d i l e m m a 

By sharing the recognition apparatus within a level, 
th e networ k capture s th e regularit y i n th e appear -

ance o f  differen t  instance s o f  th e sam e lette r  bu t  i t 

lose s th e abilit y  t o recogniz e al l  th e letter s o f  a  wor d 
i n parallel .  Thi s illustrate s a n importan t  dilemma : 

I f  th e knowledg e i s i n th e connection s w e ca n ei -
the r  captur e th e regularit y b y usin g a  singl e modul e 

sequentiall y o r  w e ca n hav e paralle l  recognitio n b y 

usin g m a n y module s a t  once .  McClellan d (1986 ) 

describe s a  cleve r  bu t  inefficien t  wa y ou t  o f  thi s 
dilemma :  Ther e i s a  singl e centra l  representatio n 

of  th e knowledg e tha t  i s  copie d durin g recognitio n 

t o produc e th e require d paralle l  recognizers . 

Figur e 2  suggest s a n alternativ e wa y out .  Th e seria l 

recognize r  coul d b e use d t o trai n th e parallel ,  role -

specifi c  recognizers .  A  networ k tha t  time-share s a 

seria l  recognize r  alread y require s role-specifi c  unit s 
fo r  storin g it s  successiv e outputs .  I f  thes e role -

specifi c  unit s ha d som e connection s t o th e percep -

tua l  input ,  the y coul d lear n t o us e thes e connec -
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The image : 

Figur e 2 :  S o m e o f  th e apparatu s require d t o stor e 

th e sequenc e o f  output s o f  a  single ,  sequentia l  let -
ter-recognitio n modul e i n orde r  t o recogniz e a  word . 

T h e networ k i s  "attending "  t o th e secon d lette r  o f 

th e word .  Notic e tha t  th e role-specifi c  unit s d o no t 
need t o b e abl e t o recogniz e letters .  T h e apparatu s 

require d fo r  mappin g th e appropriat e par t  o f  th e in -

put  int o th e lette r  recognitio n modul e i s no t  shown . 

tion s t o predic t  th e outcom e o f  th e seria l  recogni -

tion .  T h e canonical ,  time-share d representatio n o f 

th e knowledg e woul d the n b e actin g a s a  supervise r 
fo r  th e paralle l  recognitio n hardware .  S o th e canon -

ica l  knowledg e woul d b e transferre d t o th e paralle l 

recognitio n apparatu s durin g learnin g whic h i s m u c h 

les s demandin g tha n transferrin g i t  durin g recogni -

tion .  T h e har d par t  o f  learnin g i s  decidin g wha t 
interna l  representation s t o use .  Onc e thi s ha s bee n 
decide d b y th e seria l  recognizer ,  i t  shoul d b e rela -

tivel y eas y t o replicat e thi s knowledge . 

M e t h o d 3 :  S h a r i n g acros s level s 

Ther e i s on e limitatio n o f  within-leve l  sharin g tha t 

i s unimportan t  i n th e domai n o f  readin g bu t  i s ver y 

importan t  i n mos t  othe r  domain s wher e th e sam e 

knowledg e ca n b e applie d a t  man y diflferen t  levels . 

For  readin g th e knowledg e i s quit e differen t  a t  eac h 

level :  Knowledg e abou t  th e shap e o f  a  lette r  i s quit e 

differen t  fro m knowledg e abou t  whic h sequence s o f 

letter s m a k e words ,  s o ther e i s  littl e poin t  i n try -
in g t o us e th e sam e se t  o f  connection s t o encod e 

bot h kind s o f  knowledge .  I n mos t  natura l  domains , 
however ,  whole s an d thei r  part s hav e m u c h i n com -
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m o n.  O n e exampl e ha s alread y bee n give n i n whic h 

a r o o m contain s a  pictur e tha t  depict s a  room .  A n -

othe r  exampl e i s th e sentenc e "Bil l  wa s annoye d tha t 

Joh n dislike d Mary. "  O n e o f  th e constituent s o f  thi s 

sentenc e "Joh n dislike d Mary "  ha s a  lo t  i n c o m m o n 

wit h th e whol e sentence .  T h e sam e kin d o f  knowl -

edg e i s neede d fo r  understandin g th e constituen t  a s 

i s neede d fo r  understandin g th e whole .  Thi s i s als o 

typica l  o f  visua l  scene s whic h generall y hav e jus t  a s 

m u ch richnes s a t  ever y level . 

I f  w e conside r  h o w t o m a p a  part-whol e hierarch y 

int o a  finit e amoun t  o f  paralle l  hardwar e ther e ar e 

thre e broa d approaches : 

1. The fully-parallel model uses a one-to-one map-

ping .  Eac h objec t  i n th e part-whol e hierarch y i s 

alway s m a p p e d int o th e sam e se t  o f  units ,  an d 

eac h se t  o f  unit s i s alway s use d t o represen t  th e 

same object . 

2. Within-level sharing uses a many-to-one map-

ping .  M a n y differen t  object s a t  th e sam e leve l 

ca n b e m a p p e d int o th e sam e se t  o f  unit s i n th e 

seria l  recognitio n apparatus .  Bu t  wheneve r  on e 

of  thes e object s i s represented ,  i t  i s  represente d 

i n th e sam e units . 

3. Between-level sharing uses a many-to-many 
mapping .  I t  allow s m a n y differen t  object s a t 

th e sam e leve l  t o b e m a p p e d int o th e sam e se t 

of  units ,  bu t  i t  als o allow s th e sam e objec t  t o 

be m a p p e d int o differen t  set s o f  unit s depend -

in g o n th e leve l  a t  whic h attentio n i s focussed . 

The idea that the same type of object might be 

m a p p ed t o differen t  set s o f  unit s i s inheren t  i n th e 

ide a o f  role-specifi c  representations ,  bu t  th e ide a 

tha t  th e ver y sam e instanc e ca n b e represente d i n 

differen t  way s dependin g o f  th e focu s o f  attentio n 

i s a  m u c h mor e radica l  proposal .  I t  i s  equivalen t 

t o viewin g th e hardwar e a s a  w indo w tha t  ca n b e 

moved u p an d d o w n (i n discret e steps )  ove r  th e part -

whol e hierarch y (se e figure  3) .  O n e nod e i n th e hi -
erarch y i s chose n a s th e curren t  whol e an d al l  o f  th e 

unit s i n th e mai n networ k ar e the n devote d t o rec -

ognizin g an d representin g thi s whole .  S o m e unit s 

ar e use d fo r  describin g th e globa l  propertie s o f  th e 

whole ,  an d other s ar e use d fo r  role-specifi c  descrip -

tion s o f  th e majo r  constituent s o f  th e whole .  T h e 

entir e patter n o f  activit y wil l  b e calle d th e "Gestalt " 

fo r  th e curren t  whole . 

Who(« 
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Figur e 3 :  T h e soli d an d dashe d line s sho w tw o dif -

feren t  way s o f  mapp in g a  part-whol e hierarch y (o n 

th e left )  int o th e sam e connectionis t  hardwar e (o n 

th e right) .  Notic e tha t  nod e D  i n th e hierarch y ca n 

be represente d b y tw o totall y differen t  activit y pat -

tern s tha t  hav e nothin g i n c o m m o n . 

The crucial property of the moveable window 

scheme i s tha t  th e patter n o f  activit y tha t  repre -

sent s th e curren t  whol e i s totall y differen t  fro m th e 

patter n o f  activit y tha t  represent s th e ver y sam e ob -

jec t  whe n i t  i s  viewe d a s bein g a  constituen t  o f  som e 

othe r  whole .  I n on e cas e th e representatio n occupie s 

al l  o f  th e mai n networ k an d i n th e othe r  cas e i t  i s  a 

role-specifi c  descriptio n tha t  occupie s onl y th e unit s 
devote d t o tha t  role . 

T h e us e o f  a  many-to-man y mappin g raise s m a n y 
issue s tha t  d o no t  aris e o r  ar e no t  s o importan t  i n 

th e fixed  mapp in g approach : 

1. When the mapping between the world and the 

networ k i s change d i n suc h a  wa y tha t  on e con -

stituen t  o f  th e previou s whol e become s th e ne w 

focu s o f  attention ,  wha t  kin d o f  interna l  opera -

tion s ar e require d t o conver t  th e previous ,  role -
specifi c  descriptio n o f  tha t  constituen t  int o a 

ful l  descriptio n tha t  occupie s th e whol e o f  th e 

mai n network ? 

2. How is information about previous Gestalts 

store d s o tha t  th e networ k ca n retur n t o the m 

later ? T h e informatio n canno t  b e store d a s 

th e activit y patter n tha t  th e networ k settle s t o 

when th e Gestal t  i s  create d becaus e th e ver y 

same networ k i s neede d fo r  creatin g th e nex t 

Gestalt . 

3. How is the next mapping chosen? 

There is not space here to address issue 3, but the 

followin g section s giv e a  brie f  descriptio n o f  on e wa y 

of  handlin g issue s 1  an d 2 . 
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M o v i n g u p an d d o w n th e part-whol e 

hierarch y 

Figur e 4  show s som e o f  th e extr a apparatu s tha t 

migh t  b e require d t o allo w a  connectionis t  networ k 

t o mov e d o w n th e part-whol e hierarch y b y expand -

in g a  role-specific ,  reduce d descriptio n int o a  ful l 

descriptio n o f  th e role-filler .  Thi s correspond s t o 

followin g a  pointe r  i n a  conventiona l  implementa -

tion .  Notic e tha t  i t  i s a  slo w an d cumbersom e pro -

cess .  Movin g bac k u p th e hierarch y i s  mor e diffi -

cult .  First ,  th e ful l  descriptio n o f  a  par t  mus t  b e 

use d t o creat e th e appropriat e role-specific ,  reduce d 

descriptio n o f  tha t  part .  Thi s involve s usin g th e ap -

paratu s o f  figure  4  i n th e revers e direction .  The n 
th e role-specific ,  reduce d descriptio n mus t  b e use d 

t o recreat e th e earlie r  ful l  descriptio n o f  whic h i t  i s 

a constituent .  Thi s require s som e kin d o f  content -

addressabl e workin g m e m o r y fo r  earlie r  Gestalts . 

The obvious way to implement this working memory 

i s t o se t  asid e a  separat e grou p o f  "workin g m e m-
ory "  units .  I f  i t  i s  onl y necessar y t o remembe r  on e 

Gestal t  a t  a  time ,  thi s grou p ca n simpl y contai n a 

cop y o f  th e patter n o f  activit y i n th e networ k wher e 
Gestalt s ar e formed .  I f  severa l  Gestalt s nee d t o b e 

remembere d a t  a  time ,  severa l  differen t  group s coul d 

be used .  Alternatively ,  a  singl e grou p coul d b e use d 

provide d tha t  th e variou s pattern s o f  activit y tha t 

need t o b e store d ar e first  recede d i n suc h a  wa y 

tha t  the y ca n b e superimpose d withou t  confusin g 

the m wit h on e another .  Example s o f  suc h encoding s 

ar e describe d b y Hinto n (1981b )  an d Touretzk y an d 

Hinto n (1985) .  Touretzk y (1986 )  show s ho w thi s 
kin d o f  workin g m e m o r y ca n b e use d t o travers e 
and transfor m tre e structures . 

A n interestin g alternativ e implementatio n o f  work -
in g m e m o r y use s temporar y modification s o f  th e 
connectio n strength s i n th e networ k tha t  i s  use d 

fo r  creatin g th e Gestalt .  Eac h interna l  connectio n 

i n thi s networ k ca n b e give n tw o differen t  weights : 
A long-ter m weigh t  whic h change s relativel y slowl y 

and a  short-ter m weigh t  whic h i s  limite d i n mag -

nitude ,  change s rapidly ,  an d spontaneousl y decay s 
toward s zero .  Th e effectiv e connectio n strengt h a t 

any tim e i s simpl y th e su m o f  th e short-ter m an d 

long-ter m weights .  T h e long-ter m weight s encod e 
knowledg e abou t  whic h pattern s o f  activit y consti -

tut e goo d interpretation s o f  th e inpu t  t o th e networ k 

(i.e .  familia r  o r  plausibl e Gestalts) .  T h e short-ter m 
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Figur e 4 :  O n e wa y o f  usin g som e additiona l  hard -

war e t o allo w th e networ k t o acces s th e ful l  descrip -

tio n o f  nod e D  fro m a  role-specifi c  reduce d descrip -

tion .  Eve n thoug h th e tw o description s correspon d 

t o quit e differen t  pattern s o f  activity ,  thei r  relation -

shi p shoul d b e non-arbitrary . 

weight s ac t  a s a  contextua l  overla y ' ^  tha t  encode s 

informatio n abou t  whic h pattern s o f  activit y oc -
curre d recently .  I f  th e networ k receive s a  ric h exter -

nal  inpu t  whic h i s incompatibl e wit h recentl y occur -
rin g Gestalts ,  i t  wil l  settl e t o a  ne w Gestal t  an d th e 
short-ter m weight s wil l  ac t  a s nois e (t o whic h thes e 
network s ar e ver y resistant) .  If ,  however ,  part s o f 

th e externa l  inpu t  ar e missin g an d th e remainde r 

fits  som e recentl y occurin g Gestalt ,  th e short-ter m 
weight s wil l  favo r  thi s Gestal t  ove r  othe r  alterna -

tiv e Gestalt s whic h woul d fit  th e partia l  inpu t  jus t 

•'Hinto n ̂ln d Plan t  (1987 )  describ e a  ver y differen t  us e o f 
thi s contextua l  overlay .  I t  CcL n b e use d t o approximatel y can -
cel  ou t  recen t  change s i n th e long-ter m weights ,  thu s allowin g 
earlie r  memorie s t o b e "deblurred " 

fiS 



H i n t  o n 

as wel l  i f  th e short-ter m weight s wer e no t  consid -

ered .  S o th e short-ter m weight s wil l  implemen t 

a content-addressabl e memor y fo r  recen t  Gestalts . 

Simulation s (Hinton ,  1973 ,  unpublished )  sho w tha t 

short-ter m weight s ca n b e use d t o allo w th e networ k 

t o retur n t o a  partiall y  complete d higher-leve l  pro -

cedur e afte r  executin g a  recursiv e cal l  o f  th e sam e 

procedure . 

C o n c l u s i o n s 

The combination of massively parallel constraint-

satisfactio n usin g reduce d description s an d rela -

tivel y slo w sequentia l  acces s t o ful l  description s i s a 

styl e o f  computatio n tha t  i s  well-suite d t o network s 

of  richl y connecte d bu t  rathe r  slo w processin g ele -

ments .  Ther e i s a n inne r  loo p o f  parallel ,  iterativ e 
processin g i n whic h th e networ k perform s a  grea t 

deal  o f  computatio n b y settlin g int o a  stat e tha t 

satisfie s constraint s tha t  ar e encode d i n th e connec -

tions .  Mor e elaborat e computation s whic h canno t 

be performe d i n a  singl e settlin g ar e performe d b y 
a sequenc e o f  settlings ,  an d afte r  eac h settlin g th e 

mappin g betwee n th e worl d an d th e networ k ma y b e 

changed .  Changin g th e mappin g correspond s t o fol -

lowin g a  pointe r  (i.e .  performin g a  remot e access) . 

I t  i s  temptin g t o identif y eac h chang e i n th e map -

pin g betwee n th e worl d an d th e networ k wit h a  sin -
gl e ste p i n th e network' s "trai n o f  thought "  Thi s 

lead s t o a n interestin g vie w o f  wha t  happen s whe n 

a consciou s cognitiv e proces s become s automatic . 

Prolonge d experienc e i n a  domai n allow s th e net -

wor k t o develo p reduce d description s tha t  mak e ex -

plici t  th e importan t  regularitie s o f  th e domai n (se e 

Hinton ,  1986 ,  fo r  a n example) .  Thi s allow s mor e o f 

th e computatio n t o b e don e b y interaction s betwee n 

th e reduce d descriptions ,  s o ther e i s les s nee d t o per -

for m inherentl y sequentia l  operation s tha t  chang e 

th e wa y i n whic h piece s o f  th e tas k ar e mappe d ont o 

th e paralle l  hardware . 
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Abstrac t 
Learnin g a s a  functio n o f  tas k complexit y wa s exam -
ine d i n h u m a n learnin g an d tw o connectionis t 
simulations .  A n exampl e tas k involve d learnin g t o 
m ap basi c inputioutpu t  digita l  logi c function s fo r  si x 
digita l  gate s ( A N D O R ,  X O R an d negate d versions ) 
wit h 2 -  o r  6 -  inputs .  H u m a n s give n instructio n 
learne d th e tas k i n abou t  30 0 trial s an d showe d n o ef -
fec t  o f  th e numbe r  o f  inputs .  Backpropagatio n learn -
in g i n a  networ k wit h 2 0 hidde n unit s require d 68,00 0 
trial s an d scale d poorly ,  requirin g 8  time s a s man y 
trial s t o lear n th e 6-inpu t  gate s a s t o lear n th e 2-inpu t 
gates .  A  secon d simulatio n combine d backpropaga -
tio n wit h tas k divisio n base d upo n rule s human s us e 
t o perfor m th e task .  Th e combine d approac h im -
prove d th e scalin g o f  th e problem ,  learnin g i n 3,10 0 
trial s an d requirin g abou t  3  time s a s man y trial s t o 
lear n th e 6-inpu t  gate s a s t o lear n th e 2-inpu t  gates . 
Issue s regardin g scalin g an d augmentin g connectionis t 
learnin g wit h rule-base d instructio n ar e discussed . 

Introductio n 
I n thi s pape r  w e compar e huma n learnin g o f  a 

modestl y comple x tas k wit h connectionis t  learnin g 
tha t  use d th e procedur e know n a s "backpropagation " 
(Rumelhart ,  ffinton &  Williams ,  1986) .  W e als o 
conside r  a  mode l  tha t  use s rule s t o divid e th e tas k int o 
subtask s tha t  ca n b e separatel y learne d wit h 
backpropagation .  W e examin e th e benefit s o f 
providin g a  connectionis t  syste m wit h a  rule-base d 
instructo r  tha t  ca n reconfigur e th e syste m vi a atten -
tio n t o lear n component s o f  th e task . 

A critica l  issu e fo r  artificia l  intelligenc e an d huma n 
learnin g involve s findin g learnin g algorithm s tha t 
scal e well .  Learnin g tim e fo r  a n algorith m shoul d 
not  increas e s o dramaticall y wit h tas k complexit y tha t 
i t  ca n onl y b e applie d t o to y problems .  Minsk y an d 
Paper t  (1988 ,  p .  262 )  commen t  o n th e importanc e o f 
th e scal e issu e stating :  "I n th e examinatio n o f 
theorie s o f  learnin g an d proble m solving ,  th e stud y o f 
suc h growth s i n cos t  i s  no t  merel y on e mor e aspec t 
t o b e take n int o account ;  i t  i s  th e onl y aspec t  wort h 
considering. " 

To th e psychologis t  th e proble m o f  scal e ha s criti -
cal  importanc e becaus e th e tim e a  biologica l  syste m 
has t o lear n i s limited .  A  learnin g algorith m tha t 
does no t  allo w th e organis m t o lear n a  tas k i n it s lif e 
tim e i s o f  limite d value . 

Curren t  connectionis t  algorithm s m a y scal e to o 
poorl y t o accoun t  fo r  huma n learnin g i n man y in -
stances .  M a n y task s m a y b e learne d fa r  mor e quickl y 

by human s tha n b y currentl y availabl e connectionis t 
procedures ,  becaus e huma n learnin g ca n b e guide d b y 
rules .  Belo w w e describ e suc h a  tas k i n whic h hu -
mans require d aroun d 30 0 trial s t o learn .  I n contrast , 
currentl y oiu -  fastes t  learnin g simulation s usin g onl y 
backpropogatio n require d 68,00 0 trials ,  (se e Figur e 2 
below) .  Mor e importantly ,  huma n learnin g tim e di d 
not  increas e wit h increase s i n th e complexit y o f  th e 
task ,  wherea s th e learnin g time s fo r  th e connectionis t 
procedur e significand y increased . 

Th e stud y o f  connectionis t  learnin g i s partiall y 
supporte d b y a n implici t  assumptio n tha t  human s 
provid e a n existenc e proo f  fo r  simple ,  powerfu l 
learnin g algorithm s tha t  scal e well .  Thi s assumptio n 
i s likel y t o b e false .  B y simpl e learnin g algorithm s 
we mea n algorithm s tha t  ca n m a p input s t o output s 
by alterin g connectio n weight s o n eac h tria l  give n th e 
inpu t  an d th e desire d outpu t  stat e o f  th e system.  Thi s 
learnin g occur s withou t  usin g explici t  rule s o r  focus -
in g th e network' s attentio n o n specifi c  part s o f  th e 
problem .  H u m a n learnin g i n suc h situation s i s poo r 
and doe s no t  scal e well .  Subject s tak e man y trial s t o 
lear n simpl e concept s involvin g ver y fe w featur e di -
mension s (usuall y abou t  4 )  i n psychologica l  studie s 
i n whic h subject s ar e discourage d fro m formin g verba l 
rule s (e.g. ,  Mcdi n an d Schaffer ,  1978) .  H u m a n s ben -
efi t  greatl y fro m focusin g attention ,  instruction ,  hy -
pothesi s generation ,  an d learnin g b y imitation ,  non e 
of  whic h i s presen t  i n traditiona l  connectionis t  learn -
in g models .  W h e n learnin g a  comple x problem ,  suc h 
as famil y hierarchie s (Hinton ,  1985) ,  a  connectionis t 
procedur e mus t  develo p interna l  representation s solel y 
fro m th e input s an d output s tha t  ar e specifie d o n eac h 
learnin g trial .  Ther e i s n o mechanis m t o directl y in -
struc t  th e networ k abou t  relationship s amon g feature s 
(e.g. ,  tha t  femal e an d daughte r  ar e correlate d feature s 
suc h tha t  daughter s ar e alway s female) .  Th e back -
propagatio n procedur e ca n lear n simpl e task s o f  thi s 
sort ,  bu t  learnin g ofte n require s thousand s o f  trials . 
We believ e tha t  bot h simpl e learnin g algorithm s an d 
rule-base d learnin g wil l  b e necessar y t o accoun t  fo r 
human learning . 

The huma n learnin g o f  chicke n sexin g (identifyin g 
youn g chick s a s male s o r  females )  provide s a  contras t 
betwee n learnin g b y input-outpu t  mappin g an d learn -
in g b y instructio n o n rules .  Unti l  recentl y chicke n 
sexer s ha d t o lear n thei r  tas k o n th e basi s o f  feedbac k 
fro m expert s an d on-the-jo b practice .  I t  wa s claime d 
t o hav e take n year s fo r  peopl e t o becom e proficien t  a t 
thi s tas k (Biederma n &  Shiffrar ,  1987) .  Biederma n 
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and Shiffra r  demonstrated  tha t  colleg e student s coul d 
perfor m a  varian t  o f  th e chicke n sexin g tas k a s wel l 
as expert s whe n provide d wit h a  classificatio n rule . 
Onl y abou t  a  minut e wa s neede d t o instruc t  th e sub -
ject s o n thi s rule ,  whic h focuse d subjects '  attentio n 
on particula r  feature s an d tol d the m h o w t o respon d 
give n th e presenc e o f  thos e features .  Thi s exampl e 
suggest s tha t  human s ca n lear n comple x relation s vi a 
reinforce d input-outpu t  mapping ,  bu t  thi s learnin g 
metho d scale s poorl y an d ca n b e greatl y improve d b y 
usin g attentiona l  an d instructiona l  operation s tha t  ar e 
generall y absen t  i n connectionis t  learning . 

We ar e examinin g connectionis t  architecture s tha t 
includ e attentiona l  focusin g an d instruction-base d 
learnin g (Schneide r  &  Detweiler,1987 ;  Schneide r  & 
M u m m e , 1 9 8 8;  Schneide r  &  Oliver ,  1988) .  Thes e 
architecture s combin e feature s from  connectionis t  an d 
production-syste m models .  Rule-base d processin g 
allow s a n attentiona l  mechanis m t o dynamicall y re -
configur e connectionis t  network s s o tha t  critica l  fea -
ture s becom e salien t  an d a  tas k ca n b e decompose d 
int o subtask s o f  smalle r  scale .  Usin g rule s allow s 
rapi d initia l  learnin g o f  th e component s o f  th e tas k 
and th e seria l  executio n o f  eac h component ,  a s occur s 
i n Anderson' s (1983 )  A C T *  o r  Laird ,  Rosenbloo m 
and Newell' s  (1986 )  S O A R.  Connectionis t  learnin g 
withi n th e architectur e ca n conver t  seria l  processin g 
of  th e componen t  rule s t o paralle l  processin g a s a 
consequenc e o f  practice .  I n addition ,  th e mutua l  con -
strain t  natur e o f  connectionis t  processin g provide s a 
best-matc h mappin g o f  input s t o output s tha t  i s  les s 
brittl e tha n rule-base d matchin g processes . 

I n thi s pape r  w e examin e th e benefit s o f  tas k de -
compositio n b y comparin g th e huma n learne r  t o a 
connectionis t  learnin g syste m wit h an d withou t  tas k 
decomposition .  W e examin e th e effec t  o f  learnin g a s 
a functio n o f  th e complexit y o f  th e task .  Th e tas k 
involve d learnin g digita l  input-outpu t  mapping s fo r 
si x digita l  logi c gate s ( A N D ,  O R ,  X O R an d th e 
negate d form s o f  th e rules )  fo r  eithe r  2 ,  4  o r  6  input s 
per  gate .  W e hav e studie d thi s tas k extensivel y i n th e 
acquisitio n o f  huma n troubleshootin g skil l  (Carlson , 
Sulliva n &  Schneider ,  1988a ,  1988b) .  W h e n learn -
in g thi s task ,  huma n subject s describ e thei r  proces -
sin g a s havin g thre e stages .  Th e firs t  stag e i s 
encodin g th e input s a s al l  I's ,  al l  O's ,  o r  mixed .  Th e 
secon d stag e i s mappin g th e code d inpu t  an d th e gat e 
typ e t o th e expecte d outpu t  o f  a  0  o r  1 .  Th e thir d 
stag e involve s applyin g th e negatio n operato r  whe n i t 
i s  require d t o revers e th e output .  Subject s wer e in -
structe d o n rule s fo r  eac h stag e an d the n require d t o 
lear n 2- ,  4-o r  6 -  inpu t  gat e problems .  Connectionis t 
learnin g withou t  decompositio n wa s examine d i n a 
networ k tha t  mappe d th e input s t o th e output s 
throug h a  singl e laye r  o f  hidde n units .  Input-outpu t 
pair s wer e presente d t o th e network ,  an d 

backpropagatio n learnin g (Rumelhar t  e t  al. ,  1986 ) 
was use d t o modif y th e connectio n weights . 
Connectionis t  learnin g wit h decompositio n wa s ex -
amine d i n a  networ k compose d o f  thre e modules ,  on e 
fo r  eac h stage .  Eac h modul e ha d a n inpu t  laye r  an d a n 
outpu t  layer .  Durin g training ,  eac h modul e receive d 
inpu t  an d outpu t  informatio n fo r  eac h stag e an d prop -
agate d erro r  onl y withi n it s  o w n stage . 

H u m an Learnin g o f  Digita l  Logi c 
The computationa l  propertie s o f  connectionis t 

model s hav e bee n studie d b y examinin g h o w the y 
lear n boolea n function s (e.g. ,  Minsk y &  Papert , 
1988 ;  Rumelhar t  e t  al. ,  1986 ;  Volpe r  &  Hampson , 
1986) .  Interestingly ,  researc h o n digita l  troubl e 
shootin g ha s als o looke d a t  h o w subject s lear n 
boolea n logi c i n th e laborator y (Brook e &  Duncan , 
1983 ;  Carlso n e t  al. ,  1988a ,  1988b) .  I n orde r  t o 
compar e a  connectionis t  model' s learnin g wit h huma n 
learning ,  w e designe d a n experimen t  tha t  require d 
subject s t o lear n severa l  boolea n function s an d late r 
had th e mode l  lear n th e sam e se t  o f  functions .  W e 
wer e mainl y intereste d i n whethe r  increasin g th e 
complexit y o f  th e tas k b y increasin g th e numbe r  o f 
input s t o th e function s woul d mak e th e tas k muc h 
mor e difficul t  t o learn . 

The subject s i n thi s experimen t  wer e Universit y o f 
Pittsburg h undergraduate s wit h n o experienc e i n digi -
ta l  logic .  A  between-subject s experimenta l  desig n 
was used ;  on e grou p o f  8  subject s learne d digita l  logi c 
gate s wit h 2  input s an d anothe r  grou p o f  9  subject s 
learne d gate s wit h 6  inputs .  Th e subjects '  tas k wa s t o 
lear n th e rule s fo r  th e gate s t o a  hig h leve l  o f  accurac y 
whil e respondin g a s quickl y a s possible .  Subject s 
typicall y reac h a n asymptoti c accurac y o f  onl y abou t 
9 2 % i n thi s tas k (Carlson ,  e t  al. ,  1988b) .  Thei r  er -
ror s ar e random ,  suggestin g cause s othe r  tha n rul e 
learnin g (e.g. ,  attentio n shifts ,  speed-accurac y trade -
offs )  fo r  th e less-than-perfec t  performance . 

The subject s learne d si x digita l  logi c rules-AND , 
N A N D,  O R ,  N O R,  X O R ,  X N O R.  Th e subject s pre -
dicte d th e correc t  output s w h e n give n differen t 
combination s o f  O' s an d I' s  a s input s fo r  th e variou s 
logi c gates .  Th e input s t o th e gate s wer e randoml y 
determine d wit h certai n constraint s o n eac h tria l  (se e 
below) .  Th e gate s an d thei r  input s appeare d on e a t  a 
tim e o n a  C R T screen ,  an d th e subject s indicate d th e 
correc t  outpu t  ( 0 o r  1 )  b y pressin g labelle d keys .  A 
compute r  controlle d th e sequencin g an d presentatio n 
of  th e stimul i  an d gathere d dat a o n th e accurac y an d 
spee d o f  th e subjects '  responses .  Feedbac k o n th e 
correctnes s o f  respons e wa s provide d afte r  eac h trial . 
The subject s wer e give n verba l  rule s durin g th e earl y 
par t  o f  th e experimen t  fo r  eac h gate ,  suc h a s th e fol -
lowin g rul e fo r  th e A N D gate :  "i f  th e th e input s ar e 
al l  I' s  respon d 1 ;  i f  th e input s ar e mixe d (O' s an d I's ) 
respon d 0 ;  an d i f  th e input s ar e al l  O' s respon d 0. " 
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W h en a  hel p ke y wa s pressed ,  th e appropriat e rule s 
fo r  a  gat e appeare d i n th e upper-left-han d come r  o f  th e 
screen .  A n introductio n t o th e thre e gat e type s 
( A N D,  O R ,  an d X O R )  involvin g 2 4 trial s pe r  gat e 
was followe d b y 3 6 practic e trial s respondin g t o gate s 
and input s selecte d a t  random .  Th e subject s wer e the n 
give n instruction s o n h o w t o carr y ou t  negatio n fo r 
th e differen t  gate s ( N A N D ,  N O R ,  an d X N O R)  an d 
give n 2 4 trial s o f  practic e o n each  o f  thes e gat e types . 
An additiona l  3 6 practic e trial s followe d i n whic h th e 
negate d gate s wer e selecte d a t  rando m an d presente d t o 
th e subjects .  I n th e final  par t  o f  th e experiment ,  th e 
subject s responde d t o 30 0 gate s selecte d a t  rando m 
fro m th e entir e set ,  includin g negate d gates .  Th e 
subject s coul d res t  briefl y afte r  block s o f  5 0 trials , 
and us e o f  th e hel p ke y wa s no t  permitted . 

I n orde r  t o var y th e complexit y o f  th e task ,  th e 
number  o f  input s t o th e gate s differe d betwee n group s 
of  subjects .  O n e grou p o f  subject s sa w gate s wit h 2 
input s an d anothe r  grou p sa w gate s wit h 6  inputs . 
Becaus e increasin g th e numbe r  o f  input s dramaticall y 
change s th e proportio n o f  1  an d 0  response s fo r  a 
give n gate ,  a  constrain t  wa s place d o n th e samplin g 
of  inpu t  combination s fo r  th e 6-inpu t  condition .  Fo r 
th e 6-inpu t  gates ,  th e probabiht y o f  samplin g certai n 
inpu t  combination s (e.g. ,  th e al l  I' s  cas e fo r  th e A N D 
gate )  wa s increase d t o maintai n th e sam e proportion s 
of  0  an d 1  response s a s occurre d i n th e 2-inpu t  condi -
tion .  Withou t  thi s constrain t  o n th e generatio n o f 
inpu t  combinations ,  th e subject s woul d b e biase d to -
ward s alway s givin g th e sam e respons e fo r  a  particu -
la r  gate-fo r  example ,  the y woul d b e biase d toward s 
respondin g 0  t o ever y A N D gat e becaus e th e 
probabilit y  o f  tha t  answe r  bein g correc t  woul d b e .98 . 
H u m an Learnin g Result s 

The subject s responde d correctl y o n a  hig h propor -
tio n o f  trial s (92% )  durin g th e final  30 0 trial s o f 
practice .  Th e mea n percentage s o f  correc t  response s 
ove r  50-tria l  block s wer e 89 ,  90 ,  94 ,  95 ,  94 ,  an d 9 3 % 
fo r  block s 1  throug h 6  respectively .  Hence ,  th e sub -
ject s starte d thi s final  par t  o f  th e experimen t  wit h 
hig h accurac y an d becam e somewha t  mor e accurat e 
wit h th e additiona l  practice .  A n analysi s o f  varianc e 
tha t  include d th e variable s fo r  inpu t  conditio n an d 50 -
tria l  block s indicate d tha t  ther e wer e significan t 
difference s i n accurac y a m o n g th e blocks , 
F(5,75)=4.60 ,  pK.OOl .  Th e mai n effec t  fo r  inpu t 
conditio n wa s no t  significant ,  F(1,15)<1 ,  no r  di d in -
put  conditio n interac t  wit h blocks ,  F(5,75)<1 .  Th e 
mean accuracie s wer e 9 2 % fo r  th e 2-inpu t  conditio n 
and 9 3 % fo r  th e 6-inpu t  condition . 

An analysi s o f  th e subjects '  respons e time s als o 
faile d t o sho w difference s betwee n th e 2 -  an d 6-inpu t 
conditions .  Th e subject s responde d faster ,  o n average , 
t o th e 6-inpu t  gate s (2.1 8 seconds )  tha n t o th e 2-inpu t 
gate s (2.3 1 seconds) ,  bu t  thi s differenc e wa s no t  sig -

respons e 
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Figur e 1 .  T h e configuratio n o f  th e networ k 
tha t  learne d th e 6-inpu t  gate s withou t  tas k 
division . 

nificant, F(1,15)<1. As one might expect, there was 
a significan t  speed-u p ove r  blocks ,  F(5,75) = 14.52 , 
p<.001 ;  th e mean s fo r  th e eigh t  50-tria l  blocks ,  be -
ginnin g wit h bloc k 1 ,  wer e 2.77 ,  2.34 ,  2.19 ,  2.10 , 
2.02 ,  an d 1.9 0 seconds .  Th e variable s inpu t  condi -
tio n an d 50-tria l  bloc k di d no t  significantl y interact , 
F(5,75)=1.15,/j>.34 . 

I n summary ,  th e initia l  21 6 trial s o f  trainin g 
brough t  th e subject s t o a  hig h leve l  o f  accuracy .  Th e 
fina l  tes t  block s showe d tha t  th e subject s coul d 
maintain ,  an d eve n improve ,  thi s accurac y whe n the y 
wer e teste d o n th e differen t  gate s a t  random .  Ther e 
was n o indicatio n tha t  th e si x inpu t  gate s wer e mor e 
difficul t  t o lear n tha n th e 2-inpu t  gates . 

Connectionis t  Learnin g Wi thou t  Tas k 
Div is io n 

We als o examine d connectionis t  learnin g o f  th e 
digita l  logi c tas k usin g th e backpropagatio n learnin g 
procedure .  A  softwar e packag e develope d b y McClel -
lan d an d Rumelhar t  (1988 )  wa s use d t o mode l  th e 
task .  T o fin d ou t  ho w changin g th e numbe r  o f  input s 
woul d affec t  learning ,  w e modelle d learnin g o f  2- ,  4 -
and 6-inpu t  gates . 

The network s traine d wit h backpropagatio n wer e 
feed-forwar d network s havin g eithe r  6 ,  8  o r  1 0 unit s 
i n th e inpu t  layer .  Eac h networ k ha d 2 0 hidde n units , 
and a  singl e outpu t  unit .  Th e inpu t  laye r  consiste d o f 
3 unit s t o encod e gat e type ,  1  uni t  t o encod e nega -
tion ,  an d 2 ,  4  o r  6  unit s t o encod e th e input s (O' s o r 
I's )  t o th e gates .  Figur e 1  illustrate s th e network' s 
configuratio n fo r  learnin g th e gate s wit h 6  inputs . 
Differen t  code s wer e use d fo r  th e A N D (100) ,  O R 
(010) ,  an d X O R (001 )  gates ,  an d th e negatio n uni t 
was se t  t o 1  t o represen t  th e negate d gate s ( N A N D , 
N O R,  an d X N O R)  an d otherwis e se t  t o 0 .  Th e initia l 
weight s fo r  th e networ k wer e se t  t o rando m value s 
tha t  varie d uniformly  betwee n -0. 5 an d 0.5 .  Th e 
m o m e n t u m paramete r  wa s se t  t o 0.9 .  W e trie d a 
number  o f  differen t  learnin g rat e parameters ,  an d th e 
simulation s w e repor t  belo w use d th e parameter s tha t 
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Figur e 2 .  Trial s t o criterio n fo r  humans , 
backpropagatio n alone ,  an d backpropaga -
tio n wit h stages . 

yielded the fastest learning. These learning rate pa-
rameter s wer e .1 ,  .07 ,  an d .0 2 fo r  th e 2- ,  4- ,  an d 6 -
inpu t  network s respectively . 

Followin g th e usua l  procedur e fo r  backpropagation , 
th e network s wer e repeatedl y presente d wit h th e com -
plet e se t  o f  pattern s t o b e learne d i n cycle s o r 
"epochs. "  Th e network s wer e presente d wit h pattern s 
correspondin g t o al l  possibl e featur e combination s fo r 
th e gate s an d thei r  inputs .  Particula r  pattern s i n th e 
4-  an d 6-inpu t  simulation s wer e repeatedl y presente d 
t o th e networ k withi n epoch s t o achiev e th e sam e 
proportio n o f  1  an d 0  response s tha t  subject s ha d en -
countere d i n th e experimen t  describe d above .  Th e 
weight s wer e adjuste d afte r  eac h patter n s o tha t  th e 
networ k learne d ove r  epoch s t o respon d t o th e pattern s 
wit h th e appropriat e O' s an d I's . 

Each network' s accurac y wa s teste d a t  10-epoc h in -
terval s durin g learnin g b y presentin g th e se t  o f  train -
in g pattern s t o th e networ k whil e learnin g wa s turne d 
off .  A  network' s respons e wa s assume d t o b e a  1  i f 
th e activatio n o f  th e outpu t  exceede d .5 ,  an d 0  i f  it s 
activatio n wa s les s tha n . 5 (possibl e activatio n value s 
varie d betwee n 0  an d 1) .  Te n simulation s wer e ru n 
fo r  th e differen t  networ k configurations ,  eac h startin g 
wit h differen t  rando m weights . 

Figur e 2  show s th e numbe r  o f  trial s (numbe r  o f 
epoch s time s numbe r  o f  pattern s pe r  epoch )  neede d fo r 
eac h networ k t o lear n t o th e criterio n o f  10 0 percen t 
accuracy .  Thi s criterio n wa s use d becaus e th e net -
work' s behavio r  wa s deterministic ;  i f  th e networ k wa s 
les s tha n perfec t  i t  woul d alway s er r  o n th e sam e pat -
terns .  Thes e systemati c errors ,  whic h ar e 
uncharacteristi c o f  ou r  subject s w h o performe d abov e 
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Figur e 3 .  T h e configuratio n fo r  th e net -
w o r k tha t  use d tas k divisio n t o lear n th e 6 -
inpu t  gates . 

90% accuracy, were taken to mean that the network 
had no t  ye t  learne d th e task . 

As th e complexit y o f  th e tas k increased ,  ther e wa s a 
substantia l  growt h i n th e numbe r  o f  trial s necessar y 
t o trai n th e networks .  Not e tha t  thi s growt h contrast s 
dramaticall y wit h th e lac k o f  an y complexit y effec t  i n 
th e huma n data .  Thi s growt h apparentl y resulte d 
fro m th e exponentia l  increas e i n th e numbe r  o f  pat -
tern s t o b e learne d b y th e network ;  th e numbe r  o f 
pattern s t o b e learne d double d wit h eac h additiona l  in -
put .  Ther e wer e 24 ,  96 ,  an d 38 4 pattern s t o b e 
learne d i n th e 2- ,  4- ,  an d 6-inpu t  condition s respec -
tively .  Generalizatio n o f  learnin g amon g th e pattern s 
was insufficien t  t o hol d dow n th e learnin g time . 
Connectionis t  Learnin g wit h Tas k Divisio n 

H u m an learnin g m a y scal e wel l  i n ou r  tas k becaus e 
of  th e subjects '  abilitie s t o divid e th e tas k int o com -
ponen t  tasks .  Thes e componen t  task s ca n b e sepa -
ratel y focuse d o n durin g bot h instruction s an d perfor -
mance o f  th e task .  Th e subjects '  prio r  knowledg e al -
low s the m t o b e instructe d o n th e rule s tha t  appl y t o 
th e componen t  tas k an d would ,  eve n i n th e absenc e o f 
explici t  instructions ,  allo w the m t o for m hypothese s 
abou t  whic h featur e combination s migh t  b e impor -
tant .  Suc h tas k divisio n an d us e o f  prio r  knowledg e 
are ,  o f  course ,  standar d feature s i n man y simulation s 
of  cognitiv e processes ,  e.g. ,  Anderson' s A C T * 
(1983) .  Furthermore ,  th e notio n o f  informatio n pro -
cessin g stage s ha s playe d a  fundamenta l  rol e i n 
cognitiv e psychology .  M u c h reseac h ha s bee n de -
signe d t o identif y stage s o f  processin g an d discove r 
h o w the y interac t  (e.g. ,  Sternberg ,  1969) . 

T o examin e h o w tas k divisio n migh t  spee d u p 
learnin g i n ou r  task ,  w e use d backpropogatio n t o 
lear n th e individua l  componen t  task s i n a  modula r 
network .  Figur e 3  illustrate s h o w th e unit s tha t 
code d th e gat e inputs ,  gat e type ,  an d negatio n wer e 
use d a s input s t o th e modules .  Th e figur e als o show s 
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Figur e 4 .  Trial s t o criterio n a s a  functio n 
of  subtask s an d no .  o f  inputs . 

how the outputs from one module became the inputs 
t o anothe r  module .  Th e mode l  ha d thre e modules , 
eac h containin g a  laye r  o f  inpu t  units ,  a  laye r  o f  1 0 
hidde n units ,  an d a  laye r  o f  outpu t  units .  Th e firs t 
modul e (inpu t  map )  wa s traine d t o recod e 2 ,  4 ,  o r  6 
input s o f  O' s an d I' s  int o code s representin g eithe r  "al l 
O's" ,  "al l  I's" ,  o r  "mixed. "  Th e secon d modul e (gat e 
map)  wa s traine d t o produc e th e correc t  response s ( 1 
or  0 )  whe n give n th e recede d input s an d th e code s fo r 
th e gat e type s ( A N D ,  O R ,  X O R ) .  Th e thir d modul e 
(negation )  wa s traine d t o negat e th e outpu t  o f  th e 
secon d modul e whe n negatio n wa s calle d for . 

To asses s tota l  time s fo r  th e mode l  t o lear n th e 
task ,  learnin g simulation s wer e ru n fo r  eac h module . 
Our  result s o n learnin g time s ar e base d o n 1 0 run s fo r 
eac h simulation .  Eac h ru n wa s initialize d t o us e a 
differen t  se t  o f  rando m weight s uniforml y distribute d 
betwee n . 5 an d +.5 .  Fo r  al l  modules ,  th e m o m e n-
tu m paramete r  wa s .9 .  Th e learnin g rat e parameter s 
fo r  th e input-ma p modul e wer e .5 ,  .1 ,  an d .0 5 fo r  th e 
2- .  4- ,  an d 6-inpu t  condition s respectively .  Th e 
learnin g rat e paramete r  wa s . 1 fo r  th e gate-ma p mod -
ul e an d . 5 fo r  th e negatio n module .  Thes e learnin g 
rat e parameter s wer e selecte d t o enabl e rapi d learning , 
but  n o majo r  effor t  wa s take n t o fin d th e bes t 
parameters . 

Figur e 4  show s th e mea n numbe r  o f  trial s neede d t o 
lear n th e componen t  task s fo r  th e differen t  number s o f 
gat e inputs .  Figur e 4  show s tha t  recodin g th e inpu t 
as I's ,  O's ,  an d mixe d require s substantiall y  mor e 
trial s a s th e numbe r  o f  input s i s increased .  Assumin g 
tha t  learnin g ca n occu r  fo r  al l  thre e module s durin g 
eac h trial ,  learnin g tim e woul d depen d principall y o n 
th e modul e tha t  too k th e m a x i m u m numbe r  o f  trial s 
t o learn .  Thi s m a x i m u m valu e i s plotte d i n Figur e 2 . 
I t  i s  clea r  fro m th e figur e tha t  learnin g i n thi s cas e 
scale s considerabl y bette r  tha n learnin g wit h back -

propagatio n alone .  I t  shoul d b e pointe d out ,  how -
ever ,  tha t  Figur e 4  suggest s tha t  furthe r  increase s i n 
th e numbe r  o f  input s woul d requir e man y mor e trial s 
t o lear n i f  jus t  thre e componen t  task s ar e assumed .  I f 
presente d wit h eve n mor e inputs ,  th e subject s woul d 
probabl y adop t  additiona l  codin g processe s t o cop e 
wit h increasin g complexity ,  a s i s though t  t o occu r 
when subject s chun k visua l  stimul i  int o familia r 
configuration s (Bartram ,  1978) . 

Discussio n 
We hav e examine d huma n an d connectionis t  learn -

in g o f  a  modestl y comple x problem .  Th e huma n 
subject s learne d th e tas k ver y quickly ,  reachin g 9 0 % 
accurac y b y th e secon d bloc k o f  distribute d practice . 
Ther e wa s n o evidenc e o f  an y proble m o f  scalin g i n 
th e huma n learnin g data ,  wit h bot h th e 2 -  an d 6 -  in -
put  condition s reachin g a n asymptot e o f  9 3 % i n 35 8 
trials .  Reactio n time s decline d substantiall y  ove r 
trials ,  wit h th e 2 -  an d 6 -  inpu t  function s showin g 
equivalen t  learnin g rates .  I n a n extende d stud y o f 
human learnin g o f  digita l  gate s (Carlso n e t  al . 
1988a )  subject s too k abou t  50 0 trial s pe r  gat e o r 
300 0 tota l  trial s t o brin g thei r  respons e time s belo w 
. 8 seconds .  W h e n respondin g i n . 8 seconds ,  subject s 
hav e apparentl y shifte d t o a  strateg y o f  direc t  associa -
tiv e retrieva l  o f  th e outpu t  o f  eac h stag e give n it s in -
put  (se e Carlso n e t  al. ,  1988) .  T o acquir e thi s skil l 
of  automati c retrieva l  i n th e digital-logi c task ,  sub -
ject s requir e abou t  5  hour s o f  practic e distribute d ove r 
severa l  sessions . 

I n shar p contras t  t o huma n learning ,  connectionis t 
learnin g withou t  tas k decompositio n require d abou t 
68,00 0 trial s t o lear n th e 6-inpu t  case .  Assumin g 
tha t  human s tak e abou t  6  second s pe r  trial ,  abou t  11 0 
hour s woul d b e neede d t o perfor m 68,00 0 trials .  Thi s 
i s fa r  mor e tha n th e 5  hour s human s actuall y required . 
Eve n o f  greate r  concer n tha n thi s lon g learnin g time , 
i s th e poo r  scalin g show n i n learning .  Th e networ k 
require d abou t  6  time s a s man y trial s t o lear n th e 6 -
inpu t  rathe r  tha n th e 2-inpu t  case .  Th e dramati c 
growt h i n th e numbe r  o f  trainin g trial s suggest s suc h 
a networ k coul d no t  lear n a n 8-inpu t  proble m i n th e 
lifetim e o f  a  human . 

Connectionis t  learnin g wit h tas k decompositio n 
learne d th e 6-inpu t  cas e i n abou t  3,20 0 trial s an d 
scale d fairl y  well ,  requirin g 3  time s a s man y trial s 
tha n th e 2-inpu t  case .  Th e tota l  numbe r  o f  trial s 
compare s reasonabl y wel l  wit h th e huma n perfor -
mance,  a t  leas t  i f  w e assum e tha t  th e huma n connec -
tionis t  processin g i s no t  wel l  develope d unti l  human s 
can respon d belo w 1  second .  Connectionis t  learnin g 
wit h decompositio n learne d th e 6-inpu t  cas e 2 1 time s 
faste r  tha n withou t  decomposition . 

The abov e result s sugges t  tha t  combinin g rule -
base d an d connectionis t  learnin g ma y provid e th e bes t 
of  bot h type s o f  computation .  Initia l  rule-base d 
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learnin g (a s i n A C T *  an d S O A R)  ca n searc h a  prob -
le m spac e an d decompos e a  tas k int o subtask s i n 
reasonabl e amount s o f  time .  Processin g i n thi s rule -
base d m o d e i s slow ,  serial ,  an d effortfii l  a s i s a  huma n 
novic e durin g th e controlle d processin g stag e o f  skil l 
acquisitio n (Shiffri n &  Schneide r  1977 ,  Schneide r  & 
Detweile r  1987) .  Practic e executin g th e rule s allow s 
connectionis t  learnin g t o m a p th e input s t o th e out -
put s o f  eac h o f  th e componen t  tasks .  Th e earl y rule -
base d processin g decompose s a  tas k s o tha t  smaller -
scal e task s ca n b e learne d wit h connectionis t  proce -
dures .  Thi s decompositio n mus t  identif y th e basi c 
stage s an d th e numbe r  o f  outpu t  state s fo r  eac h stage . 
Once task s hav e bee n divided ,  connectionis t  learnin g 
nee d n o longe r  perfor m gradien t  descen t  searc h i n th e 
power  se t  o f  al l  possibl e connections ,  bu t  rathe r  ha s a 
mor e limite d proble m o f  mappin g a  smal l  numbe r  o f 
inpu t  state s o f  eac h componen t  tas k t o a  smal l  num -
ber  o f  outpu t  state s fo r  eac h componen t  task .  Thi s 
us e o f  tas k decompositio n t o m a k e connectionis t 
learnin g scal e reasonabl y i s a n approac h als o advo -
cate d b y Minsk y (1988 )  t o dea l  wit h th e combinatori c 
explosio n proble m tha t  occur s a s tas k complexit y in -
creases . 

S o me reader s migh t  argu e tha t  ou r  exampl e pro -
vide s a n unfai r  tes t  o f  connections t  learnin g an d tha t 
our  conclusion s appl y t o onl y a  limite d se t  o f  tasks . 
We wil l  briefl y discus s fou r  criticism s reader s m a y 
have .  First ,  th e proble m chose n wa s a  particularl y 
difficul t  on e fo r  connectionis t  learning ,  sinc e i t  in -
clude d thre e level s o f  non-linearl y separabl e problem s 
(inputs ,  gates ,  negation) .  W e gran t  this ,  bu t  i t  i s  a 
rea l  tas k tha t  human s hav e n o difficult y performin g i f 
the y ar e instructed .  Learnin g combinatori c gate s i s 
stil l  a  to y proble m an d on e tha t  mus t  b e solve d b y 
any mode l  o f  huma n learning .  Second ,  b y instructin g 
humans w e gav e awa y th e answers .  W e agree ,  bu t 
standar d connectionis t  learnin g provide s n o mecha -
nis m fo r  instruction .  Sinc e huma n learnin g ca n im -
prov e b y m a n y order s o f  magnitud e wit h instruction , 
i t  i s  importan t  t o explor e architecture s tha t  ca n bene -
fi t  fro m instruction .  Third ,  differen t  parameter s o r 
n e w learnin g algorithm s m a y greatl y spee d learnin g 
i n th e presen t  task ,  s o tha t  a  connectionis t  procedur e 
coul d lear n th e 6-inpu t  conditio n i n a  reasonabl e 
number  o f  trials .  Perhaps ,  bu t  th e critica l  issu e i s 
whethe r  ne w solution s wil l  scal e well .  Tas k divisio n 
an d us e o f  rule s ca n alway s b e use d t o reduc e th e 
scalin g proble m fo r  an y connectionis t  procedure ,  an d 
i t  woul d b e surprisin g i f  huma n learnin g woul d no t 
m a ke us e o f  thi s propert y whe n learnin g ne w tasks . 
Fourth ,  th e presen t  stud y show s tha t  dividin g task s 
bring s abou t  faste r  learning ,  bu t  ther e i s n o demon -
stratio n o f  h o w t o implemen t  th e tas k decompositio n 
i n a  parsimoniou s manner .  W e ar e currentl y workin g 
on developin g suc h a n architecture . 

We ar e developin g a  connectionist/contro l  architec -
tur e (Schneide r  &  Detweile r  1987 ,  Schneide r  & 
M u m me 1988 ,  Schneide r  &  Oliver ,  1988 )  tha t  ca n 
implemen t  rule-base d learnin g an d connectionis t 
learnin g an d tha t  ca n benefi t  fro m instructio n an d tas k 
division .  Th e architectur e involve s connectionis t 
module s tha t  transmi t  vecto r  message s amon g mod -
ules .  Th e contro l  architectur e use s a n attentiona l 
gatin g mechanis m tha t  ca n modulat e th e transmissio n 
and receptio n o f  vector s amon g modules .  Eac h mod -
ul e output s informatio n t o th e controller ,  indicatin g 
th e degre e o f  modul e activit y an d priorit y o f  it s  mes -
sage .  Controlle d processin g o f  th e rule s involve s al -
terin g wha t  message s ar e transmitte d an d compare d i n 
th e network .  Fo r  example ,  i n digita l  gat e learning , 
th e rul e woul d b e o f  th e for m "i f  al l  th e inpu t  modul e 
vector s matc h th e lexica l  vecto r  modul e (whic h con -
tain s a  1) ;  the n transmi t  th e "ALL ls "  cod e t o th e 
outpu t  o f  th e input -  codin g module" .  Throug h 
change s i n attentiona l  gating ,  th e networ k ca n b e re -
configure d t o execut e a  proces s i n a s man y stage s a s 
i s require d t o perfor m th e task .  Intermediat e state s fo r 
eac h stag e ar e represente d no t  a s specifi c  units ,  bu t  a s 
rando m vectors . 

Learnin g durin g th e inpu t  codin g stag e illustrate s 
h o w rule-base d an d connectionis t  learnin g interac t  i n 
th e connectionist/contro l  architecture .  Th e instruc -
tion s t o th e mode l  indicat e tha t  th e inpu t  cod e mus t 
be encode d i n on e o f  thre e critica l  state s an d al l  th e 
input s m a p t o thes e critica l  states .  Th e networ k gen -
erate s thre e random-stat e vector s an d associate s thos e 
t o thei r  respectiv e rule s (e.g. .  Al l  I s =  A ;  A L L O s = B , 
M I X E D = C ) .  Th e rando m vector s ar e simila r  t o th e 
gensy m operato r  i n LIS P programs .  Durin g practice , 
th e rule-base d performanc e correctl y solve s th e prob -
le m b y seriall y  executin g th e rules .  O n eac h tria l  th e 
inpu t  an d outpu t  o f  eac h stag e ar e correctl y se t  vi a th e 
rule-base d processin g (Schneide r  &  M u m m e,  1988) . 
Connectionis t  learnin g alter s th e connectio n weight s 
t o directl y m a p th e inpu t  t o th e outpu t  withou t  th e 
us e o f  th e rule .  A s oppose d t o doin g a  gradien t  de -
scen t  searc h throug h th e connectio n spac e fo r  al l  pos -
sibl e outpu t  codes ,  th e networ k need s onl y t o lear n 
h o w t o m a p th e inpu t  state s t o th e instructe d outpu t 
states . 

As th e connectionist/contro l  architectur e learn s a 
task ,  processin g shift s fro m sequential ,  rule-base d t o 
association-base d processing .  Eac h modul e asso -
ciativel y map s it s inpu t  t o th e outpu t  an d thi s proces s 
cascade s ove r  a  numbe r  o f  stages .  Thi s connectionis t 
processin g ha s tw o importan t  advantage s ove r  rule -
base d processing .  First ,  i t  i s  faster ,  becaus e informa -
tio n i s retrieve d associatively .  Second ,  i t  i s  no t  a s 
brittl e a s rule-base d processin g becaus e th e mutua l 
constrain t  matc h propert y o f  connectionis t  mappin g 
wil l  m a p th e inpu t  t o it s closes t  matchin g output . 
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Thi s ma y provid e bette r  generalizatio n whe n ih e rul e 
knowledg e i s ambiguous .  Th e mode l  follow s th e 
change s i n huma n skille d performanc e a s practic e 
continue s (Schneide r  &  Detweile r  1987 ;  Schneide r  & 
Mumme,  1988) . 
Summary 

We hav e provide d a n illustratio n o f  th e scalin g 
proble m exhibite d b y backpropagatio n whe n require d 
t o solv e a  modes t  complexit y problem .  W e hav e 
shown tha t  humans ,  i f  the y ar e give n instructio n o n 
th e digital-logi c task ,  show  n o effec t  o f  scal e whe n 
th e numbe r  o f  input s t o b e learne d wa s increased . 
The human s learne d th e mos t  comple x tas k 22 0 time s 
faste r  (i n term s o f  trials )  tha n th e connectionis t 
simulation .  W e als o evaluate d a  mode l  usin g a  tas k 
decompositio n exhibite d b y th e huma n subjects . 
Connectionis t  learnin g o f  th e decompose d task s scale d 
reasonabl y i n thi s model ,  learnin g 2 1 time s faste r 
tha n th e mode l  withou t  tas k decompositio n fo r  th e 6 -
inpu t  case .  W e speculate d tha t  hybri d architecture s 
provid e a  superio r  processin g environmen t  tha n eithe r 
purel y rule-base d o r  connections t  processin g envi -
ronments .  Th e hybri d architectur e appear s t o scal e 
wel l  an d lear n a t  rate s comparabl e t o humans . 

Acknowledgment s 
We than k Mar k Detweile r  fo r  hi s comment s o n a 

draf t  o f  thi s paper .  Thi s researc h wa s supporte d b y 
th e Arm y Researc h Institute ,  unde r  contrac t  No . 
MDA903-86-C-014 9 an d Personne l  an d Trainin g Re -
searc h Program s Psychologica l  Science s Division , 
Offic e o f  Nava l  Researc h unde r  Contrac t  Nos .  N -
0014-86-K-010 7 an d N-00014-86-K-0678 . 

Reference s 
Anderson ,  J .  R .  (1983) .  Th e architectur e o f  cognition . 

Cambridge ,  M A :  Harvar d Universit y Press . 
Bartram ,  D .  J .  (1978) .  Post-iconi c visua l  storage : 

Chunkin g i n th e reproductio n o f  briefl y displaye d 
visua l  patterns .  Cognitiv e Psychology ,  10 ,  324 -
355. 

Biederman ,  1. ,  &  Shiffrar ,  M .  M .  (1987) .  Sexin g day -
ol d chicks :  A  cas e stud y an d exper t  system s analy -
si s o f  a  difficul t  perceptual-learnin g task .  Journa l  o f 
Experimenta l  Psychology :  Learning ,  Memory ,  an d 
Cognition ,  13 ,  640-645 . 

Brooke ,  J .  B. ,  &  Duncan ,  K .  D .  (1983) .  Effect s o f 
prolonge d practic e o n performanc e i n a  fault-loca -
tio n task .  Ergonomics ,  26,379-393 . 

Carison ,  R .  A. ,  Sullivan ,  M .  A. ,  &  Schneider ,  W . 
(1988a) .  Fluenc y o f  componen t  judgment s i n 
causa l  networ k problems .  Unpublishe d manuscript . 

Carlson ,  R .  A. ,  Sullivan ,  M .  A. ,  &  Schneider ,  W . 
(1988b) .  Practic e an d workin g memor y effect s i n 
buildin g procedura l  skil l  fo r  causa l  judgments . 
Manuscrip t  submitte d fo r  publication . 

Hinton ,  G .  E .  (1986) .  Learnin g distribute d 
representation s o f  concepts .  I n Proceeding s o f  th e 

Eight h Annua l  Conferenc e o f  th e Cognitiv e 
Scienc e Societ y (pp .  1-12) .  Hillsdale ,  NJ :  Eribaum . 

Laird ,  J .  E. ,  Rosenbloom ,  P .  S. ,  &  Newell ,  A . 
(1986) .  Chunkin g i n Soar :  Th e anatom y o f  a 
genera l  learnin g mechanism .  Machin e Learning ,  1 , 
11-46 . 

McClelland ,  J .  L. ,  &  Rumelhart ,  D .  E .  (1988) .  Ex -
ploration s i n Paralle l  Distribute d Processing :  A 
handboo k o f  models ,  programs ,  an d exercises .  I n 
preparation . 

Medin ,  D .  L. ,  &  Schaffer ,  M .  M .  (1978) .  Contex t 
theor y o f  classificatio n learning .  Psychologica l 
Review ,  85 ,  207-238 . 

Minsky ,  M. ,  &  Papert ,  S .  (1988) .  Perceptron s 
(Expande d Edition) .  Cambridge ,  M A :  MI T Press . 

Minsky ,  M .  (1988) .  Preface :  Connectionis t  model s 
and thei r  prospects .  I n D .  Walt z an d J .  A .  Feldma n 
(Eds.) ,  Connectionis t  model s an d thei r  implica -
tions :  Reading s fro m cognitiv e scienc e (pp .  vii -
xvi) .  Norwood ,  NJ :  Ablex . 

Rumelhart ,  D .  E. ,  Hinton ,  G .  E. ,  Williams ,  R .  J . 
(1986) .  Learnin g interna l  representation s b y erro r 
propogation .  I n D .  E .  Rumelhar t  an d J .  L . 
McClellan d (Eds.) ,  Paralle l  Distribute d Processin g 
(pp .  318-364) .  Cambridge ,  M A :  MI T Press . 

Shiffrin ,  R .  M. ,  &  Schneider ,  W .  (1977) .  Controlle d 
and automati c huma n informatio n processing :  II : 
Perceptua l  learning ,  automati c attending ,  an d 
genera l  theory .  Psychologica l  Review ,  84 ,  127 -
190. 

Schneider ,  W. ,  &  Detweiler ,  M .  (1987) .  A  connec -
tionist/contro l  architectur e fo r  workin g memory .  I n 
G.  H .  Bowe r  (Ed.) ,  Th e Psycholog y o f  Learnin g 
and Motivatio n (Vo l  21 ,  pp .  54-119) .  Ne w York : 
Academi c Press . 

Schneider ,  W. ,  &  M u m m e,  D .  (1986) .  Attention , 
automaticit y an d th e capturin g o f  knowledge :  A 
two-leve l  architectur e fo r  cognition .  Unpublishe d 
manuscript . 

Schneider ,  W. ,  &  Oliver ,  W .  L .  (1988) .  A n 
instructabl e connectionisticontro l  architecture : 
Usin g rule-base d instruction s t o accomplis h 
connectionis t  learnin g i n a  human-tim e scale .  I n 
preparation . 

Sternberg ,  S .  (1969) .  Th e discover y o f  processin g 
stages :  Extension s o f  Donder' s method .  Act a 
Psychologica ,  30 ,  276-315 . 

Volper ,  D .  J. ,  &  Hampson ,  S .  E .  (1986) .  Connec -
tionis t  model s o f  boolea n categor y representation . 
Biologica l  Cybernetics ,  54 ,  393-406 . 

61 



Analyzin g a  connectionis t  mode l  a s a  syste m o f  sof t  rule s 

Clayton McMillan & Paul Smolensky 

Department of Computer Science & Institute of Cognitive Science 

Universit y o f  Colorado ,  Boulde r 

Wit h th e rise  t o prominenc e o f  th e connectionis t  o r  paralle l  distribute d processin g approac h t o 

cognitiv e modeling ,  th e issu e o f  th e relatio n o f  suc h model s t o rule-base d description s ha s bee n a 

consisten t  sourc e o f  debate .  I t  i s  ou r  purpos e i n thi s pape r  t o sho w tha t  rathe r  tha n regardin g thes e 

approache s a s completel y mutuall y exclusive ,  ther e i s insigh t  t o b e gaine d i n viewin g standar d 

connectionis t  model s fro m a  rule-base d perspective .  Ou r  strateg y i s t o sho w ho w a  classi c P D P mode l 

ca n b e decompose d an d viewe d a s a  kin d o f  rule-base d model .  W e star t  wit h a  summar y o f  th e P D P 

model  w e studied :  Rumelhar t  an d McClelland' s (1986 )  mode l  o f  acquisitio n o f  th e pas t  tens e i n English . 

Thi s mode l  i s a  natura l  choice ,  partl y becaus e i t  -  an d Rumelhar t  an d McClelland' s claim s abou t  it s 

implication s fo r  th e relatio n betwee n connectionis t  model s an d rule-base d account s -  ha s recentl y bee n 

th e cente r  o f  considerabl e controvers y (Lachte r  &  Bever ,  1988 ;  Pinke r  &  Prince ,  1988) . 

The past tense model 

The past tense model simulates how children acquire the past tense of English verbs. It was designed 

t o tes t  th e powe r  o f  th e P D P approac h i n wha t  ha s lon g bee n considere d th e domai n o f  rule-base d models , 

natura l  languag e descriptio n an d acquisition .  Upo n repeate d presentatio n o f  ver b stem s an d thei r 

correspondin g pas t  tens e forms ,  th e mode l  learn s a  se t  o f  weight s capabl e o f  producin g th e pas t  tens e o f 

al l  46 0 verb s i n th e corpus ,  plu s man y other s no t  i n th e corpus .  W e ar e primaril y concerne d wit h th e 

model  afte r  learnin g ha s bee n complete d b y presentin g a  corpu s o f  verb s ove r  20 0 trainin g cycles ,  an d 

thi s final  se t  o f  weight s ha s bee n achieved . 

The mode l  i s a  bipartit e graph .  A  phoneticall y spelle d representatio n o f  th e inpu t  -  th e ste m o f  a n 

Englis h ver b -  i s  translate d int o a  subse t  o f  46 0 Wickelfeatures .  Thes e 46 0 Wickelfeature s ar e position -

independent ,  context-dependen t  phoneti c feature s an d represen t  a  fine-grained  bu t  somewha t  restricte d 

representatio n o f  phoneme s presen t  i n th e Englis h language .  Fo r  example ,  [Bac k Vowe l  Front ]  i s  a 

Wickelfeatur e presen t  i n an y phoneti c strin g that ,  somewhere ,  contain s a  vowe l  precede d b y a  bac k 

phoneme an d followe d b y a  fron t  phoneme .  Thi s Wickelfeatur e i s presen t  i n /kAm /  (came) ;  ther e ar e 1 5 

othe r  Wickelfeature s presen t  i n thi s context-dependen t  representatio n o f  th e vowel .  Eac h Wickelfeatur e 

correspond s t o on e o f  46 0 inpu t  unit s i n th e model .  Th e inpu t  patter n i s presente d t o th e mode l  b y 

activatin g eac h o f  th e inpu t  unit s correspondin g t o Wickelfeature s presen t  i n th e inpu t  stem .  Activatio n 

the n passe s onc e acros s th e connection s t o a  se t  o f  46 0 outpu t  units ,  eac h o f  whic h als o represent s a 

Wickelfeature .  A s a  result ,  unit s i n th e outpu t  becom e eithe r  o n o r  off ,  dependin g upo n th e value s o f  th e 

weight s o n th e connections ,  accordin g t o a  certai n stochasti c rule .  Thes e outpu t  unit s indicat e th e 

Wickelfeature s presen t  i n th e pas t  tens e for m o f  th e inpu t  verb . 

Interpreting the output of the model is a bit complex. The degree to which the model prefers a given 

targe t  outpu t  strin g ove r  othe r  possibl e string s i s quantifie d i n severa l  ways .  Th e mos t  comple x measur e 

i s respons e strength ,  whic h i s compute d b y a  rathe r  comple x networ k fo r  decodin g th e outpu t 

Wickelfeature s int o outpu t  phonem e strings .  A  simple r  measur e Rumelhar t  an d McClellan d use d i s 

1 - [fraction of target Is not matched + fraction of target Qs not matched] 

We will simply call this iht feature match between the target and output. This can be defined for a single 

verb ,  o r  fo r  a  se t  o f  verbs ;  i n th e latte r  case ,  th e tw o fraction s appearin g i n th e formul a ar e eac h compute d 

onc e ove r  th e whol e se t  o f  verbs . 

62 



McMilla n &  Smolensk y 

In general, if the correct response has a leaiure match in the range .50-.60, the decoding network 

tend s t o produc e a  response  strengt h fo r  th e correc t  response  tha t  i s greate r  tha n tha t  o f  an y othe r 

responses,  bu t  it s superiorit y i s ofte n weak .  Wit h featur e matche s highe r  o f  abou t  .65 ,  th e superiorit y i n 

respons e strengt h start s t o becom e pronounced . 

The behavior of the model is regulated by the weights on the connections. The weights may be 

viewe d a s a  matrix ,  wher e th e weigh t  o n th e connectio n betwee n inpu t  uni t  i  an d outpu t  uni t  j  occupie s 

locatio n (j,i )  o f  th e matrix :  wy,- .  W e wil l  refe r  t o thi s matri x a s Wj,> „  becaus e i t  i s  generate d b y 

trainin g th e mode l  o n a n entir e corpu s o f  verb s simultaneously . 

If this were a rule-based system the behavior would be regulated by rules that transform the verb 

stem s int o th e pas t  tense .  Afte r  training ,  rule s ar e implicitl y  present ,  althoug h inaccessible ,  i n W«>, .  I t  i s 

thi s se t  o f  inaccessibl e rule s tha t  w e wis h t o extrac t  fro m ̂ si m •  Ou r  strateg y i s t o decompos e Wj,> „  int o 

severa l  weigh t  matrices ,  eac h o f  whic h ma y b e considere d t o correspon d t o a  rule . 

Goal of this research 

Rule-based views of the formation of the English past tense have been developed by Bybee and 

Slobi n (1982 )  an d Hoar d an d Sloa t  (1973) .  Althoug h thes e view s ar e quit e different ,  the y shar e a 

common ground :  Eac h ver b i s marke d a s belongin g t o a  certai n ver b class .  Fo r  eac h ver b clas s ther e 

exist s on e o r  mor e rule s tha t  transfor m thos e verb s int o th e correc t  pas t  tens e form .  Th e combinatio n o f 

thes e rule s an d marking s represen t  a  rule-base d descriptio n o f  thi s cognitiv e task . 

Our  goa l  i s  t o decompos e Wsi m int o separat e matrices ,  on e fo r  eac h clas s o f  verbs .  W e us e th e ver b 

classificatio n o f  Bybe e an d Slobi n fo r  ou r  decomposition .  The y hav e identifie d eigh t  irregula r  an d thre e 

regula r  classe s o f  verbs ,  eac h identifie d b y share d morphologica l  an d phonologica l  characterisrics .  W e 

wil l  therefor e decompos e Wsi m int o 1 1 separat e matrices . 

In order to view the weight matrices derived from W,,>„ as rules, each matrix must generate the 

correc t  pas t  tens e fo r  verb s i n it s  class .  Eac h suc h matri x wil l  b e calle d a  sof t  rul e matrix .  I n orde r  tha t 

thes e defin e somethin g lik e a  rul e system ,  ther e mus t  b e a  mean s o f  combinin g thes e 1 1 sof t  rul e matrice s 

int o a  singl e composit e matrix ,  W c o m •  W e see k a  W ^ o m tha t  perform s th e tas k a t  a  leve l  comparabl e t o 

thatofW^i^ . 

Decomposing the weight matrix 

We have taken a very simple approach to decomposing Wjy„. Wsim is generated by training the 

model  o n al l  verb s i n al l  classe s simultaneously .  I n a  sense ,  i t  i s  a  sof t  rul e matri x tha t  generate s th e pas t 

tens e o f  a U verb s i n th e corpus .  Takin g thi s sam e approach ,  w e hav e chose n t o generat e sof t  rul e matrice s 

fo r  eac h o f  th e 1 1 classe s o f  verb s b y trainin g th e mode l  separatel y o n eac h clas s o f  verbs .  Th e resul t  o f 

thi s approac h i s 1 1 sof t  rul e matrices ,  on e fo r  eac h class . 

The exclusive case 

In the simplest technique, the training for a given verb class involves exclusively the verbs in that 

class ;  thi s trainin g regim e wil l  therefor e b e calle d th e exclusiv e case . 

The behavio r  o f  th e sof t  rul e matrice s i n th e exclusiv e cas e ma y b e illustrate d a s follows .  Bybe e an d 

Slobin' s ver b clas s 1  i s th e se t  o f  verb s tha t  don' t  chang e i n th e pas t  tense ,  suc h a s bea t  o r  cut .  Give n an y 

ver b i n clas s 1 ,  W i  wil l  generat e th e correc t  pas t  tens e fo r  tha t  verb .  Fo r  a  ver b no t  i n clas s 1 ,  th e 

behavio r  o f  th e mode l  i s unspecifie d an d unpredictable .  Generally ,  th e outpu t  fo r  a  ver b outsid e clas s 1 

wil l  b e a  patter n containin g feature s commo n t o verb s i n clas s 1 .  Th e sam e behavio r  i s  exhibite d b y W ^ 

fo r  al l  classe s a  =  1,... ,  1 1 i n th e exclusiv e case . 

In this sense these soft rule matrices differ from traditional rules. With a traditional rule one would 
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expect a conditional clause to detennine whether or not the rule should fire. If the rule fires, it will 

perfor m a  deterministi c transformatio n upo n th e stat e o f  th e system .  Eithe r  th e transformatio n wil l  b e 

performe d becaus e th e conditio n i s met ,  o r  th e stat e o f  th e syste m wil l  no t  change .  B y contrast ,  th e sof t 

rul e matrice s W ^  hav e n o conditiona l  element :  the y wil l  alway s "fire "  whe n presente d wit h input .  Th e 

outpu t  i s  onl y predictabl e whe n th e sof t  rul e matri x i s  applie d t o inpu t  tha t  i t  i s  designe d t o accept . 

The null case 

I t  i s  possibl e t o chang e th e trainin g regim e s o tha t  th e sof t  rul e matri x correspondin g t o a  give n ver b 

clas s correspond s mor e nearl y t o a  traditiona l  rul e i n tha t  i t  fail s  t o "fire "  whe n presente d wit h inpu t 

outsid e th e clas s -  tha t  is ,  fo r  suc h inpu t  i t  produce s zer o output .  Becaus e o f  thi s nul l  outpu t 

specification ,  w e cal l  thi s trainin g regim e th e nul l  case .  I n th e nul l  case ,  th e matri x W ^  i s generate d b y 

trainin g th e pas t  tens e mode l  o n verb s i n clas s a  wit h th e ver b stem s an d correc t  pas t  tens e a s th e target , 

jus t  a s i n th e exclusiv e case .  However ,  i n addition ,  th e mode l  i s  presente d wit h al l  verb s fro m th e origina l 

trainin g corpu s tha t  ar e no t  i n clas s a ,  wit h nul l  targe t  pattern s instea d o f  th e correc t  pas t  tense . 

To implement the null training regime we need to modify the delta learning rule used by Rumelhart 

and McQelland .  I n trainin g W ^ ,  th e goa l  fo r  verb s outsid e clas s a  i s tha t  th e ne t  inpu t  t o eac h outpu t 

unit j  b e zero .  Thus ,  i f  th e inpu t  t o th e networ k represent s a  ver b outsid e clas s a ,  le t  net j  b e th e ne t  inpu t 

t o uni t  j :  net j  =  Yii^ji^ i  (Her e a, -  i s  th e activit y o f  inpu t  uni t  /. )  Le t  8 j  b e 1  i f  net j  <  0 ,  - 1 i f 

net j  >  0 ,  an d 0  i f  net j  =  0 .  The n w e chang e th e weigh t  accordin g t o th e usua l  delt a rule :  Awj i  =  5ya, -

Thi s wil l  driv e th e weight s toward s th e desire d targe t  o f  net j  =  0. '  (Here ,  a s throughout ,  th e threshold s 

on th e outpu t  unit s ar e replace d b y weight s t o a  hypothetica l  inpu t  uni t  tha t  i s  alway s on ;  thes e weight s 

ar e modifie d exactl y lik e al l  othe r  weights. ) 

Comb in in g sof t  rul e matrice s int o a  singl e syste m 

We hav e adopte d tw o method s fo r  combinin g th e 1 1 sof t  rul e matrice s int o a  singl e composit e matri x 

^ c o m ' •  linea r  regressio n an d straigh t  summation .  I n bot h method s w e ar e assumin g tha t  ther e exist s a 

linea r  relationshi p betwee n th e separat e sof t  rul e matrice s an d W c o m • 

Linea r  regressio n 

The ide a behin d th e linea r  regressio n techniqu e i s t o searc h fo r  som e se t  o f  weightin g coefficient s fo r 

th e 1 1 sof t  rul e matrice s suc h tha t  th e weighte d su m o f  thes e matrice s wil l  generat e a  singl e matri x tha t  i s 

clos e t o Wjy n an d therefor e ca n b e expecte d t o behav e i n a  simila r  fashion .  I n effec t  w e wis h t o 

minimiz e a n erro r  whic h i s th e mathematica l  differenc e betwee n W c o m an d Wsi m • 

I n thi s analysis ,  W^j^ ^  i s  viewe d a s th e dependen t  variabl e an d th e 1 1 sof t  rul e matrice s a s 

independen t  variables .  Th e resul t  o f  th e analysi s i s a  se t  o f  1 1 coefficient s Ca ,  eac h coefficien t  i s 

multiplie d b y th e correspondin g sof t  rul e matri x W a an d th e result s ar e summed togethe r  t o produc e 

W c o m:  W c o m =  ^ i W i  +  •  •  •  +  c  \\^\\ .  Th e erro r  w e minimize d i s th e usua l  sum-square d measur e o f 

th e differenc e betwee n ̂ s i m an d W c o m: 

where the wfj"^ are the weights in W^,-^ and wff"^ are the weights in Wcom • Minimizing this with 

respec t  t o th e coefficient s (ci ,  C2 ,  '  •  ' ,  C\\ )  =  c  tha t  determin e V^co m lead s to :  c  =  X" ^  x ,  wher e X 

and X  ar e respectivel y th e 1 1 x  1 1 matri x an d th e 11-dimensiona l  vecto r  define d by : 

Here the Wjf are the weights in W„. 
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Straight summation 

The straight summation technique is much simpler than the linear regression technique: ^com is 

simpl y th e unweighte d sirn i  o f  al l  1 1 sof t  rul e matrice s W a -  Th e straigh t  summatio n o f  th e sof t  rul e 

matrice s i s a  specia l  cas e o f  o f  th e linea r  combinatio n considere d i n th e previou s section :  th e cas e i n 

whic h al l  coefficient s C q hav e valu e 1 . 

In the null case, there is a theoretical basis for expecting that straight summation will produce a 

W c om tha t  doe s a  reasonabl e jo b o f  combinin g th e capabilitie s o f  th e individua l  rules .  Imagin e a n inpu t 

ver b fro m clas s ( 3 bein g processe d b y thi s  ̂ c o m •  Th e ne t  inpu t  t o eac h outpu t  uni t  j  i s  precisel y th e su m 

of  th e ne t  input s contribute d b y eac h separat e W ^ :  net j  =  Joinery" .  N o w fo r  eac h a^^P ,  b y th e 

definitio n o f  th e nul l  case ,  netf ^  =  0 .  Thus ,  net j  =  netĵ :  th e ne t  inpu t  t o eac h outpu t  uni t  fro m ̂ c o m i s 

th e sam e a s th e ne t  inpu t  fro m W p alone ;  thus ,  th e outpu t  o f  th e networ k unde r  W c o m i s th e sam e a s 

unde r  W p .  But ,  agai n b y th e definitio n o f  th e nul l  case ,  th e outpu t  fro m th e sof t  rul e matri x W p fo r  a 

ver b i n clas s P  i s th e correc t  pas t  tens e fo r  tha t  verb . 

So,  provide d i t  actuall y i s possibl e to,us e th e nu U trainin g regim e t o develo p sof t  rul e matrice s tha t 

satisf y th e nul l  specifications ,  straigh t  summatio n i s a  mathematicall y soun d mean s o f  sof t  rul e 

combination . 

Null soft rule matrices combined with straight summation can be likened to a rule system in which 

eac h rul e carrie s relativel y equa l  weigh t  an d function s independentl y o f  othe r  rules ,  an d i n whic h rule s 

can b e though t  o f  a s firing  i n paralle l  becaus e th e orde r  i n whic h the y fire  i s unimportant .  Suc h a  rul e 

syste m i s sai d t o h e fre e (Lewis ,  1987) .  Fre e rul e system s probabl y provid e th e bes t  analo g t o th e typ e o f 

ml e syste m w e ar e viewin g th e connectionis t  networ k a s embodying . 

Summary of the results 

To test the hypothesis that W^j,;, may be viewed as a set of soft rule matrices that have been 

combine d t o for m a  matri x  ̂ c o m •  w e generate d th e 1 1 sof t  rul e matrice s W ^  fo r  bot h th e exclusiv e an d 

th e nul l  cases ,  an d examine d bot h th e linea r  regressio n an d straigh t  summatio n technique s fo r  combinin g 

them . 

To bette r  understan d th e relationshi p betwee n th e variou s sof t  rul e matrice s w e als o charte d th e 

developmen t  durin g trainin g o f  th e C a coefficient s i n th e linea r  regressio n technique .  Eac h Ca .  ma y b e 

viewe d a s indicatin g th e weigh t  o f  th e contribufio n o f  W ^  t o th e composit e matri x W ^ o m • 

During training of the soft rule matrices we would expect certain soft rule matrices to emerge 

dominan t  ove r  others .  I n particular ,  w e woul d expec t  sof t  rul e matrice s representin g th e large r  bod y o f 

regula r  verb s t o dominat e sof t  rul e matrice s representin g th e smalle r  bod y o f  irregula r  verbs .  Thi s ca n b e 

seen i n Figur e 1 .  I n th e first  te n trainin g cycles ,  w e traine d onl y o n th e sam e te n verb s tha t  Rumelhar t  an d 

McClellan d use d fo r  thes e cycle s (thos e the y identifie d a s th e te n mos t  frequen t  verb s i n th e Kucer a an d 

Franci s (1967 )  corpus) .  O f  thes e te n verbs ,  eigh t  ar e irregular ;  i n th e first  te n cycles ,  th e rati o o f  th e 

averag e irregula r  c ^  t o th e averag e regula r  C a i s ver y large .  A s a  larg e bod y o f  regula r  verb s i s 

introduce d t o th e mode l  a t  cycl e 11 ,  thi s rati o virtuall y  flips,  quickl y stabilizin g a t  .3 7 i n th e exclusiv e 

cas e an d 1.0 1 i n th e nul l  case . 

Thi s reveal s thre e importan t  points :  (1 )  th e relativ e contributio n o f  eac h sof t  rul e matri x W ^  t o ̂ c o m 

i s establishe d eari y i n training ,  (2 )  i n th e exclusiv e cas e ther e i s a  substanfia l  imbalanc e betwee n irregula r 

and regula r  sof t  rul e matrices ,  an d (3 )  i n th e nul l  cas e th e rafi o i s almos t  1  t o 1 .  Thu s w e migh t  expec t  a 

bette r  performanc e i n combinin g sof t  rul e matrice s i n th e nul l  cas e tha n i n th e exclusiv e case ,  becaus e th e 

variou s sof t  rul e matrice s ar e mor e nearl y alike . 

hi order to measure the quality of performance of our "rule system," we tested the model separately 
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F igu r e 1 :  Rat i o o f  averag e coefficient s fo r  regula r  verb s t o averag e fo r  irregula r  verbs . 

on Wjy„, on Wcom. and on each of the soft rule matrices Wq. Our measure was the feature match (as 

define d above )  ove r  al l  th e relevan t  verb s i n th e trainin g corpu s (th e entir e se t  fo r  ̂ s i m an d W c o m ;  th e 

verb s i n clas s a  fo r  W o ) . 

We first consider the results in the exclusive case. As shown in Table 1, the average feature match of 

th e sof t  rul e matrice s i s  .97 ;  thi s i s  comparabl e t o th e featur e m a t c h o f  W ^ j ^ ,  .95 .  W e m a y conclud e tha t 

th e sof t  rul e matrice s perfor m o n averag e a t  th e s a m e leve l  a s W s i m w h e n presente d wit h wo rd s i n th e 

correspondin g class . 

Trainin g 

techniqu e 

Exclusiv e 

Nul l 

Tabl e 1 

Origina l  matri x 
W 
^^  Si m 

.9 5 

.9 5 

[:  Performanc e (featur e match ) 

Averag e o f  sof t  Composit e matri x 

rul e matrice s ^ c o m 

{Wotloi i  Linea r  regressio n Straigh t  summatio n 

.9 7 .6 2 .5 4 

.9 8 .5 2 .8 7 

The qualit y o f  th e tw o composit e matrice s i n th e exclusiv e cas e i s indicate d b y a  feamr e matc h o f  .5 4 

and .6 2 fo r  th e linea r  regressio n an d straigh t  summatio n respectively .  Substantiall y  lowe r  tha n Wgim . 

thes e figures  definitel y ar e o n th e lowe r  bound s o f  acceptability ,  a s discusse d earlier . 

Why is the performance of W^om rather poor when the linear regression produces a matrix that 

minimize s th e differenc e betwee n it s weight s an d th e weight s i n y^si m ?  Ou r  explanatio n i s a s follows : 

Ther e ar e a n infinit e numbe r  o f  matrice s tha t  perfor m th e correc t  input/outpu t  transformatio n o n th e 

corpu s o f  verb s acros s al l  1 1 ver b classes .  Th e pas t  tens e mode l  employ s a  metho d tha t  simpl y produce s 

one suc h matrix ,  ̂ ^si m •  Man y o f  th e othe r  matrice s wil l  hav e a  larg e differenc e fro m W^,^, ,  whil e 

nonetheles s performin g identicall y t o W^i m •  Thu s producin g a  matri x W c o m i n whic h ther e i s minima l 
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difference between the weights in that matrix and WsUn does not guarantee that Wcom is the best 

combinatio n o f  W a fo r  approximatin g th e perfomianc e o f  W^j;; ,  o n th e trainin g corpus. ^ 

It is peiiiaps less surprising that the straight summation performs pooriy in the exclusive case. While 

ther e i s a  theoretica l  basi s fo r  th e soundnes s o f  th e straigh t  summatio n combinatio n i n th e nul l  case ,  ther e 

i s non e fo r  th e exclusiv e case . 

The results of combining the soft rule matrices in the null case are also summarized in Table 1. Again 

we se e tha t  th e performanc e o f  th e individua l  sof t  rul e matrice s i s comparabl e t o tha t  o f  W ^ j ^ .  Th e 

performanc e o f  y^co m generate d throug h linea r  regressio n i s  .52 .  Th e sam e explanatio n fo r  th e rathe r 

poor  performanc e o f  W c o m i n th e exclusiv e cas e applie s her e i n th e nul l  case . 

As predicted by our earher analysis, the performance of the ^com generated through straight 

summatio n o f  th e sof t  rul e matrice s i s muc h better :  Th e featur e matc h i s .8 7 fo r  W c o m whe n presente d 

wit h th e ftill  corpu s o f  verbs .  I n general ,  wit h a  featur e matc h o f  .87 ,  w e ca n expec t  th e model' s decodin g 

networ k t o consistentl y generat e th e correc t  pas t  tens e wit h ver y few ,  an d weak ,  alternative s -  i f  an y 

alternative s ar e generate d a t  all . 

From this result we may conclude that the soft rule matrices in the null case may, in a sense, be 

viewe d a s fre e rule s tha t  ma y b e applie d separatel y o r  combine d throug h straigh t  summatio n int o a  singl e 

system . 

Conclusion 

We have shown how a classic PDP model, Rumelhart and McQelland's past tense model, may be 

decompose d int o a  se t  o f  "sof t  rul e matrices. "  Thes e rule s ma y b e applie d separatel y o r  combine d int o a 

singl e system .  Usin g th e bes t  technique ,  sof t  rul e matrice s traine d i n th e nul l  regim e combine d usin g 

straigh t  summation ,  w e ca n view  th e knowledg e i n thi s model' s weigh t  matri x i n fou r  approximatel y 

equivalen t  ways : 

(1) Knowledge = W^j^: The past tense model is a PDP model consisting of no rules. 

(2 )  Knowledg e =  ̂ ^ W q :  Th e pas t  tens e mode l  i s a  P D P mode l  i n whic h th e knowledg e i n th e 

weight s i s a  syste m buil t  (b y simpl e summation )  o f  1 1 individua l  matrice s eac h handlin g a 

differen t  subse t  o f  th e inpu t  space . 

(3 )  Knowledg e =  {WaJfUi :  Th e pas t  tens e mode l  i s a  se t  o f  1 1 separat e noninteractin g rules . 

Each rul e i s implemente d a s a  P D P network . 

(4 )  Knowledg e =  W c o m =  X a ^ a :  Th e pas t  tens e mode l  i s a  rul e syste m combinin g 1 1 rule s 

int o on e singl e system .  Th e rules ,  an d th e wa y the y combine ,  ar e define d vi a connectionis t 

networks .  Th e rule s appl y independently ,  i n parallel . 

In this work we have been exploring the hypothesis that the higher-level perspective provided by rule 

system s ca n hel p u s understan d th e knowledg e containe d i n a  P D P network .  Anothe r  hypothesi s wort h 

explorin g i s tha t  PDP-base d "soft "  rule s o f  th e sor t  w e hav e bee n considerin g migh t  help ,  i n simpl e 

domains ,  t o alleviat e som e o f  th e brittlenes s tha t  ha s ofte n plague d system s base d o n har d rules . 

Our explorations clearly constitute the barest beginings. Especially important extensions of our work 

ar e t o system s wit h hidde n unit s an d t o method s forTmdin g rule-decomposition s o f  th e sor t  w e use d her e 

automaticall y -  withou t  th e nee d fo r  a  prio r  (non-connectionist )  analysi s o f  th e tas k (provide d i n ou r  cas e 

by Bybe e an d Slobin) .  Nonetheless ,  w e ar e encourage d tha t  ou r  preliminar y fora y ha s helpe d u s 

understan d th e knowledg e containe d i n a  rathe r  inscrutabl e weigh t  matri x o f  wel l  ove r  200,(X) 0 weights . 

We expec t  furthe r  usefu l  result s t o com e fro m exploration s o f  ho w conceptua l  an d technica l  tool s o f  th e 

P DP an d rule-base d framework s ca n b e use d t o strengthe n eac h other . 

67 



McMilla n &  Smolensk y 

Acknowledgements 

This work has been supported by NSF grants IRI-8609599 and ECE-8617947 to the second author, by a 

gran t  t o th e secon d autho r  fro m th e Sloa n Foundation' s computationa l  neuroscienc e program ,  an d b y th e 

Departmen t  o f  Compute r  Scienc e an d Institut e o f  Cognitiv e Scienc e a t  th e Universit y o f  Colorad o a t 

Boulder . 

We than k Dav e Rumelhar t  an d Ja y McClellan d fo r  providin g u s wit h th e simulatio n softwar e fo r  thei r 

model . 

Footnotes 

1. In practice, in order to avoid oscillations we set bj = 0 if netj is within a certain tolerance yof 

th e targe t  valu e 0 .  I f  y  i s  chose n to o smal l  th e syste m wil l  generall y fai l  t o converge ;  o n th e othe r  hand , 

Y =  CX5 reduce s th e nu U cas e t o th e exclusiv e case .  W e foun d tha t  y  =  85 0 wa s a n acceptabl e value ;  thi s 

may see m large ,  bu t  sinc e ther e ar e 46 0 weight s t o eac h outpu t  unit ,  eac h wit h a n intege r  weigh t  an d 

many o f  thes e greate r  tha n 1 ,  th e valu e o f  85 0 i s no t  larg e compare d t o a  typica l  ne t  inpu t  t o a n outpu t 

uni t 

2. Recall that our measure of difference is purely based on the weights in the matrices, and not in 

term s o f  thei r  response s t o th e particula r  input s i n th e trainin g o r  testin g sets . 
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TEXT & SUMA'IARIZATION 

1. Introduction 

Conside r  th e tw o piece s o f  tex t  show n i n figure s 1  an d 2 .  I n on e cas e w e hav e a  piec e o f  tex t 

tha t  i s  almos t  a  caricatur e o f  a  story ,  i n th e othe r  cas e w e hav e a  piec e o f  thic k tex t  take n fro m a 

boo k o f  folktale s ("Th e cleve r  peasan t  an d th e czar s general: "  Protter ,  1961) .  Th e secon d stor y 

i s thic k becaus e o f  th e richnes s an d complexit y o f  th e relationship s amongs t  th e event s described ; 

i t  i s  thic k becaus e i t  show s i n detai l  th e event s o f  th e story ,  rathe r  tha n tellin g u s thei r  skeleta l 

structure .  On e migh t  argue ,  fo r  example ,  tha t  storie s lik e th e on e describe d i n figur e 1  ar e unna -

tura l  becaus e the y ar e pointles s {se e Wilensk y 1980,1982) ,  o r  becaus e thei r  languag e i s overl y sim -

plified .  But ,  i n contras t  t o "Th e Cleve r  Peasan t  an d th e Czar' s General, "  th e reaso n fo r  thei r 

unnaturalnes s become s apparent :  Th e firs t  on e i s alread y a  summary .  I n thi s pape r  w e wil l 

describ e a  summarize r  calle d SS s (Summar izat io n Summarizatio n Summarization...) ,  tha t  take s a 

thic k piec e o f  text ,  lik e th e on e show n i n figur e 2 ,  an d produce s a  skeleta l  piec e o f  text ,  lik e th e 

one show n i n figur e 1 .  SS s base s it s summar y o n a n even t  concep t  coherenc e analysi s ( E C C ) 

(Alterma n 1985,1988 )  o f  th e text ,  a s produce d b y a  progra m calle d N E X U S . 

Figur e 3  depict s a t  th e syste m leve l  th e relatio n betwee n N E X U S an d SSs .  N E X U S pro -

duce s a n E C C representatio n b y matchin g cas e encode d tex t  agains t  a n associativ e networ k o f 

event/stat e concepts .  Th e E C C representatio n essentiall y  sort s ou t  an d identifie s th e even t  con -

cept s invoke d b y th e text .  SS s take s a s inpu t  a n E C C representatio n o f  a  piec e o f  text .  I t  ha s 

basicall y tw o summarizatio n strategies .  Th e firs t  techniqu e work s b y firs t  delineatin g boundarie s 

of  coherin g even t  concept s an d the n extractin g thei r  cor e concept(s )  -  a  shif t  i n granularit y Th e 

secon d techniqu e work s b y identifyin g th e majo r  narrativ e threa d o f  th e stor y -  a  kin d o f  outline . 

I n thi s pape r  w e presen t  th e firs t  o f  thes e techniques .  (Se e Alterma n &  Bookman ,  fo r  detail s o n 

th e secon d o f  thes e techniques) . 

John was sailing his boat. Suddenly a gust of wind caught the sails. The boat capsized. John 

was ver y upset . 

FIGURE 1 .  TH E SAILIN G STORY 

"Well, little farmer, what would you like?" tITe czar asked (l) when tiie peasant was brought 

(2 )  befor e him .  "Notliing ,  fathe r  czar .  I  hav e com e (3 )  onl y t o brin g (4 )  yo u a  gift. "  An d h e 

opene d (5 )  th e li d o f  th e meta l  chest .  "An d wha t  woul d yo u lik e i n retur n (6 )  fo r  thi s gif t  o f 

gold? "  th e cza r  inquire d (7) .  "Fathe r  czar ,  jus t  giv e (8 )  m e a  hundre d lashe s o f  th e whip. " 

"What? "  th e astonishe d cza r  exclaime d (9) .  "Yo u as k (10 )  fo r  a  hundre d lashes ? Y'o u hav e 

brough t  (U )  ni e gol d an d yo u wan t  (12 )  a  hundre d lashes ? No ,  no ,  no ;  yo u certainl y deserv e 

bette r  (13). "  "Please ,  fathe r  czar, "  th e peasan t  insiste d (M) .  " I  don' t  wan t  (15 )  an y otlie r 

rewar d Jus t  <̂iv e (16 )  m e a  hundre d lashes. "  S o th e cza r  reluctantl y summone d (18 )  on e o f  lii s 
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guard s t o fetc h th e whip .  "Ar e yo u ready? "  demande d (19 )  th e puzzle d ruler .  "No ,  w e mus t 
wai t  (20) .  I  hav e (21 )  a  partne r  wh o shoul d shar e (22 )  th e reward. "  A  partner? "  echoe d (23 ) 
th e bewildere d czar .  "Yes, "  th e peasan t  answere d (24) .  "Whe n I  cam e (25 )  t o you r  door ,  th e 
genera l  woul d no t  le t  (26 )  m e throug h unti l  I  vowe d (27 )  tha t  h e woul d ge t  (28 )  hal f  m y 
reward .  S o g o ahea d an d star t  wit h him .  Giv e (29 )  hi m th e firs t  fift y  lashes. " 

FIGURE 2. A PORTION OF THE CLEVER PEASANT AND THE CZAR'S GENERAL 

CASE 

RELATIONS 

•NT r  T O 
iNIlr^VU O 

> 

k 

EC 
SEMANTIC 
NETWORK 

ECC 

b S s 

SUA'IMAf 

FIGURE 3 .  SYSTEM ARCHITECTURE 

2. Event Concept Coherence 

The E C C representatio n o f  th e even t  description s o f  th e tex t  i s  a  reflectio n o f  th e relation -

ship s o f  th e event/stat e concept s invoke d b y th e text :  th e for m o f  th e knowledg e an d for m o f  th e 

tex t  representatio n mirro r  on e another .  It s constructio n make s th e followin g assumption :  tw o 

even t  description s i n a  piec e o f  tex t  ar e even t  concep t  coheren t  i f  th e position s o f  th e concept s 

the y invok e ar e proxima l  t o on e anothe r  i n th e underlyin g conceptua l  network .  Fo r  N E X U S, 

knowledg e abou t  th e relationship s betwee n event/stat e concept s ar e represente d b y a n associativ e 

network ,  an d a n E C C interpretatio n capture s th e connectivit y o f  a  piec e o f  tex t  b y essentiall y 

copyin g ou t  an d instantiatin g th e relevan t  portio n o f  th e network .  Th e representatio n wa s con -

structe d s o a s t o characteriz e th e dependencie s amongs t  th e event s i n a  causall y neutral ,  bu t 

causall y relevan t  for m (Alterma n 1988) . 

N E X US use s intersectio n searc h a s a  basi s fo r  computin g th e representatio n (Alterma n 

1985 ;  c.f .  Quillia n 1968 ;  Charnia k 1983 ;  Norvi g 1987) .  Th e inpu t  t o N E X U S i s th e tex t  i n cas e 

notatio n form .  N E X U S'  progra m work s i n tw o stages .  I n stag e one ,  i t  doe s a  bi-directiona l 

breadth-firs t  searc h t o fin d a  pat h betwee n th e even t  concept s previousl y introduce d i n th e tex t 

(eithe r  explicitl y  o r  implicitly )  an d th e ne w inpu t  even t  concept .  I n stag e two ,  i f  a  pat h i s found , 

N E X US propagate s th e cas e constraint s alon g th e path ,  simultaneousl y checkin g pat h con -

sistenc y an d performin g som e referenc e resolution .  Durin g th e secon d stag e defaul t  value s ar e 

introduce d t o ai d thi s process .  Th e cas e constraint s ar e als o use d b y N E X U S t o trac k th e loca -

tio n o f  character s an d t o insur e th e correc t  sequencin g o f  event s i n time . 

Even thoug h th e representatio n o f  th e tex t  an d th e underlyin g conceptua l  networ k shar e th e 

same structure ,  throughou t  thi s pape r  whe n w e tal k abou t  th e representatio n o f  th e text ,  w e wil l 
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emphasiz e th e fac t  tha t  th e representatio n produce d b y N E X U S -  becaus e th e representatio n i t 

produce s correspond s t o th e narrativ e structur e o f  th e tex t  -  i s  compose d o f  multipl e intercon -

necte d even t  concep t  tree s (se e Figur e 4) .  A  concep t  tre e i s recursivel y compose d o f  al l  it s  sub -

class ,  part ,  an d before/afte r  descendant s o f  a  give n even t  concept .  Concep t  tree s delineat e th e 

boundarie s o f  individua l  even t  concept s an d ar e temporall y linke d t o on e anothe r  formin g wha t 

ca n b e describe d a s a  narrativ e stream .  Th e E C C representatio n characterize s th e comple x rela -

tionship s amongs t  th e event s i n a  thic k piec e o f  tex t  b y groupin g conceptuall y relate d event s int o 

tree-lik e structure s fo r  individua l  concepts ,  an d tempora l  sequence s o f  event s fo r  th e narratio n a s 

a whole . 

beror e par t  par t  afte r beror e 

/ " 

v y 
par t  par t 

FIGURE 4 .  T W O INTERCONNECTED C O N C E PT TREE S ' 

3. Thinning Techniques 

Thic k tex t  i s  compose d o f  a  numbe r  o f  embellishe d tex t  description s tha t  ar e enmeshe d 

together .  A  chang e i n textua l  granularit y fro m thic k t o thi n tex t  i s  achieve d b y systematicall y 

goin g throug h th e tex t  t o identif y an d bundl e togethe r  littl e piece s o f  tex t  tha t  conceptuall y for m 

a large r  even t  an d the n describin g thes e concept s b y thei r  cor e concept .  Th e shif t  i n granularit y 

i s accomplishe d b y a  proces s o f  delineatio n an d extraction .  Delineatio n untangle s th e mes h o f 

concept s b y delineatin g th e boundarie s o f  th e large r  event s an d fro m thes e large r  event s th e cor e 

concep t  i s extracted . 

Delineatio n occur s a s a  by-produc t  o f  th e E C C representation ,  a s eac h concep t  tre e i n th e 

E CC representatio n implicitl y  represent s a  delineate d concept .  Becaus e o f  th e hierarchica l 

organizatio n o f  th e concep t  tree ,  extractin g th e centra l  concep t  i s relativel y straightforward . 

'  Ther e ar e actuall y seve n coherenc e relations ,  sinc e th e part ,  before ,  an d afte r  relation s use d ar e furthe r  discrim -
inate d int o (subse q B e coord) ,  {ant e &  prec) ,  {se q &  consq) ,  respectivel y 

71 



A L T E R M AN &  B O O i a U N 

Wit h on e exceptio n singl e concep t  tree s ca n b e summarize d b y extractin g th e to p nod e i n th e con -

cep t  tree .  Th e basi c ide a o f  delineatio n an d extractio n i s t o conside r  eac h o f  th e event s i n th e 

representatio n produce d b y N E X U S an d determin e i f  i t  i s  th e to p o f  som e concep t  tree .  I f  i t  i s  a 

top ,  i t  i s  include d i n th e summary ,  els e i t  i s  discarded .  Internall y SS s represent s eac h o f  th e rela -

tion s o f  th e concep t  tre e wit h a  3-tupl e o f  th e followin g form : 

(Coherence-Relatio n Event/State l  Event/State2 ) 

A to p ca n b e define d a s follows : 

For  al l  event s x, y an d coherenc e relation s c , 

T O P ( x )  if f  ther e exist s n o tupl e suc h tha t  (c,y,x )  i s  true . 

The exception occurs because NEXUS uses property inheritance to represent knowledge in 

th e network .  I n a  class/subclas s relationshi p th e subclas s concep t  i s preferre d becaus e i t  i s  mor e 

informativ e -  th e reade r  ca n predic t  al l  it s  relationship s a s wel l  a s th e relationship s i t  inherit s 

fro m it s ancestors . 

4. An Example 

Conside r  th e portio n o f  tex t  fro m "Th e Cleve r  Peasan t  an d th e Czar' s General "  show n i n 

figur e 2 .  W h e n N E X U S an d SS s wer e applie d t o thi s tex t  usin g th e delineatio n an d extractio n 

technique s i t  produce d th e followin g summary : 

The peasan t  ha d a  audienc e wit h th e czar .  Th e peasan t  exchange d th e ches t  o f  gol d wit h th e 

cza r  fo r  a  whipping .  Th e peasan t  ha d a  dea l  wit h a  partne r  abou t  sharin g hal f  th e rewar d wit h 

him .  Th e guard s wa s t o giv e th e genera l  a  whipping .  Th e cza r  requeste d hi s guard s t o fetc h 

th e whip. 2 

Figure 6 shows the analysis produced by NEXUS in which it identifies five event concept trees: 

audience ,  exchange-gifts ,  request-of-underltng ,  deal ,  an d whipping .  Belo w i s show n a  descriptio n 

of  som e o f  th e detail s o f  tha t  analysi s alon g wit h th e correc t  sequencin g o f  th e concep t  trees.' ^ 

1.  T h e peasan t  ha s a n audienc e wit h th e czar :  beginnin g wit h even t  (2 )  th e tex t  intro -

duce s th e fac t  tha t  th e peasan t  wa s brough t  befor e th e czar .  Ther e i s a  conversatio n 

betwee n th e cza r  an d th e peasan t  (1,7,10,14,24) . 

2.  T h e r e i s a n exchang e o f  gifts :  th e peasan t  open s (5 )  a  meta l  ches t  an d th e cza r  inquire s 

what  woul d h e lik e i n retur n (6) .  H e tell s th e cza r  t o giv e (8 )  hi m a  hundre d lashes . 

3.  A  reques t  o f  underling :  th e cza r  summone d (17 )  on e o f  hi s guard s t o fetc h (18 )  th e whip . 

4.  T h e peasan t  ha s m a d e a  dea l  wit h th e general :  befor e h e i s t o receiv e hi s rewar d h e 

tell s th e genera l  I  hav e (21 )  a  partne r  wh o shoul d shar e (22 )  th e reward . 

5.  Administer in g th e pun ishment :  th e genera l  wa s t o b e give n (29 )  th e firs t  fift y  lashes . 

2 Althoug h w e hav e som e heuristic s t o handl e th e sequencin g o f  events ,  thes e heuristic s ar e no t  foolproof ,  a s th e 
even t  request-of-underlin g i s no t  i n th e correc t  orde r 

3 Not e th e number s i n parenthesi s indicat e th e event s i n th e orde r  i n whic h the y appea r  i n th e tex t  i n figur e 2 . 
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FIGURE 6 .  SCHEMATA O F "TH E CLEVER FEASANT A N D TH E CZAR' S GENERAL'" ' 

I n term s o f  th e narratio n o f  th e tex t  a s a  whole ,  th e tex t  i s  compose d o f  thre e chunk s o f  concep t 

trees .  (B y chunk s w e mea n interconnecte d concep t  trees. )  I n tli e firs t  chunk ,  ther e i s a  connect -

in g pat h betwee n th e concep t  tree s audienc e an d deal :  Becaus e th e genera l  an d th e peasan t  mad e 

a deal ,  th e peasan t  ha s a n obligatio n t o th e general ,  an d thi s obligatio n i s reporte d t o th e cza r  i n 

th e cours e o f  thei r  conversatio n durin g th e peasant' s audience .  I n th e secon d chun k ther e i s a 

connectin g pat h betwee n th e concep t  tree s request-oj-xinderlin g an d whipping :  Th e cza r  request s 

hi s guard s t o fetc h th e whip .  A s a  resul t  the y hav e th e whi p i n whic h t o punis h th e peasant' s 

partner ,  th e general .  Th e thir d chun k i s th e exchange-gift s concep t  tre e whic h i s no t  connecte d 

t o eithe r  o f  th e othe r  chunks .  SS s take s thi s underlyin g even t  structur e an d thin s th e tex t  b y 

extractin g th e top s o f  eac h o f  th e concep t  tre e withi n eac h o f  th e interconnecte d chunks . 

5. The Computational Literature on Summarization 

Lehner t  &  Loisell e (1988 )  develope d a  schem e fo r  summarizin g tex t  base d o n plo t  unit s 

(Lehnert ,  1981) .  Plo t  unit s represen t  affect-stat e patterns .  Lehner t  identifie s a  numbe r  o f  primi -

tiv e plo t  unit s (e.g .  motivation ,  success ,  perseverance )  whic h ca n b e combine d int o mor e comple x 

' '  Not e th e shade d rectangle s represen t  th e EC C interpretatio n produce d b y NEXUS Fo r  furthe r  detail s o f  thi s 
analysis ,  se e Alterma n &  Bookma n (forthcoming )  Th e graphic s fo r  thi s pictur e wa s create d usin g AINET- 2 (Chu n 
1986) 
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plo t  unit s (e.g .  fortuitou s proble m resolution ,  fleetin g success ,  givin g up) .  Narrativ e tex t  i s 

represente d b y interconnecte d plo t  unit s an d summarie s ar e base d o n th e identificatio n o f  pivota l 

plo t  units ,  i.e. ,  th e plo t  unit s whic h ar e maximall y connected . 

Wilensk y introduce d a  theor y o f  summarizatio n base d o n th e identificatio n o f  ston j  point s 

(Wilensky ,  1982 ,  1980) .  Stor y point s roughl y correspon d t o th e essentia l  tensio n point s o f  a 

story ,  i.e. ,  wha t  th e stor y i s about .  Th e ide a i s tha t  point s represen t  wha t  i s interestin g i n a 

stor y an d therefor e likel y t o b e include d i n a  summary .  Wilensk y suggest s som e rule s fo r  recog -

nizin g points .  Th e rule s ar e base d o n hi s theor y o f  goa l  interactio n (Wilensky ,  1983) .  I f  a  char -

acte r  plan s t o g o outsid e t o ge t  th e newspape r  an d discover s i t  i s  rainin g outdoors ,  a  goa l  conflic t 

occur s betwee n th e goa l  t o ge t  a  newspape r  an d th e goa l  t o sta y dry .  Wilensk y argue s tha t  situa -

tion s wher e goa l  interaction s occu r  ar e potentiall y  dramati c an d consequentl y likel y candidate s a s 

stor y points . 

Bot h Wilensk y an d Lehner t  ar e describin g summarizatio n technique s tha t  attemp t  t o iden -

tif y critica l  point s o f  interest .  Bot h thei r  technique s ar e base d o n analyse s tha t  impos e high-leve l 

concept s i n a  top-dow n manne r  o n th e text .  Th e difficult y i s tha t  ther e i s a  ga p betwee n th e ini -

tia l  representatio n o f  th e tex t  an d th e actua l  representatio n use d fo r  computin g bot h th e stor y 

point s an d plo t  unit s respectively .  A n E C C representatio n fo r  thic k text ,  however ,  act s a s a  wa y 

statio n tha t  sort s ou t  som e o f  th e underlyin g even t  structure .  I t  provide s a  schemat a fro m 

which ,  perhap s thes e othe r  summarizer s ca n furthe r  reduc e th e volum e o f  tex t  b y decidin g wha t 

i s o f  interest . 

Researc h o n stor y tree s characteriz e th e tex t  b y a  se t  o f  meta-descriptions ,  e.g. ,  episod e o r 

setting .  Rumelhar t  (1975 ;  S immon s &  Correira ,  1980 ;  an d Correira ,  1980 )  summarize d tex t 

base d o n a  hierarchica l  organizatio n o f  th e text .  Agai n w e hav e a  ga p betwee n a  high-leve l  struc -

tur e an d th e event s depicte d i n th e text ,  whic h ca n b e reduce d b y th e analysi s w e ar e proposing . 

Th e wor k o f  V a n Dij k (Macro-structures ,  1976 )  suggest s technique s fo r  thinnin g ou t  text ,  bu t 

organize s i t  i n term s o f  a  singl e hierarchica l  structure .  Th e wor k describe d i n thi s pape r  differ s 

fro m th e wor k o n macro-structure s wit h regard s t o th e problem s o f  thic k tex t  i n tw o ways .  Firs t 

i t  emphasize s th e rol e o f  event s i n th e thinnin g process .  Secon d th e representatio n i t  produce s 

doe s no t  tak e th e for m o f  a  singl e hierarchica l  structure ,  bu t  rathe r  i t  i s  structure d b y a n E C C 

analysi s int o a  narrativ e stream . 

F R U MP (DeJon g 1979 )  produce s representation s o f  tex t  b y applyin g i n a  top-dow n fashio n 

sketch y script s (e.g .  accident s an d terroris t  acts) .  I t  extract s fro m wire-servic e newspape r  storie s 

jus t  enoug h fact s t o fil l  i n th e argument s o f  a  sketch y script .  Becaus e th e storie s tha t  F R U MP 

work s wit h ar e s o stereotyped ,  i t  coul d summariz e tex t  b y usin g a  se t  o f  fill-in-the-blan k typ e 

summarizatio n statement s attache d t o eac h sketch y script .  Thes e technique s ar e b y definitio n 

limite d t o stereotypica l  situations .  Thic k tex t  include s man y relationship s betwee n event s whic h 

canno t  b e accounte d fo r  b y a  sketch y script ,  henc e a  sketch y scrip t  analysi s ca n onl y accoun t  fo r 

some o f  th e even t  relationship s i n a  thic k piec e o f  text . 

6. Summary and Conclusions 

Thic k tex t  i s  compose d o f  a  numbe r  o f  embellishe d tex t  description s tha t  ar e enmesiie d 

together .  A  piec e o f  tex t  i s  thic k whe n i t  show s th e reader ,  i n detail ,  th e event s o f  th e story , 

rathe r  tha n tellin g th e reade r  onl y o f  it s  skeleta l  structure .  Thi s pape r  lia s describe d a 
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summarize r  calle d SS s tha t  take s a  thic k piec e o f  tex t  an d produce s a  skeleta l  structur e fo r  th e 

event s describe d i n tha t  text .  SS s base s it s summar y o f  th e stor y o n a n E C C analysi s o f  th e text . 

An E C C analysi s o f  th e tex t  sort s throug h th e event s o f  th e story ,  groupin g togethe r  event s 

base d o n thei r  relativ e position s i n a n underlyin g conceptua l  networ k o f  events . 

N E X US an d SS s hav e bee n applie d t o severa l  example s o f  text ,  includin g a  pag e an d hal f 

folktal e take n fro m a  boo k o f  folktale s ("Th e Cleve r  Peasan t  an d th e Czar' s General, "  Protte r 

1961) ,  "Th e Xeno n Story "  (Wilensk y 1980) ,  an d "Th e Czar' s Thre e Daughters "  (Lehner t  & 

Loiselle ,  1988) .  (Se e Alterma n &  Bookma n fo r  details) .  Experiment s sho w N E X U S an d SS s 

reducin g th e volum e o f  tex t  betwee n 6 0 % an d 8 0 % .  Th e importanc e o f  thi s work ,  wit h regard s 

t o th e proble m o f  thic k text ,  i s  tha t  i t  reduce s th e ga p betwee n top-dow n theorie s o f  tex t  con -

cerne d wit h issue s o f  interes t  an d salienc e (e.g .  plo t  unit s o r  prototyp e points )  an d th e complexit y 

of  th e even t  relationship s a s the y ar e depicte d i n th e text . 
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On-l in e process in g o f  a  p r o c e d u r a l  t e x t 
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Abstract. The processing of sentences, propositions, and conceptual structures was studied using a task 
environmen t  whic h require d subject s t o read ,  interpre t  on-line ,  an d recal l  a  procedura l  tex t  whil e readin g time s wer e 
measure d fo r  eac h sentence .  A  declarativ e representatio n o f  th e conceptua l  fram e structur e o f  th e procedur e 
expresse d i n th e text ,  a s wel l  a s propositiona l  an d syntacti c analysi s o f  sentences ,  provide d variable s tha t  wer e use d 
t o predic t  thes e thre e set s o f  data .  Result s showe d tha t  propertie s o f  th e procedura l  frame ,  a s wel l  a s propositiona l 
density ,  an d claus e structur e predicte d readin g times ,  recall ,  an d on-lin e interpretation ,  an d tha t  readin g time s 
decrease d whe n high-leve l  conceptua l  frame  processin g increased .  Thes e result s wer e interprete d a s evidenc e fo r 
paralle l  on-lin e conceptua l  processin g o f  sentence s durin g input .  A s well ,  readin g time s fo r  informatio n nea r 
boundarie s o f  conceptua l  structur e reflecte d som e bufferin g i n comprehension . 

T h e stud y o f  comprehensio n a s a n on -

lin e proces s trie s t o identif y th e tempora l 
locu s o f  th e variou s c o m p o n e n t  processe s 
involve d i n tex t  comprehensio n an d thereb y 
t o tes t  hypothese s concernin g th e m a n n e r  i n 
wh i c h the y interact .  C o m p o n e n t  processe s 
hav e bee n associate d wit h differen t  level s o f 
representatio n o f  linguisti c an d semanti c 
information ,  tha t  is ,  syntacti c structure , 
proposition s an d conceptua l  fram e 
representations .  Thes e processin g 
componen t s ar e examine d b y usin g variable s 
derive d f ro m theorie s o f  tex t  representatio n 
t o predic t  variable s reflectin g on-lin e an d 
post-inpu t  processing . 

O ne approac h t o thi s proble m ha s 
emphasize d th e nee d fo r  th e elaboratio n o f 
explici t  mode l s o f  representatio n t o guid e 
research .  Thi s researc h ha s focuse d o n th e 
cognitiv e representation s tha t  ar e 
manipulated ,  an d th e relatio n o f  thes e t o 
prio r  know ledg e store d i n long-ter m 
m e m o r y .  Dat a tha t  ar e collecte d t o tes t 
theorie s ar e usuall y base d o n recal l  o r  othe r 
post-inpu t  tasks .  Thi s approac h ha s 
provide d high-leve l  description s o f  th e 
processe s tha t  tak e plac e i n comprehensio n 
bu t  ha s ha d difficult y i n identifyin g th e 

Thi s researc h wa s supporte d b y grant s fro m th e Socia l 
Scienc e an d Humanitie s Researc h Counci l  o f  Canad a an d 
fro m th e Natura l  Scienc e an d Engineerin g Researc h 
Counci l  o f  Canada .  Request s fo r  reprint s shoul d b e 
addresse d to :  Andr e Renaud ,  Laborator y o f  Applie d 
Cognitiv e Science ,  Departmen t  o f  Educationa l  Psycholog y , 
McGil l  Universit y .  370 0 McTavish ,  Roo m B-199 , 
Montreal ,  Quebec ,  Canada ,  H3 A 1Y2 . 

tempora l  locu s o f  processe s durin g on-lin e 
or  post-inpu t  processing . 

A secon d approac h ha s bee n m o r e 
c o n c e m e d wit h th e descriptio n o f 
componen t  processe s usin g real-tim e 
measure s suc h a s ey e m o v e m e n t s ,  w o r d 
readin g time s an d segmen t  readin g time s fo r 
variou s unit s o f  tex t  (Haberland t  &  Graesser , 
1985 ;  Rayne r  &  Carroll ,  1984) .  Th e 
underlyin g assumptio n i s tha t  th e tim e spen t 
readin g eac h o f  thes e unit s  i s a n indicatio n 
of  th e amoun t  o f  processin g eac h requires . 
Readin g tim e measure s ar e assume d t o 
reflec t  processin g o f  differen t  kind s o f  tex t 
strucmr e informatio n predicte d from a 
comprehensio n model .  Thi s i s don e b y 
specifyin g comprehensio n component s o n 
th e basi s o f  a  theory ,  an d the n i n eac h tex t 
unit ,  identifyin g measurabl e variable s 
correspondin g t o eac h component .  Th e 

assessmen t  o f  correlation s betwee n readin g 
time s an d thes e variable s ar e take n a s 
indicator s o f  th e contributio n o f  eac h 
componen t  t o th e comprehensio n process .  A 
majo r  difficult y underlyin g thes e studie s i s 
i n specifyin g h o w tempora l  measure s relat e 
t o specifi c  comprehensio n processes . 
Comprehensio n mus t  b e measure d from 
variable s tha t  ar e theoreticall y motivated , 
and tha t  ar e strongl y tie d t o th e componen t 

processe s the y ar e suppose d t o instantiate . 
Identifyin g theoretically-base d variable s 
require s a  detaile d mode l  o f  comprehension . 
However ,  suc h a  mode l  ha s bee n lackin g i n 
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most  researc h applyin g thi s approac h 
(Danks ,  1986) . 

The presen t  stud y investigate d 

comprehensio n processe s a s 3ie y operat e i n 
real-tim e durin g th e readin g o f  a  procedura l 

tex t  usin g measure s o f  readin g time s an d 
measure s derive d fro m th e on-lin e 
interpretatio n o f  tex t  units .  I n addition ,  post -

inpu t  recal l  measure s wer e als o obtained . 
Model s o f  propositiona l  an d procedura l 
representatio n o f  th e experimenta l  tex t 
(Frederiksen ,  1986) ,  a s wel l  a s clausa l 
analysi s o f  tex t  sentence s provide d 
theoretically-base d variable s tha t  wer e 
Unked t o th e thre e followin g level s o f 
processin g o f  tex t  units :  a )  syntacti c 
analysis ,  b )  propositio n generatio n an d 

inference ,  an d c )  th e generatio n o f  a 
conceptua l  fram e representatio n fo r  th e 
procedure .  Thes e model s o f  th e tex t 
informatio n provide d a  wa y t o lin k th e tw o 
on-lin e an d th e post-inpu t  recal l  measure s t o 
th e componen t  processe s associate d wit h th e 
processin g o f  thes e kind s o f  informatio n 
structure . 

Ther e i s a  considerabl e amoun t  o f 
informatio n o n th e actua l  processin g o f  th e 
dat a structure s correspondin g t o th e firs t  tw o 
component s ~  syntacti c strucmr e an d 
propositions .  A s fo r  th e third ,  th e 
conceptua l  fram e representatio n o f  th e 
knowledg e presente d i n a  text ,  a n importan t 
developmen t  i n thi s researc h ha s bee n th e 
definitio n o f  precis e model s o f  conceptua l 
processin g i n th e for m o f  semanti c 
grammar s simila r  t o propositiona l  gramma r 
use d t o defin e an d mode l  th e generatio n o f 
proposition s (Frederiksen ,  1986 ;  1987) . 

Frederikse n (1986 )  ha s define d on e suc h 
model  a s a  procedura l  gramma r  tha t  consist s 
of  a  serie s o f  rule s tha t  ca n generat e a 
networ k o f  node s an d links ,  calle d a 
"procedura l  frame" ,  o n th e basi s o f  a 
propositiona l  analysi s (Frederiksen ,  1975) . 
A nod e i n a  procedura l  fram e i s define d a s a 
dat a structur e tha t  ha s th e followin g 
information :  a )  a n actio n tha t  accomphshe s 
a goal ,  produce s a  resuh ,  an d ca n b e 
execute d b y someone ,  b )  a  lis t  o f  cas e 
informatio n associate d wit h tha t  action , 
c)  description s o f  relate d object s an d states , 
d)  test s tha t  ar e condition s t o th e executio n 

of  thi s procedure ,  an d e )  variou s link s 
among thes e nodes .  Thos e link s correspon d 

t o propositiona l  structure s i n Frederiksen' s 
model :  th e mos t  c o m m o n on e i n a 
procedura l  fram e i s th e "par t  relation" ,  i n 

whic h a  procedur e i s a  componen t  o f 
another ,  creatin g a  hierarchy .  Othe r  type s o f 

links ,  whic h ma y alte r  th e strictl y 
hierarchica l  aspec t  o f  th e fram e structur e 
includ e algebraic ,  dependency ,  category , 
identity ,  an d goa l  relations . 

The us e o f  a  conceptua l  fram e gramma r 
as a  too l  fo r  th e analysi s o f  procedura l  tex t 
als o assume s tha t  suc h a  gramma r  i s use d b y 
th e reader .  Readin g i s therefor e considere d 
as a  rule-base d proces s tha t  generate s an d 
augment s a  mode l  o f  th e text .  Thi s initia l 
representatio n i s partia l  whe n onl y a  fe w 
sentence s hav e bee n read ,  bu t  i t  guide s an d 
Umit s th e reader' s inferences .  Th e 
representatio n i s augmente d an d modifie d 
throughou t  th e readin g activity .  Th e reader' s 
knowledg e o f  th e possibl e procedura l 
strucmr e o f  th e tex t  help s i n plannin g th e 
readin g an d t o limi t  inference s t o thos e 
require d t o generat e th e model .  W e 
therefor e hypothesiz e tha t  th e processin g o f 
th e conceptua l  strucmr e o f  th e procedura l 
tex t  take s plac e durin g reading . 
Furthermore ,  w e believ e i t  i s possibl e t o 
asses s th e tempora l  locu s o f  thi s 
comprehensio n componen t  b y measurin g 
on-lm e interpretatio n an d readin g time s fo r 

variable s derive d fro m thi s concepma l 
structure .  Reader s tha t  ar e applyin g rule s t o 
generat e th e structur e o f  a  procedura l  tex t 
wil l  activel y searc h fo r  procedura l 
information ,  limitin g propositiona l  an d 
syntacti c processing .  Thi s wil l  reduc e 
readin g time s fo r  sentence s tha t  contai n 
proposition s whic h contai n informatio n 
relevan t  t o th e procedura l  structure . 

The first  objectiv e o f  thi s smd y wa s t o 
determin e i f  informatio n abou t  th e 
conceptua l  representatio n o f  th e procedur e i s 
processe d immediatel y a s th e tex t  unit s ar e 
read ,  o r  i f  a  "buffering "  strateg y delaye d thi s 
processin g unti l  "chunks "  o f  propositiona l 
informatio n hav e bee n generated .  I t  i s 
hypothesize d tha t  conceptua l  processe s take s 
plac e on-lin e an d tha t  th e resultin g 
comprehensio n o f  th e conceptua l 
informatio n i s use d t o reduc e th e processin g 
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loa d durin g reading .  Consisten t  wit h th e 
result s o f  Haberland t  (1980 )  an d Mandle r  & 

G o o d m an (1982) ,  w e als o expec t  tha t  som e 
loca l  bufferin g wil l  tak e place . 

A secon d objectiv e wa s t o tes t  whethe r 
on-lin e interpretatio n o f  tex t  sentence s o r 

multisentenc e "chunks "  woul d reflec t  frame -
generatio n processe s (i.e. ,  selectiv e 
processin g an d inference )  a s ha s bee n foun d 
t o occu r  durin g recall .  I t  wa s hypothesize d 

tha t  th e sam e frame  variable s woul d predic t 
on-lin e interpretatio n a s wel l  a s predic t 
recall . 

Third ,  i t  wa s hypothesize d tha t  a n 
experimenta l  manipulatio n o f  th e tim e o f 
interpretatio n woul d no t  affec t  thes e 
predictions . 

Method 

Text  variable s 
The analysi s o f  th e experimenta l  tex t  o n 

h o w t o collec t  fossi l  bones ,  whic h wa s a n 
unfamilia r  procedur e t o subjects ,  yielde d 
variable s tha t  correspon d t o th e thre e mai n 
componen t  processes .  A t  th e leve l  o f 
sentenc e processin g ou r  predicto r  wa s th e 
number  o f  majo r  clause s an d boun d adjunct s 
(Winograd ,  1983) .  Propertie s relate d t o th e 
generatio n o f  proposition s wer e derive d 
from  th e analysi s o f  th e experimenta l  tex t 
usin g Frederiksen' s propositiona l  gramma r 

(1975 ,  1986) .  Thi s provide d u s a s wel l  wit h 
a measur e o f  propositiona l  densit y (numbe r 
of  proposition s pe r  claus e pe r  sentence )  fo r 
th e secon d component .  Th e contributio n o f 
th e thir d componen t  proces s wa s studie d 
usin g propertie s o f  th e conceptua l  frame 
structure .  Usin g Frederiksen' s (1986 ) 
grammar  fo r  procedures ,  eigh t  mai n sub -
procedure s wer e identifie d whic h explai n 
h o w t o localiz e fossil s an d remov e them , 
h o w t o protect ,  transport ,  an d pu t  the m 
togethe r  again .  Thi s analysi s the n allowe d 
us t o classif y tex t  proposition s accordin g t o 
variou s propertie s o f  thi s representation : 
1)  procedura l  versu s non-procedura l 
propositions ,  2 )  th e type s o f  procedura l 
proposition s (actions ,  states ,  an d links) , 
3)  th e type s o f  non-procedura l  proposition s 
(linke d o r  no t  t o a n action) ,  4 )  th e sub -
procedur e t o whic h a  propositio n belongs , 
5)  proposition s a t  th e beginning ,  middl e o r 
end o f  a  component ,  6 )  an d th e leve l  o f  a 

propositio n i n th e hierarchy ,  whic h i s 
measure d b y th e numbe r  o f  link s separatin g 
an actio n from  th e mai n procedure . 

Subjects 
Subject s wer e thirt y fou r  graduat e 

smdent s from  th e educationa l  psycholog y 

departmen t  a t  McGil l  University .  Th e 

procedur e too k approximatel y 3 0 minute s 
fo r  eac h subject ,  teste d individually . 

Experimental conditions 
The experimenta l  condition s include d 

tw o between-subject s factors :  a )  presentatio n 
conditio n o f  th e tex t  (n o accumulatio n o f 

sentence s o n th e scree n versu s 
accumulation )  an d b )  th e executio n o f  a n on -

lin e interpretatio n tas k (readin g onl y versu s 
readin g an d interpretation) .  W h e n th e 
interpretatio n tas k occurre d wit h n o 
accumulation ,  interpretatio n wa s force d afte r 

eac h thir d sentence ;  whe n i t  occurre d wit h 
accumulation ,  th e interpretatio n wa s unde r 
th e subject' s control . 

Procedure 
Subject s rea d th e tex t  whil e controllin g 

th e rat e o f  presentatio n o f  th e 2 9 sentence s 
of  th e tex t  whic h appeare d on e b y on e o n th e 
scree n o f  a  computer .  T w o kind s o f  dat a 

wer e availabl e fo r  al l  subjects :  sentenc e 
readin g time s an d proposition s whic h wer e 
eithe r  recalle d o r  serve d a s th e basi s fo r  a n 
inferenc e i n th e subject' s protocol .  Fo r 
subject s i n a  tas k requirin g on-lin e 
interpretation ,  measure s o f  recal l  an d 
inferenc e wer e availabl e fo r  thei r  on-lin e 
interpretatio n protocol s a s well . 

A multivariat e repeate d measure s 
analysi s o f  varianc e wa s performe d fo r  eac h 
of  th e predicto r  variables ,  specifie d a s th e 
within-subject s factors .  I n eac h analysis , 
th e experimenta l  condition s wer e th e 

between-subject s factors :  presentatio n 
conditio n an d task ;  an d th e within-subject s 
facto r  wa s on e o f  th e predicto r  variables . 
W h en th e dependen t  variabl e wa s readin g 
time ,  ther e wa s onl y on e within-subject s 
factor ;  whe n th e dependen t  variable s wer e 
base d o n eithe r  th e recal l  o r  on-lin e 

protocols ,  ther e wa s i n additio n a  secon d 
within-subject s factor :  respons e typ e 
(proposition s recalled ,  recalle d wit h loca l 
inference ,  an d inferenc e base d o n th e 
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proposition) .  T h e effect s o f  interes t  ar e 
m a i n effect s o f  eac h predicto r  variable ,  an d 

an y interaction s o f  th e between-subject s 
variable s wit h th e predicto r  variables . 

Results and Discussion 

Effect s  o f  experimenta l  condition s 
One objectiv e o f  thi s stud y wa s t o 

establis h tha t  th e us e o f  a n on-lin e 
interpretatio n procedur e di d no t  affec t  th e 
norma l  comprehensio n o f  th e text .  Ther e 
wer e n o significan t  mai n effect s o f  thes e 
factor s i n an y o f  th e thirt y analyse s o f 
variance .  Onl y fou r  borderlin e significan t 
interaction s o f  experimenta l  tas k wer e 
found ,  whic h i s les s tha n woul d b e expecte d 
due t o chance .  Sinc e ther e wa s n o effec t  du e 
t o th e "chun k versu s forced "  interpretatio n 
tas k condition ,  ther e i s n o evidenc e tha t 
chunkin g occur s a s a  genera l  bufferin g 
strategy . 

Consistency of recall and 
interpretatio n dat a 
As ma y b e see n i n Table s 1  an d 2 , 

significan t  effect s occurre d fo r  al l  bu t  on e o f 
th e predicto r  variable s fo r  th e recal l  data . 
Thes e involve d (wit h th e exceptio n o f  "sub -

procedur e boundaries" )  bot h significan t 
mai n effect s an d interaction s wit h respons e 
types .  Thus ,  ther e wa s selectiv e processin g 
associate d wit h thes e variable s a s wel l  a s 
differentia l  inference .  W h e n th e on-lin e 
interpretatio n dat a wer e predicted , 

significan t  mai n effect s o r  interaction s 
occurre d fo r  al l  bu t  th e "mai n sub -
procedures "  variable .  I n th e cas e o f  "non -
procedura l  propositions "  an d "leve l  i n th e 
structure" ,  th e effect s wer e foun d entirel y i n 
interaction s involvin g respons e type s (i.e. , 
exten t  o f  inferences) .  Thu s th e effect s sho w 
up mor e i n th e inference s tha n i n recal l  o f 
propositions .  Thes e difference s betwee n 
selectiv e processin g ar e t o b e expecte d sinc e 
i n th e on-lin e tasks ,  th e propositiona l 
informatio n wa s mor e recentl y availabl e t o 
th e subject s an d therefor e easie r  t o recall . 
However ,  othe r  tha n thes e differences ,  th e 
result s wer e identica l  wit h recal l  an d on-lin e 
interpretatio n data .  Thu s th e result s wer e 
clearl y consisten t  wit h th e "on-line "  model , 
tha t  is ,  selectiv e processin g doe s occu r  on -
line ,  an d the y indicat e tha t  th e us e o f  th e on -
lin e interpretatio n tas k di d no t  influenc e th e 
norma l  processin g o f  th e text . 

TABLE 1 
Summary o f  Significan t  Effect s fo r  Predicto r  Variables . 

Conceptua l  structur e 
Types o f  Proposition s 
Procedura l  Proposition s 
Descriptiv e Proposition s 
Mai n Sub-Procedure s 
Sub-Procedur e Boundarie s 
Leve l  i n th e Procedur e 

Propositio n leve l 
Propositiona l  Densit y 

Sentenc e leve l 
Number  o f  Clause s 

Recal l 
Mai n 

0.000 1 
0.000 1 
0.000 1 
0.000 1 
n.s . 
0.0 1 

0.000 1 

0.000 1 

Inte r 

0.000 1 
0.000 1 
0.00 1 
0.000 1 
0.0 5 
0.000 1 

0.0 1 

0.0 5 

On-lin e 
Mai n 

0.000 1 
0.000 1 
n.s . 
n.s . 
n.s . 
n.s . 

0.0 1 

0.00 1 

Inte r 

0.000 1 
0.000 1 
0.0 5 
n.s . 
0.00 1 
0.0 1 

0.0 1 

0.0 1 

Readin g tim e 
Mai n 

0.0 5 
0.000 1 
0.000 1 
0.000 1 
0.000 1 
0.000 1 

0.000 1 

n.s . 

Effect s involvin g sentenc e a n d 
proposit iona l  level s o f  processin g 
T h e predicto r  variabl e reflectin g 

proposition-leve l  processin g p roduce d 
significan t  effect s o n al l  dependan t 
measures ,  whi l e th e variabl e reflectin g 
sentenc e processin g h a d n o significan t 
effect s fo r  readin g times .  Propositiona l 

densit y h a d a  significan t  curvilinea r 
relationshi p t o readin g t im e (figur e 1 ) ,  i n 
w h i c h a  plo t  o f  readin g t im e agains t  densit y 
w as fla t  unti l  densit y level s ove r  seven ; 
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afte r  a  densit y o f  seve n proposition s pe r 

clause ,  th e curv e positivel y accelerated^ . 

V) 

16- 1 

14 • 

12-

10-

8. 

6-

4-

2-

0 
1-2 3 ^  5- 6 

Propositional Density 

7+ 

Figur e 1 .  Readin g Time s fo r  Sentence s havin g 
Differen t  Level s o f  Propositiona l  Densit y 

Effects involving processing of 

conceptua l  f r a m e informatio n 

Procedura l  informatio n 
R e a d i n g t ime s fo r  sentence s encodin g 

procedura l  proposition s w e r e faste r  tha n fo r 
sentence s encod in g n  on-procedura l 
propositions .  Thi s reductio n i n readin g 
t ime s indicate s tha t  w h e n informatio n f ro m 
th e conceptua l  strucmr e i s encountere d ther e 
i s a  facilitatio n effect .  W e als o observ e tha t 
sentence s wit h proposition s representin g 
actions ,  w h i c h ar e th e m o s t  importan t  i n a 
procedure ,  ar e rea d faste r  tha n sentence s 
wit h state s o r  links .  Thes e result s ar e 
consisten t  wit h th e hypothesi s tha t  a 
procedura l  m o d e l  i s generate d on-lin e durin g 
readin g rathe r  tha n accordin g t o a  genera l 
"buffering "  strateg y i n w h i c h c h u n k s o f 
proposition s ar e store d i n a  buffe r  prio r  t o 
frame-generation . 

Non-Procedural Descriptive 
Proposition s 
W e ca n fin d i n th e text ,  alon g wit h th e 

procedura l  information ,  description s tha t  ar e 
no t  directl y pertinen t  fo r  th e executio n o f  th e 
genera l  procedure .  T h e s e description s ar e 

^  On e o f  th e thre e sentence s tha t  shoul d hav e bee n 
include d i n th e propositione d densit y categor y o f  7  o r  mor e 
projjosition s pe r  claus e ha d t o b e eliminated .  Sinc e i t 
consiste d o f  a  lis t  o f  tools ,  subject s ofte n trie d t o memoriz e 
th e lis t  b y rereading ,  thu s usin g a  strateg y tha t  increase d 
readin g time s fo r  reason s othe r  tha n th e processin g o f  bot h 
propositiona l  an d syntacti c aspect s o f  th e sentence . 

forme d b y a  se t  o f  proposition s tha t  ca n b e 

linke d t o a  procedur e (e.g. ,  a  descriptio n o f 
th e locatio n wher e fossil s ca n b e found) ,  o r 

presen t  informatio n tha t  i s no t  directl y 

pertinen t  (e.g. ,  wha t  a  fossi l  i s  m a d e of) . 
Longe r  readin g time s fo r  sentence s wit h 

proposition s tha t  ar e non-linke d wer e foun d 
t o b e a n indicatio n o f  th e greate r  difficult y o f 
integratin g thi s informatio n int o th e 

procedura l  m o d e l  o f  th e text . 

Procedural components 
Sentence s containin g proposition s f ro m 

th e eigh t  sub-procedure s varie d significantl y 
i n th e averag e tim e i t  take s t o rea d them . 
Thes e diffe r  i n m a n y w a y s :  a )  th e n u m b e r  o f 
proposition s the y contain ,  b )  th e type s o f 
link s a m o n g procedures ,  c )  th e n u m b e r  o f 
level s spanne d i n th e hierarchy ,  an d d )  th e 
m a n n er  i n wh i c h th e proposition s tha t 
c o m p o s e t h e m ar e Unearize d i n th e text . 
Thi s las t  property ,  th e linearizatio n o f  a 
conceptua l  strucmre ,  i s a  fairl y c o m p l e x 
aspec t  o f  thi s leve l  o f  processin g sinc e th e 
variou s proposition s o f  a  sub -componen t  ca n 
b e c o m b i n e d i n th e tex t  i n variou s w a y s .  I n 
fact ,  m a n y text s coul d theoreticall y b e 
generate d f ro m th e s a m e c o n c e p m a l 
structure .  W h i l e th e differentia l  processin g 
o f  procedura l  c o m p o n e n t s i s supporte d b y 
th e patter n o f  readin g times ,  i t  i s  impossibl e 
t o orde r  c o m p o n e n t s i n term s o f  thei r 
complexity . 

Procedura l  c o m p o n e n t  boundar ie s 
Interactio n effect s wit h respons e type s 

wer e foun d fo r  bot h recal l  an d interpretatio n 
data ,  bu t  ther e wa s n o mai n effect .  A s 
reader s progresse d toward s th e en d o f  a 
component ,  the y wer e makin g mor e 
inference s an d les s recal l  o f  propositions . 
The significan t  increas e i n readin g tim e fo r 
sentence s tha t  contai n proposition s a t  th e 

end o f  component s (figur e 2) ,  a s wel l  a s th e 

increas e o f  inference s fo r  thos e sam e 
proposition s (figur e 3) ,  reveal s tha t 
integrativ e processe s occu r  a t  th e en d o f  a 
component .  Thi s phenomeno n als o ha s bee n 
documente d i n researc h o n episod e unit s i n 
narratio n o f  Haberland t  (1980) ,  Haberlandt , 
Berian ,  &  Sandson ,  (1980) ,  an d o f  Mandle r 

& G o o d m a n (1982) . 

80 



RENAUD &  FREDERKSEN 

T3 
C 
o 

1 6 , 

14 J 

12-

10-

8-

6-

4-

2-

0-

Firs t  Middl e Las t 
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Figur e 2 .  Readin g Time s fo r  Sentence s wit h 

Proposition s a t  th e Sub-Procedur e Boundarie s 
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Firs t  Middl e Us l 

Sub-Procedur e Boundarie s 

Figures. On-Line Responses for Propositions at the 
Sub-Procedur e Boundarie s 

Levels in the procedural hierarchy 
The numbe r  o f  link s separatin g th e mai n 

procedur e fro m it s sub-procedure s indicate d 
th e presenc e o f  fou r  level s i n th e procedura l 
hierarchy .  A  compariso n o f  th e average s o f 
sentenc e readin g time s fo r  thi s variabl e 
reveale d a  significan t  effect .  Sentence s 
containin g proposition s a t  th e firs t  an d las t 
level s wer e rea d faste r  tha n thos e a t  th e 
secon d o r  thir d levels ,  whic h ar e rea d a t  a 
slowi r  rate .  A  tren d analysi s o f  thi s curv e 
reveale d a  stron g cubi c component ,  whic h i s 
presente d i n figur e 4 . 

Thi s phenomeno n ca n b e interprete d o n 
th e basi s o f  characteristic s o f  th e conceptua l 
representatio n o f  th e text :  whe n a  procedura l 
nod e mus t  b e linke d t o th e res t  o f  th e 

conceptua l  structure ,  readin g tim e shoul d 
increas e a s a  functio n o f  th e numbe r  o f  link s 

tha t  mus t  b e generated .  Thus ,  a t  th e firs t 
leve l  w e fin d th e proposition s tha t  represen t 

2 3 

Frame Level 

Figur e 4 .  Readin g Time s fo r  Sentence s havin g 
Proposition s a t  Differen t  Level s i n th e ftocedure 

the eight main sub-procedures, each having 
a singl e lin k t o th e mai n procedure . 
Sentence s containin g proposition s a t  thi s 
leve l  shoul d b e rea d faste r  tha n thos e a t  th e 
secon d level .  Ther e shoul d b e n o differenc e 
i n tim e require d t o rea d sentence s wit h 
procedure s a t  th e secon d an d thir d level s 
sinc e the y hav e t o b e linke d t o 
approximatel y th e sam e numbe r  o f  nodes : 
wit h th e superordinat e nod e an d wit h on e o r 
many subordinat e node(s) .  Readin g time s 
shoul d decreas e fo r  sentence s wit h 
proposition s a t  th e las t  leve l  i n th e hierarch y 
sinc e a  singl e lin k exist s betwee n eac h 
procedura l  nod e an d it s superordinat e node . 

Thes e result s see m t o contradic t  thos e o f 
Ciril o &  Fos s (1980 )  w h o foun d tha t  readin g 
time s increase d a s a  functio n o f  proposition s 
i n th e level s o f  th e hierarchy .  Thi s 
differenc e i s du e mainl y t o th e fac t  tha t  thei r 
hierarch y i s base d o n th e overla p o f 
argument s i n memor y whe n processin g 
proposition s (Kintsc h &  va n Dijk ,  1978) , 
whic h reflect s th e coherenc e o f  th e tex t 
rathe r  tha n it s conceptua l  representatio n 
(Ciril o &  Foss ,  1980) . 

Conclusion 
Al l  variable s specifie d us in g th e 

conceptua l  structur e o f  th e procedura l  tex t 
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produce d significan t  effect s fo r  readin g 
time s a s we U a s o n recal l  an d (wit h th e 
exceptio n o f  fram e components )  o n th e on -
lin e interpretation .  Thes e result s confir m th e 

hypothesi s tha t  selectiv e conceptua l 
processin g o f  tex t  informatio n occur s on -

line .  However ,  conclusion s concernin g th e 
locu s o f  concepuia l  processin g o f  a  tex t 

requir e analysi s o f  th e relationshi p o f 
processin g tim e t o propositiona l  informatio n 
actuall y generate d on-lin e an d durin g recall . 

Analysi s o f  th e recal l  an d on-lin e dat a 
confirmed  tha t  a  decreas e i n readin g tim e fo r 

sentence s tha t  contai n procedura l 
informatio n wa s accompanie d b y a n increas e 

i n high-leve l  inferences .  Thes e result s 
replicat e thos e alread y obtaine d fo r 
measure s o f  recal l  an d inferenc e wit h th e 
same text ,  bu t  wit h younge r  childre n 
(Frederiksen ,  1987) . 

Thi s covariatio n o f  readin g tim e wit h 

propositiona l  an d conceptua l  informatio n 
generate d i s consisten t  wit h a  paralle l  an d 
modula r  mode l  i n whic h lower-leve l 
processin g i s reduce d whe n informatio n i s 
processe d concepmally . 

We observed ,  however ,  a  differen t 
patter n fo r  sentence s wit h proposition s a t  th e 
end o f  a  sub-procedure .  I n thi s instanc e a n 
increas e i n readin g tim e correlate d wit h a n 
increas e i n high-leve l  inference .  W e ca n 
interpre t  thi s a s a n indicatio n tha t  sub -
procedure s ar e processe d on-line ,  bu t  tha t 
the y ar e no t  integrate d immediately .  Rather , 
i t  seem s t o reflec t  a  bufferin g strateg y i n 
whic h propositiona l  informatio n i s store d 
temporall y unti l  th e en d o f  a  componen t  i s 
reache d an d the n th e informatio n i s 
integrate d int o th e procedura l  fram e 
(Kintsc h &  va n Dijk ,  1978) . 

The effec t  o f  th e leve l  o f  a  propositio n i n 
th e hierarch y o n sentenc e readin g tim e als o 
suggest s tha t  th e proces s o f  generatin g 
comple x concepma l  network s i s a  distinc t 
proces s tha t  i s reflectin g th e natur e o f  th e 
network . 

Finally ,  thes e result s involvin g th e effec t 
of  conceptua l  structure s o n th e on-lin e 
processin g an d recal l  o f  sentence s ar e 
entirel y compatibl e wit h th e rule-base d 
model ,  tha t  is ,  th e notio n tha t  a  reade r 

generate s a  conceptua l  mode l  o f  a  tex t  b y 

applyin g semanti c rule s t o th e tex t 
information .  I n addition ,  readin g tim e wa s 

foun d t o reflec t  th e networ k propertie s o f  th e 

structur e bein g generate d a s wel l  a s th e 

natur e o f  th e rule s bein g appUed . 
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Abstrac t 
Storie s concernin g multipl e agent s wit h inter -
actin g goal s an d plan s ar e difficul t  t o under -
stand ;  th e tas k ca n b e simplifie d however ,  i f 
a progra m i s give n sufficien t  knowledg e o f  so -
cia l  structures .  Representation s o f  socia l  as -
pect s o f  th e stor y ma y als o b e necessar y com -
ponent s o f  a  satisfactor y understandin g o f  th e 
story ;  here ,  w e conside r  th e distinction s whic h 
must  b e representabl e t o suppor t  th e tas k o f 
advice-givin g i n th e social-domain . 

Thi s pape r  elaborate s o n establishe d goa l 
taxonomie s i n orde r  t o captur e distinction s 
among goal s embedde d i n a  socia l  context ; 
thes e distinction s serv e bot h a s th e basi s fo r 
choosin g advic e an d a s inferentia l  shortcuts . 
I t  goe s o n t o explor e way s i n whic h suc h so -
cia l  goal s ca n b e predicte d fro m a  detaile d un -
derstandin g o f  th e convention s definin g socia l 
structure s linkin g th e variou s agents .  Social -
units ,  aocial-situaliona ,  an d triangle s ar e intro -
duce d a s conceptua l  structure s whic h organiz e 
interpersonal-themes .  Th e goal s predicte d b y 
thes e theme s provid e a  focu s fo r  motivationa l 
and impac t  inference s whic h woul d otherwis e 
be lacking .  Thes e an d relate d structure s als o 
allo w som e direc t  prediction s o f  actions ,  a s 
when a  social-situatio n provide s scripta l  spec -
ificatio n o f  actio n sequence s o r  whe n a  con -
trac t  underlyin g a  social-uni t  license s specifi c 
recourse s i n respons e t o obligatio n failures . 

I .  A B B Y th e A d v i c e Give r 

Stor y understandin g ha s progresse d fro m under -
standin g script y storie s [2] ,  [3] ,  t o simpl e pla n base d 

sequence s [14] ,  t o m o r e comple x storie s o f  multi -

pl e agent s wit h interactin g plan s an d goals .  Rel -
ativel y littl e attentio n ha s bee n pai d t o represent -

in g th e detail s o f  th e socia l  contex t  i n whic h th e 

agent s ac t  ou t  th e story ;  typically ,  program s eithe r 

assum e a  fixe d cas t  o f  character s wit h fixed  goa l 
structure s [l] ,  o r  limi t  th e rang e o f  possibl e rela -

tionship s a m o n g agent s [4] .  T h e firs t  approac h i s a n 
unrealisti c simplificatio n i n mos t  cases ;  th e secon d 

throw s awa y a  potentiall y  ric h sourc e o f  expecta -
tions . 

Embedd in g agent s i n a  socia l  contex t  shoul d 

jictuall y simplif y th e tas k o f  understandin g b y pro -
vidin g expectation s abou t  likel y goal s an d plans ; 

so lon g a s suc h expectation s ar e no t  consistentl y 
wrong ,  the y wil l  serv e t o effectivel y restric t  th e 

a m o u nt  o f  inferenc e require d t o m a k e sens e o f  th e 
story .  Furthermore ,  explici t  representatio n o f  th e 

story' s socia l  contex t  m a y actuall y for m a  neces -

sar y par t  o f  a  satisfactor y understandin g fo r  s o m e 
purpos e [11] . 

Thi s pape r  report s wor k don e i n th e contex t  o f 

th e A B B Y project .  A B B Y i s a  story-tellin g advice -

give r  fo r  th e socia l  domain .  N a m e d i n hono r  o f 
th e legendar y Abigai l  VanBeure n o f  th e syndicate d 
newspape r  co lum n Dea r  Abby ,  A B B Y reads *  storie s 

describin g lovelor n situation s an d respond s wit h ad -
vic e couche d i n th e for m o f  a  story .  Essentially , 
A B B Y i s hal f  o f  a  case-base d plannin g syste m [9] , 
[5] ,  [6 ]  — modelin g m e m o r y ,  proble m understand -

ing ,  an d cas e retrieval .  It s abilit y t o find  relevan t 

case s i n m e m o r y depend s o n a  ric h representatio n 
bot h o f  th e case s i n m e m o r y an d o f  th e inpu t  case . 

Thi s researc h wa s supporte d i n par t  b y th e Advance d 
Researc h Project s Agenc y o f  th e Departmen t  o f  Defens e an d 
monitore d b y th e Offic e o f  Nava l  Researc h unde r  contrac t 
N00014-85-K-0108 . 

'Lackin g a  parser ,  th e curren t  Implementatio n o f  A B B Y 
does no t  actuall y rea d anything ,  rathe r  i t  i s  give n a  repre -
sentatio n o f  th e inpu t  i n term s o f  suc h abstrac t  categorie s a s 
coul d easil y b e extracte d fro m a  natura l  languag e versio n o f 
th e story .  Tha t  i s t o sa y marriag e o f  a  ma n an d a  woman a s 
oppose d t o rushe d marriag e o f  frivolou a high-ichoo l  sweethearts . 
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Th e progra m operate s b y viewin g an y ne w inpu t 

as bein g lik e s o m e ^ h e r  situatio n i t  ha s alread y en -

countered ;  i t  sort s input s int o th e categorie s define d 

by it s experiences .  W h e n A B B Y tell s a  stor y a s ad -

vice ,  i t  i s no t  simpl y becaus e a  stor y i s a  goo d wa y 

t o communicat e a  poin t  (whic h i t  is) ,  bu t  becaus e 

tha t  pas t  experienc e contribute d significantl y t o it s 

understandin g o f  th e input . 

Conside r  thi s exampl e o f  a  stor y handle d b y 

ABBY: 

Dear  ABBY , 
My boyfriend ,  Joe ,  an d I  hav e bee n 

goin g togethe r  fo r  3  years ,  an d w e ar e 

jus t  abou t  t o graduat e fro m high-school . 

We lov e eac h othe r  mor e tha n anything , 

an d w e wan t  t o ge t  married .  M y par -

ents ,  though ,  sa y w e shoul d wai t  unti l  Jo e 

get s som e kin d o f  jo b an d save s u p enoug h 

money.  W e thin k tha t  sinc e w e lov e eac h 

othe r  w e shoul d b e together .  Job s an d 

money wil l  wor k themselve s out .  H o w ca n 

we convinc e ou r  parents ? 
-  Alread y Read y 

Appropriat e advic e fo r  thi s inpu t  coul d com e 

fro m a  remindin g o f  anothe r  cas e o f  rushe d marriag e 
of  high-schoo l  sweethearts . 

Dear  Alread y Ready , 

I  kne w a  couple ,  Brend a an d Eddie , 
w ho rushe d int o marriag e a s soo n a s the y 

got  out  o f  hig h school. ^  The y ha d bee n go -

in g togethe r  fo r  year s an d wer e th e mos t 

popula r  coupl e i n thei r  class .  Eve n so ,  ev -

eryon e tol d the m the y woul d neve r  mak e 
i t  i n marriage .  Al l  the y kne w abou t  wa s 

th e fu n the y ha d together .  Neithe r  on e 
ha d eve r  ha d t o wor k fo r  an y mor e tha n 

pocke t  money ;  earnin g enoug h t o bu y ga s 

an d malted s isn' t  th e sam e a s supportin g a 
household .  The y learne d tha t  fas t  enough . 

Thei r  marriag e laste d onl y a  fe w month s 

— jus t  abou t  a s lon g a s thei r  savings . 

-  ABB Y 

A B BY mus t  b e judge d o n th e qualit y o f  it s  re -

mindings .  Withi n th e paradig m o f  case-base d rea -

^This story is actually adapted from a song by Billy Joel, 
Scenes fro m a n Italia n Rettauran l  of f  fii s  albu m Th e Stranger . 
Thoug h I  don' t  thin k I'v e listene d t o i t  i n years ,  i n th e con -
tex t  o f  thi s work ,  I'v e latel y ha d troubl e keepin g i t  ou t  o f  m y 
head;  I  mentio n thi s t o credi t  Bill y  Joel ,  an d a s evidenc e o f 
how memorabl e a  goo d stor y ca n be . 

soning ,  expertis e result s fro m massiv e experience ; 

a memor y stocke d wit h problem s carryin g observe d 

or  generate d solution s provide s a  reasonabl e gues s 

at  a  goo d pla n i n an y ne w situation .  Thoug h th e 

curren t  implementatio n ha s bu t  o n th e orde r  o f  a 

hundre d case s i n memory ,  an d i s  onl y planne d t o 

contai n o n th e orde r  o f  a  thousan d cases ,  th e inten t 

i s t o mode l  a  h u m a n expert' s  memor y wit h it s ten s 

or  hundred s o f  thousand s o f  cases .  I f  w e imagin e 

a syste m wit h a  memor y a s ric h i n experienc e a s 

th e rea l  "Dea r  Abby" ,  o r  eve n a s th e averag e adult , 

we ca n begi n t o as k wha t  feature s woul d differen -

tiat e on e experienc e fro m another .  W h a t  make s 

one episod e a  bette r  remindin g tha n another ? Thi s 

raise s th e questio n o f  representation .  I f  on e remind -

in g i s  reall y bette r  advic e tha n another ,  the n th e 

difference s tha *  mak e th e differenc e mus t  b e repre -

sentable . 

A B B Y ' s representationa l  ontolog y include s 

many o f  th e conceptua l  classe s introduce d b y ear -

lie r  wor k i n stor y understandin g [10] ,  [l],[8],[4],[9] . 

Ther e ar e individual s representin g states ,  actions , 

things ,  agents ,  themes ,  goals ,  preferences ,  affects , 

plu s concept s fo r  tempora l  an d causa l  linkages ,  a s 

wel l  a s large r  aggregat e structure s suc h a s M O P s , 
TOPs,  an d XPs .  I n keepin g wit h A B B Y ' s focu s o n 

classification ,  eac h o f  thes e broa d classe s dominate s 

a detaile d hierarch y o f  specialize d variants . 

Thes e representation s mus t  facilitat e detaile d 

analysi s o f  th e story' s fact s i n term s o f  thei r  im -
pact s o n characters '  goals ,  wit h a n emphasi s o n in -

stance s o f  goa l  failure ;  faile d an d threatene d goal s 

ar e th e problem s abou t  whic h A B B Y give s advice . 

Th e majo r  difficult y fo r  A B B Y i s  tha t  th e spac e 

of  possibl e goal s i s  nearl y unlimited ,  an d th e link -
age fro m reporte d fact s t o thos e goal s m a y b e arbi -
traril y  indirect ;  wit h enoug h ingenuity ,  nearl y an y 

fac t  ca n b e show n t o impac t  nearl y an y goal .  Th e 

searc h fo r  relevan t  goal s — thos e goal s tha t  eithe r 

motivate d stor y actions ,  fortuitousl y benefite d fro m 
thos e actions ,  o r  suffere d becaus e o f  the m — mus t 

be limited . 

Limitin g thi s searc h require s predictiv e knowl -

edg e o f  wha t  type s o f  goal s th e character s ar e likel y 

"t o actuall y hold ,  an d wha t  type s o f  goal s ar e mos t 

likel y t o b e affecte d b y reporte d an d infere d facts . 

Thi s pape r  focuse s o n som e o f  th e representationa l 

machiner y develope d t o suppl y thes e expectations . 

Followin g [10] ,  A B B Y use s severa l  classe s o f  theme s 

as explanator y an d predictiv e organizer s o f  goals . 

Afte r  elaboratin g a  taxonom y o f  goal s specificall y 
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fo r  socia l  contexts ,  thi s pape r  discusse s ho w A B B Y 

derive s agents '  tb'e^e s fro m membershi p i n social -

unit s an d ad-ho c groups ,  an d fro m participatio n i n 

social-situation s an d triangles . 

II. Goals: What do People 

Want Anyway? 

Much work has been done in elaborating goal tax-

onomies .  Ou r  poin t  o f  departur e i s th e taxonom y 

propose d i n [10] .  A m o n g th e distinction s m a d e 

there ,  th e mos t  importan t  fo r  presen t  purpose s 

ar e thos e betwee n satisfaction ,  achievement ,  an d 

preservatio n goals . 

Satisfactio n goal s ar e thos e tha t  requir e re -

peate d attention ;  the y m a y b e satiate d a t  on e time , 

but  eventuall y — a s originall y proposed ,  o n som e 

biologicall y determine d schedul e — the y wil l  agai n 

demand attention .  I n A B B Y ,  almos t  al l  goal s ar e 

roughl y o f  thi s form ,  subjec t  t o th e generalizatio n 
tha t  w e ar e n o longe r  jus t  talkin g abou t  biologica l 
drive s a s fo r  food ,  sleep ,  o r  sex .  Unde r  thi s broad-
ened interpretation ,  almos t  al l  possessio n goal s t o 

fi t  here .  Fo r  m a n y thing s i t  i s  no t  enoug h t o jus t 
posses s the m once ;  mone y fo r  instanc e get s spent , 
and the n yo u nee d t o ge t  more .  Thi s i s contrar y t o 
th e origina l  classificatio n i n [lO ]  whic h count s pos -
sessio n goal s amon g th e achievemen t  goals .  Th e 

prototypica l  achievemen t  goa l  thoug h i s somethin g 
lik e wantin g t o marr y somone ;  tha t  is ,  it s  objec t  i s 

a stat e tha t  yo u achiev e onc e an d the n maintain . 

Thi s i s th e for m i n whic h achievemen t  goal s appea r 

i n A B B Y . 
Finally ,  preservatio n goal s a s presente d i n [10 ] 

ar e reactiv e goal s — the y com e int o bein g whe n 

an agen t  percieve s a  threa t  t o som e desire d state . 

I n A B B Y ,  thi s notio n i s  generalize d b y introduc -
in g maintenanc e goals .  Maintenanc e goal s alway s 
exis t  fo r  a  desire d state ;  the y accoun t  bot h fo r  th e 

spawnin g o f  P-goal s i n respons e t o a  threat ,  an d 

fo r  anticipator y plan s aime d a t  maintainin g th e de -

sire d state .  Conside r  th e goa l  maintain-health ;  th e 

standar d pla n o f  schedulin g regula r  checkup s wit h 
doctor s an d dentist s i s intende d t o maintai n healt h 

withou t  needin g t o experienc e a n imminen t  threat . 

A. Social Goals 

I n a  socia l  context ,  importan t  goal s includ e wha t 

one want s fo r  another ,  wha t  on e ca n d o fo r  another , 

what  on e ca n ge t  fro m another ,  an d wha t  a  grou p 

ca n d o togethe r  fo r  som e members ,  al l  members ,  o r 

non-members .  I f  w e star t  wit h som e basi c biologica l 

goal  stat e suc h a s satiate-hunge r  — X  want' s X' s 

hunge r  satiate d — socia l  variant s o f  thi s goa l  woul d 

include : 

•  X  want s Y' s hunge r  satiate d 

•  X  want s Y' s hunge r  satiate d b y X 

•  X  want s Y' s hunge r  satiate d b y Y 

•  X  want s Y' s hunge r  satiate d b y Z 

•  X  want s X' s hunge r  satiate d b y Y 

Such distinctions make sense when we consider 
belief s suc h as :  parent s ough t  t o fee d thei r  children . 

N ow a  chil d ca n g o beggin g i n th e stree t  an d ge t 

somethin g t o ea t  — tha t  wil l  tak e car e o f  th e chil d 

gettin g fe d — bu t  i t  doe s no t  mee t  th e origina l  goa l 

specification ;  w e stil l  hol d tha t  th e paren t  ha s faile d 
t o mee t  a n expecte d obligation .  Considere d fro m 
th e child' s perspective ,  thi s m a y simultaneousl y b e 

a goa l  succes s an d a  goa l  failure :  i t  didn' t  jus t  wan t 
t o eat ,  i t  wante d t o b e fed ,  an d i t  wante d t o b e 
fe d b y it s parents .  Thes e distinction s matte r  t o th e 

exten t  tha t  failure s o f  goal s an d obligation s matter . 
I n th e socia l  worl d the y matte r  quit e a  bit ;  w e woul d 

understan d i f  th e chil d hel d a  grudg e agains t  it s 
parent s fo r  thi s percieve d failure ,  an d i f  thi s ha d 

some futur e consequences . 

Not  surprisingly ,  th e sam e socia l  variant s ap -
pear  whe n dealin g wit h overtl y socia l  goals ,  goal s 

les s directl y couple d t o biology .  Conside r  th e goa l  t o 

star t  dating .  I t  i s  importan t  t o notic e tha t  wantin g 
t o ge t  a  dat e i s differen t  fro m wantin g t o dat e some -

one i n particular .  A n advice-give r  mus t  notic e th e 
differenc e betwee n X  wantin g t o star t  datin g Y  an d 

X' s mothe r  wantin g X  t o star t  datin g Y .  I t  i s  rea -

sonabl e t o conside r  ho w X  feel s abou t  othe r  agents ' 

goal s fo r  him ;  a  mothe r  wit h suc h goal s migh t  b e 
a particula r  typ e o f  mothe r  tha t  w e kno w some -

thin g abou t  — perhap s w e hav e specifi c  advic e fo r 
ho w t o dea l  wit h push y pryin g mother s mixin g int o 

thei r  childrens '  socia l  lives . 
Socia l  goa l  variant s ca n b e furthe r  differenti -

ate d base d o n th e relationship s holdin g betwee n 

th e X's ,  Y's ,  an d Z's .  W e hav e specifi c  knowledg e 

abou t  th e condition s unde r  whic h certai n goal s ar e 

required ,  appropriate ,  expecte d o r  forbidden ;  thos e 

condition s ofte n depen d o n th e relationship s hold -

in g betwee n agents .  Conside r  th e mutua l  goa l  hav -

in g se x wit h someone .  I f  th e agent s involve d ar e 

husban d an d wif e thi s i s a  norma l  goal ,  i n fac t  i t  i s 

an obligatio n o f  marriage .  I f  th e pai r  ar e lover s i t 
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m ay no t  b e obligatory ,  bu t  it s certainl y normal .  I f 

th e agent s ar e brothe r  an d siste r  — o r  i n fac t  an y 

clos e relatio n — th e desir e i s considere d taboo . 

Ther e ar e stil l  othe r  importan t  distinction s 

a m o ng goal s i n socia l  contexts .  W h e n X  ha s a 

goa l  wit h respec t  t o Y ,  w e frequentl y ca n predic t 

whethe r  Y  want s X  t o pursu e tha t  goal .  Parent s 

want  thei r  childre n t o b e fed ;  childre n wan t  thei r 

parent s t o ac t  o n tha t  goal .  Suc h goal s ar e desire d 

goals ;  i f  X  satisfie s th e goa l  wit h respec t  t o Y ,  Y 

i s als o havin g a  goa l  satisfied ,  i f  X  fails ,  Y  ha s a 

failur e a s well .  Desire d goal s ar e a  shorthan d tha t 

facilitat e noticin g impacts ,  bot h positiv e an d nega -

tive ;  knowin g tha t  a  theme-partne r  wa s helpe d o r 

hur t  als o aid s i n propogatin g affec t  inferences . 

Othe r  goal s m a y b e classe d a s balance d goals . 

Thes e ar e paire d goal s wher e X  ha s a  goa l  wit h 

respec t  t o Y ,  an d Y  ha s a  simila r  goa l  wit h re -
spec t  t o X .  A s a n exampl e conside r  th e goa l  ensure -

happines s tha t  normall y hold s betwee n romanti c 

partners .  W h e n A B B Y notice s X' s goa l  i s  relevant , 

i t  i s  wort h considerin g i f  Y' s balancin g goa l  i s  als o 

relevant .  Fo r  instance ,  whe n th e goal s ar e bot h bal -

ance d an d desired ,  failur e o f  on e may ,  unde r  th e 

strateg y o f  "ti t  fo r  tat "  lea d t o failur e o f  th e other ; 

i f  X  fail s  t o mak e Y  happy ,  Y  m a y refrai n fro m 

makin g X  happy . 
Closel y relate d t o balanced-desire d goal s ar e 

what  Seifer t  ha s calle d mutua l  goal s [ll] ,  tha t  is , 

goal s whos e objec t  states ,  b y definitio n o r  b y socia l 
convention ,  requir e th e cooperativ e effort s o f  mul -

tipl e agents .  Example s includ e spendin g time ,  con -
versing ,  an d startin g o r  maintainin g a  relationship . 

Seifer t  ha s elaborate d i n grea t  detai l  inference s an d 

strategie s specifi c  t o mutua l  goal s [12] . 

B. Subsumption Goals 

A larg e clas s o f  socia l  goal s ca n b e viewe d a s goal s 

fo r  abstrac t  possession .  Thi s i s intende d a s a  gener -
alizatio n o f  norma l  possessio n goals ,  s o tha t  w e ca n 

spea k no t  onl y o f  a n agen t  wantin g tangibl e item s 

lik e food ,  clothing ,  o r  money ,  bu t  als o o f  intangi -

ble s lik e company ,  respect ,  an d love .  Thi s notio n o f 

abstrac t  possessio n — o f  havin g somethin g — sug -

gest s th e companio n socia l  goal s o f  givin g an d get -

tin g thes e objects .  Again ,  ther e ar e man y possibl e 

socia l  variants : 

•  X  want s X  t o hav e O 

•  X  want s Y  t o hav e O 

•  X  want s X  t o ge t  O 

•  X  want s Y  t o ge t  O 

• X wants X to give O 

• X wants Y to give O 

• X wants X to give O to Y 

• X wants Y to give O to X 

•  X  want s Y  t o giv e O  t o Z 

Possession of an object O is generally desired 

i f  O  i s instrumenta l  t o som e othe r  goal .  Havin g 

foo d i s a  goa l  subsumptio n stal e tha t  help s i n achiev -

in g recurrin g goa l  t o satiate-hunger .  A  stat e sub -

sumes anothe r  goal-stat e i f  achievin g th e subsump -

tio n stat e make s i t  trivia l  t o repeatedl y achiev e th e 

goal-stat e [13] .  I n suc h a  situation ,  i t  make s sens e 

t o pursu e th e subsumption-stat e a s a  goa l  i n it s  ow n 

right .  Thu s haveing-foo d become s a  c o m m o n goa l 

eve n thoug h mil k i n th e refrigerato r  i s  doin g n o on e 

any immediat e good . 

Th e numbe r  o f  possibl e tangibl e an d abstrac t 

entitie s wort h possessin g i s huge .  Thi s sectio n onl y 

sketche s th e outline s o f  a  potentiall y  vas t  clas s o f 
c o m m on goals ;  the y for m th e basi s fo r  th e clai m 

tha t  mos t  o f  th e goal s A B B Y i s concerne d wit h be -

hav e lik e satisfactio n goals .  Jus t  a s it' s  har d t o 

make i t  throug h lif e o n on e week' s pay ,  s o to o i s 

i t  toug h t o ge t  b y o n on e unrepeate d displa y o f  af -

fection .  Agent s ar e constantl y concerne d wit h en -

surin g thes e possessio n goal s ge t  satisfied . 

Jus t  a s achievin g possessio n o f  som e objec t  ca n 

be a  subsumptio n goal ,  s o ensurin g a  reliabl e strea m 

of  tha t  objec t  — s o tha t  yo u alway s posses s enoug h 

of  i t  — ca n als o becom e a  subsumptio n goa l  [13] . 
Thi s i s th e basi s fo r  A B B Y ' s notio n o f  social-unit : 

a long-ter m contractua l  arrangement s wit h othe r 
agent s designe d t o provid e need s o n a  continuin g 

basis .  Joinin g a  compan y a s a n employe e i s th e 

most  obviou s exampl e o f  entr y int o a  social-uni t 

servin g t o subsum e possessio n goals .  Les s tangibl e 
possession s accru e fro m becomin g someone' s friend , 

but  companionship ,  support ,  an d advic e ar e valu -

abl e nonetheless .  O f  cours e ther e ar e social-unit s 
tha t  ar e no t  usefull y explaine d thi s way ;  fo r  exam -

pl e i t  doe s no t  accoun t  fo r  wh y th e averag e conscrip t 

join s th e army . 

Social-unit s the n ca n b e viewe d a s plan s fo r 

subsumin g c o m m o n goals .  Adoptin g thos e plan s en -

gender s othe r  goals ;  her e w e har k bac k t o th e earlie r 

analysi s o f  achievemen t  goals .  Peopl e spen d muc h 

of  thei r  tim e pursuin g th e initiation ,  maintenance , 
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termination ,  an d restoratio n o f  social-units ,  o r  try -

in g t o joi n an d qui t  othe r  large r  social-units .  Al l 

thes e (excep t  nna^ntenanc e goal s a s describe d ear -

lier )  ar e achievemen t  goals .  I n lovelor n situations , 

i t  i s  ofte n thes e high-leve l  achievemen t  goal s tha t 

ar e centra l  t o a  story . 

III. Social-Units and 

Contracts 

We organize the social world by placing people into 

social-units .  The y ar e s o pervasiv e an d powerfull y 
predictiv e tha t  the y o r  th e role s an d relationship s 

tha t  com e wit h the m ar e almos t  alway s explicitl y 

mentione d whe n discussin g people .  W h o i s John ? 

He i s Mary' s husband ,  Jimmy' s father ,  Ethe l  an d 

Eddie' s son ,  a n employe e o f  Internationa l  Widget , 

a devou t  church-goer ,  a  goo d neighbor .  Tha t  sor t 
of  capsul e summar y ca n immediatel y relat e Joh n t o 

anyon e o f  importanc e i n hi s world . 

I t  i s  interestin g t o not e tha t  fo r  a  wid e rang e o f 

social-unit s w e hav e specifi c  word s o r  phrase s t o de -
not e th e units ,  th e roles ,  an d eve n th e relationship s 
betwee n role-fillers .  A s suggested ,  thes e ar e ver y 

importan t  concept s frequentl y wort h communicat -

in g — the y defin e th e mos t  importan t  feature s o f 

any individual s socia l  landscap e i n powerfu l  short -
hand . 

Social-unit s rang e i n siz e fro m diad s t o cul -

tures .  O n th e smalles t  scale ,  w e liv e i n a  worl d 

of  acquaintances ,  friendships ,  an d romances .  I n 
th e midgroun d w e defin e ourselve s wit h respec t  t o 

our  families ,  neighborhoods ,  an d workplaces .  I n th e 

large r  world ,  w e ar e member s o f  professions ,  reli -
gions ,  an d nations . 

Each m e m b e r  play s som e rol e i n a  social-unit ; 
members relat e t o eac h othe r  differentl y dependin g 
on thei r  respectiv e roles .  Withi n a  famil y ther e ar e 

role s fo r  paren< a (mother ,  father) ,  an d childre n (son , 
daughter) .  Th e fillers  o f  thes e role s ar e relate d t o 
one anothe r  a s parent-o f  (mother-of ,  father-of )  o r 

child-o f  (son-of ,  daughter-of) . 

We kno w quit e a  bi t  abou t  wha t  i t  mean s t o 

be someone' s parent .  Suc h relationship s functio n a s 

interpersonal-themes ;  tha t  is ,  the y lea d t o specifi c 
goal s o f  on e agen t  involvin g th e other .  Ever y social -

uni t  define s a  se t  o f  interpersonal-themes .  A B B Y 

ca n us e thes e t o predic t  wha t  socia l  goal s ar e likel y 

t o b e activ e betwee n agents .  Norma l  parent s wan t 

t o provid e material ,  socia l  an d emotiona l  suppor t 

fo r  thei r  children .  Childre n wan t  thos e thing s pro -

vide d t o the m b y thei r  parents . 

As suggeste d before ,  som e goal s hav e a  specia l 

forc e i n tha t  the y ar e obligations .  Eve n i f  ther e ar e 

parent s w h o i n som e sens e don' t  wan t  t o fee d thei r 

children ,  w e stil l  expec t  the m t o ac t  a s i f  the y hol d 
th e goal .  Claimin g tha t  a n obligatio n lead s yo u 

t o wan t  wha t  yo u don' t  wan t  i s no t  reall y a  con -

tradiction ;  goals ,  a s representations ,  ar e primaril y 

predictiv e an d explanator y constructs .  I f  w e believ e 

an agen t  ha s a n obligatio n i t  i s  reasonabl e t o tr y t o 

see action s a s attempt s t o mee t  th e obligation ;  i f  w e 

see someon e actin g i n a  wa y tha t  satisfie s a n obli -

gatio n i t  i s  reasonabl e t o us e th e obligatio n a s par t 

of  th e explanatio n fo r  th e action .  Tha t  i s al l  tha t  a 

goal  means .  W e d o howeve r  nee d t o b e abl e t o no -

tic e whe n a n obligation ,  thoug h fulfille d i s resente d 
— whe n th e goa l  stat e i s no t  reall y wanted . 

Reciproca l  relationship s inheren t  i n social -
units ,  suc h a s paren t  an d child ,  generall y impl y 

contract s betwee n th e parties ;  w e migh t  tak e a 

long-ter m contractua l  basi s a s on e o f  th e definin g 

feature s o f  social-units .  Contract s ar e wha t  con -

fe r  specia l  statu s o n obligations .  A s representa -

tiona l  structures ,  contract s packag e th e reciproca l 
interpersonal-theme s an d provid e prediction s whe n 

obligation s ar e no t  met ;  contract s licens e recourse s 

— legitimat e form s o f  retributio n fo r  obligatio n fail -

ure .  Thi s account s fo r  w h y obligation s m a y b e ef -

fectiv e goal s eve n thoug h th e goal-stat e i s no t  i n 
itsel f  desirable ;  i n som e case s i t  i s  onl y fea r  o f  suc h 

recourse s tha t  lead s a  sposu e t o visi t  wit h th e in -

laws . 

Trapping s o f  romanc e an d tru e lov e notwith -
standing ,  marriag e i s a  cas e wher e a  contrax:tua l 
analysi s o f  th e relationshi p i s openl y adopte d i n 
m a ny societies .  Fo r  exampl e husban d an d wif e 
ar e suppose d t o slee p wit h eac h othe r  exclusively ; 
shoul d on e violat e tha t  par t  o f  th e contract ,  th e 
othe r  ha s recours e t o th e court s wher e the y ca n su e 
fo r  divorc e an d m a y b e awarde d alimony .  Violat -

in g jus t  abou t  an y aspec t  o f  th e marriag e contrac t 

lead s t o th e sam e recourse ;  i n som e societies ,  failur e 
t o produc e mal e son s i s likewis e legitimat e ground s 

fo r  divorce .  Dissolutio n o f  th e underlyin g social -

uni t  tha t  invoke d th e contrac t  i s  th e mos t  blun t 

an d sweeping ,  bu t  als o on e o f  th e mos t  c o m m o n re -

courses .  Stil l  ther e ar e others ;  spouse s m a y see k 
councilin g befor e resortin g t o divorce . 

T h e prototypica l  contrac t  i s  a n agreemen t  en -

tere d int o freel y b y equals ,  i n whic h eac h part y 

87 



DOMESHEK 

agree s t o cissum e certai n obligation s suc h tha t  bot h 

partie s benefi t  in '̂sem e way .  M a n y social-unit s de -

viat e fro m thi s idea l  i n som e respects ,  ye t  ar e stil l 

usefull y though t  o f  a s contracts .  Thi s i s particu -

larl y tru e whe n th e contrac t  itsel f  i s  pu t  int o a  so -

cia l  context ;  th e contrac t  m a y b e enforcabl e b y — 

tha t  i s recourse s m a y b e administere d throug h th e 

agenc y o f  — a  highe r  authority .  W e se e trace s o f 

suc h outsid e influence s eve n i n relativel y prototyp -

ica l  social-contract s lik e tha t  implie d b y marriage . 

T h e socia l  contrac t  betwee n paren t  an d chil d i s 

a goo d exampl e o f  on e whic h deviate s significantl y 

fro m th e contrac t  prototype .  I n th e first  place ,  th e 

chil d neve r  aske d t o ente r  int o tha t  contract .  Fur -

thermore ,  th e paren t  ha s absolut e powe r  ove r  th e 

child .  Thi s i s simila r  t o th e situatio n o f  th e con -

scrip t  allude d t o earlier .  I n bot h cases ,  enforcemen t 
of  obligation s o f  th e stronge r  t o th e weake r  part y 

depend s o n a n implici t  contrac t  wit h som e highe r 

authorit y — tha t  o f  th e state .  Unfortunatel y fo r 

th e conscript ,  th e arm y an d th e stat e ar e usuall y 

th e sam e thin g (o r  worse ,  th e arm y m a y b e supe -
rio r  t o th e state) . 

IV. Scripts as 

Social-Situations 

The notion of social-unit bears an interesting re-
lationshi p t o th e olde r  notio n o f  scrip t  [lO] .  M a n y 

script s ar e o f  a  for m tha t  migh t  reasonabl y b e calle d 

social-situations ;  tha t  i s  the y ar e spatio-temporall y 

bounded ,  sociall y prescribe d sequence s playe d ou t 

by agents ,  temporaril y  relate d b y thei r  entranc e 

int o a  short-term  contract .  Alon g wit h script s cam e 

th e notio n o f  role-theme s — organizer s fo r  th e goal s 

agent s adop t  whe n the y ente r  int o thei r  scrip t  roles . 

Viewe d a ^  social-situations ,  script s shoul d spaw n 

interpersonal-themes ,  an d i n fac t  i t  turn s ou t  tha t 
i n socia l  scripts ,  th e goal s organize d b y role-theme s 

ar e i n fac t  socia l  goals :  on e agen t  want s somethin g 

fro m another ,  o r  want s t o d o somethin g fo r  another . 

I n a  restaurant ,  th e custome r  ha s a  temporar y 

contractua l  relationshi p t o th e server ;  the y hav e 

goal s an d obligation s wit h respec t  t o on e another , 

an d ther e ar e sanctione d recourse s shoul d eithe r  vi -

olat e part s o f  tha t  contract .  Beyon d th e specifi c 
action s an d thei r  specifi c  sequencing ,  w e kno w tha t 

th e serve r  i s suppose d t o provid e servic e i n a  timel y 

an d curteou s manner ,  th e custome r  i s suppose d t o 

behav e civil y  an d pa y hi s bill .  I f  th e servic e i s unsat -

isfactory ,  th e custome r  m a y refus e t o leav e a  tip .  I f  a 

custome r  i s offensiv e o r  abusive ,  th e serve r  m a y cal l 

th e manage r  t o hav e th e custome r  removed .  Again , 

th e paralle l  t o th e cas e o f  a  social-uni t  wit h a n un -

balance d powe r  relationshi p i s striking ;  a  younge r 

chil d ha s th e sam e sor t  o f  recours e t o it s parents ' 

authorit y whe n frustrate d b y a n olde r  sibling' s mis -

behavior . 

W h at  count s a s a  short-ter m social-situatio n 

an d wha t  a s long-ter m social-uni t  wil l  usuall y b e 

clea r  enoug h — long-ter m relationship s generall y 

lac k a  pre-specifie d terminatio n condition s (shor t  o f 

death) .  Busines s unit s migh t  b e a n exception :  em -

ploymen t  i s generall y long-term ,  bu t  ofte n ha s well -

specifie d terminatio n conditions .  T h e scriptines s o f 

a social-situatio n inhere s i n th e stabl e predictabilit y 

of  it s  settings ,  sequence ,  an d specifi c  actions . 

Jus t  a s severa l  social-unit s ca n lin k th e sam e 
agents ,  s o severa l  social-situation s ca n b e simulta -

neousl y active ,  a s ca n a  mixtur e o f  social-unit s an d 

social-situations .  An y o f  thes e combination s ca n 

generat e interactin g goals .  A  classi c social-uni t  in -

teractio n stem s fro m takin g a  so n int o th e famil y 

business ,  whic h force s fathe r  an d so n t o becom e 
bos s an d employee .  Goin g t o a  restauran t  wher e 

on e o f  you r  friend s work s thrust s on e a m o n g equal s 

int o servan t  statu s — a  social-situatio n impinge s o n 

a social-unit . 

V. Efficiency and Adequacy 

This paper has presented a variety of representa-

tiona l  construct s fo r  us e i n understandin g storie s 

fro m th e socia l  domain .  I t  ha s argue d fo r  particu -

la r  distinction s an d particula r  classe s o f  concept s 

on tw o grounds :  eflficienc y an d adequacy .  Effi -

cienc y implie s tha t  havin g a  particula r  representa -

tio n make s expectation s availabl e whic h effectivel y 

focu s subsequen t  processing .  Adequac y implie s tha t 

withou t  noticin g a  certai n distinction ,  th e progra m 
canno t  succee d a t  it s  task . 

I n th e tas k o f  stor y understanding ,  th e majo r 

sourc e o f  intractabilit y  i s  th e nee d t o notic e th e im -

por t  o f  facts .  W h a t  motive s la y behin d an y give n 

fact ? Whic h agent s ar e afi"ecte d b y tha t  fac t  an d 

ho w ar e the y affected ? Answerin g thes e question s 

normall y require s hypothesizin g goal s fo r  th e agent s 

an d usin g causa l  knowledg e t o determin e th e im -

pac t  o f  th e fac t  o n thos e goals .  Detaile d knowedg e 

of  th e socia l  domai n ca n simplif y th e tas k o f  under -

standin g comple x storie s i n whic h multipl e agent s 

hol d interactin g goals .  Recognizin g th e socia l  con -
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tex t  whic h relate s characters ,  provide s exactl y th e 

kin d o f  expectation ^  tha t  ar e mos t  needed :  expecta -

tion s abou t  whic h goal s ar e activ e an d relevant .  I n 

addition ,  ther e ar e som e situation s i n whic h socia l 

knowledg e ca n provid e eve n mor e specifi c  predic -

tion s abou t  likel y actio n sequences . 

M a ny o f  th e distinction s introduce d i n th e clas -

sificatio n o f  goal s serv e no t  t o spee d processing ,  bu t 

t o mak e i t  effective .  T o succee d i n th e tas k o f  ad -

vic e giving ,  a  syste m mus t  b e abl e t o detec t  an d 

represen t  som e ver y subtl e propertie s o f  situations . 

Thi s pape r  pointe d ou t  som e o f  th e socia l  variant s 

of  goal s t o whic h a n advic e give r  mus t  b e sensitive . 

Noticin g specifi c  type s o f  goal s ma y hin t  a t  particu -

la r  type s o f  relationships .  Specializin g th e system' s 
understandin g o f  th e relationshi p betwee n agent s 

may tighte n th e prediction s abou t  wha t  type s o f 

problem s ar e likel y t o arise ,  o r  allo w bette r  predic -

tion s abou t  wha t  type s o f  solution s wil l  wor k — 
tha t  is ,  i t  ma y lea d t o bette r  advice . 

Thi s pape r  di d no t  discus s th e system' s un -

derstandin g o f  a n agent' s character ,  bu t  specialize d 

stereotyp e informatio n ca n yiel d th e sam e sort s o f 
advantages .  Th e sam e hold s tru e wit h specialize d 

type s o f  goals ,  an d interpretation s o f  actions .  Clus -
ter s o f  suc h specialize d concept s han g an d wor k to -

gether .  A  famil y m a y b e lik e th e Waltons :  th e 
mothe r  ma y b e a  saint ,  th e fathe r  ster n bu t  fair , 
thei r  relationship s t o th e childre n clos e an d loving ; 
the n again ,  a  famil y m a y b e mor e lik e som e night -

mar e versio n o f  th e Bunkers :  th e mothe r  a  dizz y 
simpleton ,  th e fathe r  a  bigote d tyrant ,  an d thei r  re -

lationship s t o th e childre n base d o n manipulatio n 
and domination .  Peopl e kno w abou t  al l  thes e type s 
and kno w whic h one s ten d t o g o together ;  pinnin g 

down one ,  help s t o pi n dow n th e other .  Gettin g th e 
whol e pictur e suggest s specifi c  advic e suite d t o th e 
situation .  Th e representation s presente d her e for m 
par t  o f  tha t  sor t  o f  complet e picture ,  an d a s suc h 

ar e a  par t  o f  wha t  A B B Y mus t  understan d t o giv e 
goo d advice . 
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Contex t  e f fect s i n th e comprehensio n o f  id iom s 
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An idiomatic expression is generally conceived of as an 
express io n whos e meanin g i s no t  deducibl e fro m th e meaning s o f 
i t s  const i tuent s (Katz ,  1973) .  Thu s th e chal lengin g quest io n fo r 
th e s tandar d v ie w o f  litera l  languag e comprehensio n i s ho w d o 
peop l e comprehen d id ioms .  Tha t  i s ,  ho w an d whe n d o peopl e der iv e 
th e id iomat i c interpretat io n o f  a  sentenc e o n th e bas i s o f  th e 
l i te ra l  in terpre ta t io n o f  th e word s composin g i t . 

So far ,  tw o mai n hypothese s hav e bee n propose d b y 
psycho l i ngu i s t s .  Swinne y an d Cut le r  (1979 )  ha d subject s judg e 
th e mean ingfu lnes s o f  idiomati c str ing s suc h a s brea k th e ic e 
as we l l  a s l i tera l  str ing s obtaine d b y changin g a  par t  o f  th e 
id iom ,  e.g. ,  b rea k th e cup .  Id iomati c str ing s wer e judge d faste r 
tha n the i r  l i tera l  counterparts .  Swinne y &  Cut le r  in terprete d 
th i s resul t  a s showin g cha t  idiom s ar e store d i n th e menta l 
lex ico n a s ind iv idua l  globa l  i tems ,  tha t  the i r  retr ieva l  i s 
in i t ia te d a s soo n a s th e firs t  wor d o f  a n id iomat i c str in g i s e -
ncountere d an d thi s occur s i n para l le l  wi t h th e computat io n o f 
th e l i tera l  meaning . 

Gibb s (1980 ,  1986 )  propose d a n al ternat iv e hypothes is ,  th e 
D i rec t  Acces s Hypothes is ,  eve n thoug h th e pat ter n o f  h i s result s 
i s cons is ten t  wi t h Swinne y an d Cut ler ' s Lexica l  Representat io n 
Hypo thes i s .  Gibb s presente d subject s wi t h shor t  stor ie s endin g 
w i t h a n id iomat i c expressio n (e.g. ,  h e kep t  i t  unde r  h i s h a t ) . 
The subject s judge d th e meaningfulnes s o f  a  sentence ,  fo l lowin g 
th e story ,  paraphras in g eithe r  th e id iomat i c meanin g o r  th e 
l i tera l  mean in g o r  a n unrelate d sentence .  Th e stor y b iase d 
sub jec t s e i the r  towar d th e idiomati c meanin g o f  th e sentenc e o r 
th e l i tera l  one .  Gibb s foun d tha t  subject s wer e faste r  a t 
judgin g th e id iomat i c paraphras e tha n th e l i tera l  an d th e 
unre la te d regard les s o f  th e typ e o f  story .  H e interprete d th e 
resu l t s a s demonstrat in g tha t  peopl e automat ica l l y ten d t o 
ana lyz e th e convent iona l ,  idiomati c meanin g o f  id iom s an d tha t 
th e l i te ra l  meanin g o f  th e sentenc e nee d no t  b e compute d a t  a l l . 

Desp i t e thos e tw o studies ,  evidenc e support in g on e o r  th e 
o the r  hypothes i s i s fa r  fro m clear ,  pr imar i l y becaus e th e 
Lex ica l  Representa t io n Hypothesi s an d th e Direc t  Acces s 
Hypothes i s genera l l y lea d t o th e sam e pred ic t ion s (Ortony , 
Scha l le r t ,  Reynold s &  Antos ,  1978 ;  Est i l l  &  Kemper ,  1982 ;  Glass , 
1 9 8 3 ) .  Ther e seem s t o b e genera l  agreemen t  tha t  th e f igurat iv e 
in te rpre ta t io n o f  a n id io m i s forme d faste r  tha n it s l i tera l 
in te rp re ta t ion ,  bot h i n an d ou t  o f  context .  However ,  mos t  o f  th e 
s tud ie s c i te d abov e employe d meta- l inguist i c judgment s o f 
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comprehension processes, and so it is unlikely that such 
indirec t  measure s coul d ta p th e fas t  processe s tha t  under l i e 
languag e understanding . 

Mor e recent ly ,  Cacciar i  an d Taboss i  (1987 )  propose d th e 
Conf igurat io n Hypothesis .  I n thre e experiment s usin g a n on- l in e 
paradig m (cross-moda l  lexica l  p r im ing ) ,  the y ha d subject s l iste n 
t o neutra l  sentence s containin g idiomati c express ions .  Thes e 
expression s wer e idiom s tha t  di d no t  hav e an y clea r  l i tera l 
counterpart s (e.g. ,  shoo t  th e breez e ) .  I n exper iment s 1  an d 2 , 
a v isual l y presente d targe t  wor d appeare d immediatel y a t  th e 
offse t  o f  th e idiomati c expression ,  e.g. ,  a t  heave n i n th e 
sentenc e Af te r  th e excel len t  performanc e th e tenni s playe r  wa s 
i n sevent h h e a v e n ) .  Th e targe t  word s wer e eithe r  a  wor d relate d 
t o th e id iomati c meanin g (HAPPY) ,  o r  a  wor d relate d t o th e 
l i tera l  meanin g o f  th e las t  wor d (SAINT )  o r  a n unrelate d contro l 
wor d (UMBRELLA) ,  We foun d tha t  whe n th e sentenc e ca n b e 
predicte d a s idiomati c earl y o n (a s i n experimen t  1 ) ,  subject s 
wer e faste r  a t  decidin g o n th e idiomatical l y relate d targe t  tha n 
eithe r  o n th e l i teral l y associate d targe t  o r  o n th e unrelate d 
target .  Bu t  whe n th e strin g didn' t  cal l  t o min d it s idiomati c 
complet io n unt i l  th e ver y en d (a s i n experimen t  2 ) ,  th e decisio n 
on th e targe t  l i teral l y relate d t o th e las t  wor d wa s faste r  tha n 
on th e id iomat i c an d o n th e contro l  targets .  I n a  thir d 
exper iment ,  th e sam e idiom s an d target s o f  exp .  2  wer e use d bu t 
th e target s wer e presente d 30 0 m s afte r  th e en d o f  th e idiom . 
The result s showe d tha t  bot h th e idiomatical l y relate d targe t 
an d th e l i tera l  on e wer e faste r  tha n th e contro l  word . 

The result s o f  th e thre e experiment s — a t  leas t  fo r  th e 
clas s o f  id iom s c o n s i d e r e d — directl y contradic t  bot h th e 
Lexica l  Representat io n Hypothesi s an d th e Direc t  Acces s 
Hypothesi s becaus e the y fai l  t o sho w init ia l  act ivat io n o f  th e 
idiomati c meaning .  Thi s suggest s tha t  id iomati c interpretat ion s 
nee d t im e t o b e forme d alon g wit h pers istenc e o f  l i tera l 
interpretat ion .  We sugges t  tha t  idiom s ar e no t  store d a s 
separat e entr ie s i n th e menta l  lexicon ,  bu t  rathe r  tha t  thei r 
meanin g i s associate d wit h part icula r  conf igurat ion s o f  word s 
tha t  becom e avai labl e whe n suff icien t  informat io n ha s bee n 
receive d b y th e l istener .  Th e word s part ic ipat in g i n th e 
conf igurat io n ar e th e sam e word s normall y accesse d durin g 
comprehension . 

The amoun t  o f  inpu t  necessar y t o rende r  th e conf igurat io n 
recognizabl e i s suggeste d b y th e notio n tha t  ever y verba l  phras e 
idio m ha s a  crucia l  component ,  a  key ,  tha t  i s  mor e relevan t  tha n 
othe r  const i tuent s fo r  detect in g th e idiom .  Th e id iomat i c str in g 
canno t  b e recognized ,  tha t  i s  th e conf igurat io n canno t  emerge , 
befor e it s ke y ha s bee n accesse d fro m th e menta l  lexicon .  On e 
clai m o f  th i s approac h i s tha t  ther e i s onl y a  singl e l i tera l 
pat h fo r  processin g a n idiomati c strin g unt i l ,  sometim e afte r 
th e act ivat io n o f  it s  key ,  th e configurat io n emerges . 

The pat ter n o f  result s foun d i n th e thre e experiment s i s 
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explaine d a s follows .  When th e ke y occur s earl y i n th e strin g 
(a s i n exp. l ) ,  onl y th e idiomati c interpretatio n i s foun d a t  th e 

ver y en d o f  th e string .  When th e ke y i s i n th e las t  wor d (a s i n 
exp .2 ) ,  th e configuratio n i s no t  detecte d unti l  tha t  las t  wor d 
ha s bee n accessed ,  an d s o onl y th e litera l  meanin g i s 
facilitated .  Onl y afte r  thi s poin t  ca n th e configuratio n b e 
identifie d an d th e idiomati c meanin g ca n emerg e (a s showe d b y 
exp .3) . 

Thi s hypothesi s ha s certai n advantages ,  fo r  instanc e i t  i s 
abl e t o accoun t  no t  onl y fo r  th e result s o f  th e experiment s bu t 
als o fo r  suc h phenomen a a s th e syntacti c flexibilit y  o f 
idiomati c expression s an d fo r  differen t  kind s o f  idioms .  Howeve r 
i t  als o face s o f  cours e a  numbe r  o f  problems .  Firs t  i t  ha s t o 
characteriz e i n a  mor e forma l  wa y notion s suc h a s configuratio n 
and key .  Secon d i t  ha s t o dea l  wit h th e wel l  know n effec t  o f 
contex t  i n languag e comprehension . 

The experimen t  w e wil l  presen t  wa s designe d t o investigat e 
thi s latte r  problem ,  tha t  is ,  ho w contex t  ca n affec t  th e 
recognitio n o f  a n idiomati c expression . 
METHOD 

Subjects. 37 undergraduates volunteered for the experiment, 
whic h laste d abou t  2 5 minutes .  Non e o f  the m ha d previousl y 
participate d i n a n experimen t  o f  thi s sort . 
Materials .  Th e idiom s an d target s use d wer e th e sam e a s thos e i n 
experiment s 2  an d 3 ,  above .  The y ha d bee n selecte d a s follows :  A 
grou p o f  fort y familia r  Italia n idiom s havin g n o possibl e 
litera l  counterpar t  wer e chosen .  I n orde r  t o b e sur e tha t  the y 
wer e no t  predictable ,  th e idiom s wer e inserte d i n lo w 
informativ e sentence s (e.g. .  H e sen t  th e perso n t o th e devil ) 
whic h wer e mixe d wit h 17 5 litera l  fille r  sentence s (e.g. .  Th e 
man wa s leanin g o n th e door )  .  Fiv e lis t  wer e created ,  eac h 
containin g a  fragmen t  o f  eac h sentenc e i n a  rando m order .  Thei r 
lengt h varie d acros s th e list s s o tha t  i n lis t  1  th e fragment s 
wer e i n th e shortes t  versio n (e.g. .  H e sent... )  an d i n lis t  5  i n 
th e longes t  (e.g. .  H e sen t  th e perso n t o the . . . ) .  Eac h lis t  wa s 
give n t o 1 5 subject s wh o wer e requeste d t o complet e ever y 
sentenc e i n a  meaningfu l  way .  Thi s procedur e allowe d u s t o 
selec t  1 2 idiomati c expression s whic h wer e complete d 
idiomaticall y b y no t  mor e tha n 5 % o f  th e subject s acros s th e 
fiv e lists . 

For  eac h o f  th e 1 2 idiomati c expressions ,  a  sentenc e 
biasin g towar d th e idiomati c meanin g wa s constructe d (e.g. . 
Afte r  agai n quarrellin g wit h he r  boyfriend ,  sh e sen t  hi m t o th e 
devil )  .  Eac h idio m wa s paire d wit h thre e target s t o b e use d a s 
visuall y presente d word s durin g th e experiment .  Th e 
idiomaticall y relate d targe t  wa s obtaine d b y selectin g th e mos t 
frequen t  wor d expressin g th e paraphras e o f  th e idio m give n b y 1 5 
judge s (idiomati c target )  (e.g. ,  AWAY) ;  th e targe t  relate d t o 
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th e l i tera l  meanin g o f  las t  wor d o f  th e id iomat i c str in g wa s 
obtaine d askin g t o a  di f feren t  pane l  o f  subject s a  wor d 
l i terall y associat e t o i t  (litera l  target )  (e.g. ,  H O R N S ) ;  an d 
th e th i r d targe t  wa s a n unrelate d contro l  (contro l  target ) 
(e.g. ,  T R O U T ) .  I n orde r  t o mak e sur e tha t  th e lexica l  dec is ion s 
t o th e twelv e id iomat i c targets ,  th e twelv e l i tera l  target s an d 
th e twelv e control s wer e comparabl e i n isolat ion ,  a  pretes t  wa s 
conducte d i n whic h th e target s wer e include d i n a  l is t  o f  15 4 
word s an d 15 4 non-words .  Th e lis t  wa s presente d i n fou r 
randomize d block s t o 2 0 subject s wh o per forme d a  lexica l 
decisio n tas k o n th e i tems .  On e idio m wa s d iscarde d becaus e o f 
to o lon g R T t o it s l i tera l  target .  Th e mea n react io n t ime s fo r 
th e idiomati c targe t  words ,  th e l i tera l  targe t  word s an d th e 
contro l  word s wer e 53 7 m s ,  53 5 m s an d 53 8 m s respect ive ly . 

I n addi t io n t o experimenta l  mater ia ls ,  f i l le r  mater ia l s 
wer e constructe d consist in g o f  6 0 sentences ,  no t  contain in g 
idioms ,  approximatel y o f  th e sam e lengt h a s th e exper imenta l 
sentences .  Hal f  o f  the m wer e paire d wit h v isual l y presente d 
word s an d hal f  t o v isual l y presente d non-word s obta ine d b y a n 
orthographica l  al terat io n o f  rea l  words .  Fo r  si x word s ther e wa s 
a semanti c associat io n wi t h on e o f  th e word s o f  th e sentences , 
wherea s th e remainin g wer e unrelate d t o th e sentences . 

The 7 1 sentence s (1 1 experimenta l  an d 6 0 f i l ler )  wer e 
recorded ,  i n a  rando m order ,  o n on e channe l  o f  a  tap e recorde r 
by a  mal e speaker .  O n anothe r  channe l  a n impuls e o f  100 0 hz , 
inaudibl e t o subjects ,  wa s automatical l y p lace d prec ise l y a t  th e 
offse t  o f  th e las t  wor d o f  eac h idiom .  Fo r  f i l le r  sentences , 
thes e impulse s wer e place d s o a s t o cove r  al l  sentenc e 
posi t ions .  Th e impuls e cause d a  wor d t o b e d isp laye d o n th e 
scree n o f  a  micro-compute r  fo r  150 0 ms ,  an d starte d a  t ime r 
whic h ei the r  stoppe d whe n th e subjec t  presse d th e respons e 
butto n (th e spac e bar )  o r  rese t  automatical l y afte r  5  sec . 

Eac h id io m wa s presente d onl y once ,  s o th e thre e set s o f 
visual l y presente d target s wer e constructe d s o tha t  i n on e se t 
th e targe t  pai re d wi t h a n experimenta l  sentenc e wa s relate d t o 
th e id iomat i c meaning ,  i n anothe r  se t  i t  wa s associate d t o th e 
l i tera l  meanin g o f  th e las t  wor d o f  th e idiom ,  an d i n th e thir d 
i t  wa s th e contro l  word .  Th e fi l le r  target s wer e th e sam e i n th e 
thre e sets .  I n eac h set ,  ther e wa s a  tota l  o f  1 1 exper imenta l 
visual l y presente d targets .  Eac h se t  wa s paire d wi t h th e lis t  o f 
sentence s an d randoml y assigne d t o a n equa l  numbe r  o f  subject s 
who acte d a s the i r  ow n contro ls . 
Procedure .  Subject s wer e teste d individuall y an d sa t  i n a  sound -
attenuate d roo m i n fron t  o f  a n Appl e m ic ro -compute r  sc ree n 
connecte d t o a  tap e recorder .  The y wer e instructe d t o perfor m a 
lexica l  decis io n tas k o n a  wor d tha t  woul d b e d isp laye d o n th e 
screen ,  whi l e l istenin g t o a  l is t  o f  sentences .  The y wer e 
instructe d t o pres s th e spac e ba r  wit h thei r  dominan t  han d i f 
th e let te r  str in g wa s a n actua l  word ,  an d t o d o nothin g 
otherwise .  Af te r  te n pract ic e t r ia ls ,  on e o f  th e thre e set s 
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paired with the list of sentences was presented to each subject. 
RT t o lex ica l  decis ion s wer e col lected . 

Ha l fwa y throug h th e exper imenta l  sessio n ther e wa s a  br ie f 
in te rva l  dur in g whic h th e subjec t  coul d rest .  Subject s wer e 
ins t ruc te d t o pa y at tent io n t o th e sentence s becaus e a t  th e en d 
o f  th e exper imenta l  sessio n the y woul d b e aske d quest ion s abou t 
them .  Immedia te l y af te r  th e en d o f  th e session ,  subject s wer e 
g ive n 2 0 sentences ,  eac h pr inte d o n on e card .  Hal f  o f  the m ha d 
bee n p resen te d dur in g th e experimen t  an d hal f  ha d not ,  bu t  wer e 
der i ve d f ro m sentence s actual l y hear d b y changin g on e o r  mor e 
w o r d s .  Seve n subject s wh o fai le d t o reac h a  scor e o f  60 % o f 
cor rec t  recogn i t io n wer e exclude d fro m subsequen t  analys is . 

RESULTS 

The mean percentage of errors was .09. In order to reduce 
ex t raneou s var iab i l i t y ,  dat a point s plu s o r  minu s tw o standar d 
dev ia t ion s fro m th e mea n RT s o f  eac h subjec t  (4.8 % o f  al l 
responses )  wer e exclude d fro m th e analys is .  Th e mea n RT s o f  th e 
cor rec t  response s fo r  eac h o f  th e thre e exper imenta l  condit ion s 
were :  Id iomat i c target s 62 2 m s ,  l i tera l  target s 61 6 m s an d 
cont ro l s 66 5 m s .  Th e mai n effec t  fo r  sentenc e typ e wa s 
s ign i f i can t  bo t h i n th e analysi s b y subject s ( F (2,58)=8.11 , 
MSe=2 6 4 6 ;  £ < .001 )  an d i n th e analysi s b y mater ial s 
( F (2 ,20)=3.80 ,  MSe=2871 ;  £ < . 0 5 ) .  Planne d non-orthogona l 
compar ison s showe d tha t  idiomati c an d l i tera l  target s di d no t 
d i f fe r  fro m eac h other ,  an d tha t  bo t h wer e faste r  tha n control s 
( Id iomat i c v s L i te ra l :  F( l ,58)=0.2 2 n .s . ;  Id iomat i c v s Control : 

F ( l , 58 )=10 .4 3 £ < . 0 0 5 ) . 

DISCUSSION 

These findings suggest that context affects the recognition 
o f  a n id iomat i c express ion .  Wi t h neutra l  sentences ,  w e foun d 
tha t  whe n th e id io m ke y i s i n th e las t  wor d o f  th e idiomati c 
exp ress ion ,  th e id iomat i c interpretat io n wa s no t  ye t  forme d a t 
th e ve r y en d o f  th e idiomati c str in g s o onl y th e l i tera l  meanin g 
o f  th e ke y wa s act ivated .  Bu t  whe n contex t  b iase d th e l istene r 
towar d th e id iomat i c interpretat io n o f  th e sentence ,  th e 
contex tua l  in format io n act s t o faci l i tat e th e recogni t io n o f  th e 
id iomat i c express io n eve n thoug h i t  doe s no t  af fec t  acces s o f 
th e l i te ra l  meanin g o f  th e las t  wor d i n th e idiom .  Th e fac t  tha t 
we d idn ' t  f in d a  signi f ican t  d i f ferenc e betwee n th e idiomati c 
an d th e l i te ra l  target s doe s not ,  o f  course ,  impl y tha t  the y ar e 
ac t i va te d a t  th e sam e t ime .  Furthe r  evidenc e seem s necessar y fo r 
assess in g th e t im e cours e o f  th e l i tera l  an d idiomati c 
in te rp re ta t io n whe n contex t  or ient s th e l is tene r  towar d th e 
id iomat i c mean in g o f  th e sentence . 

Th e Conf igura t io n Hypothesi s seem s t o b e consisten t  wit h 
thes e resu l t s .  I t  i s  reasonabl e i n fac t  t o suppos e tha t  a 
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conf igurat io n ca n b e pre-act ivate d b y b ias in g contextua l 
information .  Thus ,  th e contex t  i s  effect iv e i n speedin g u p th e 
act ivat io n o f  th e idiomati c configuratio n whic h otherwis e need s 
tim e t o emerge ,  a s demonstrate d b y earl ie r  exper iments . 

Methodological ly ,  th e differen t  patter n o f  resul t s obtaine d 
i n earl ie r  exper iment s an d i n th e presen t  on e usin g th e sam e 
paradigm ,  an d ei the r  identica l  o r  comparabl e mate r ia ls ,  bot h i n 
an d ou t  o f  context ,  suggest s tha t  th e lexica l  dec is io n tas k i s 
indee d sensi t iv e t o immediate ,  perceptua l  processe s withou t 
bein g suscept ibl e t o backwar d priming ,  a t  leas t  i n sentent ia l 
contexts . 

Theoret ica l ly ,  th e presen t  f inding s cas t  furthe r  doubt s o n 
th e Direc t  Acces s Hypothesi s propose d b y Gibb s (1980 ,  1986 ) 
sinc e thi s hypothesi s predict s tha t  peopl e wi l l  d i rect l y acces s 
th e id iomati c interpretat io n o f  a  sentenc e i r respect iv e o f  it s 
l i tera l  analysi s o r  context .  Clearly ,  th i s wa s no t  th e cas e 
here . 
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Actio n Planning :  Routin e Comput in g Task s 
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The tasks we are concerned with here are routine operations involving a file and mail 
system .  Ou r  subject s ar e experience d compute r  users ,  fo r  w h o m suc h task s presen t  n o challenge . 
However ,  solution s fo r  thes e task s canno t  b e precompiled ,  becaus e whil e th e element s o f  eac h tas k 
may b e familiar ,  an d indee d overlearned ,  the y ar e ofte n pu t  togethe r  i n nove l  sequences .  I n othe r 
words ,  w e ar e no t  dealin g wit h fixe d script s whic h onl y nee d t o b e retrieve d fro m memory ,  bu t 
wit h plan s fo r  actio n tha t  ar e generate d apparentl y effortlessl y i n th e contex t  o f  eac h specifi c  task . 
The questio n addresse d her e i s ho w thes e plan s ar e generated . 

THEORETICAL BACKGROUND 
The proble m statemen t  fo r  eac h tas k i s a  piec e o f  discourse ,  usuall y a  sentenc e o r  tw o wit h 

whic h th e experimente r  instruct s th e subjec t  wha t  t o do .  (Mor e generally ,  on e ca n assum e tha t 
compute r  user s instruc t  themselve s i n simila r  wa y i n th e cours e o f  thei r  activities) .  Th e theor y o f 
discours e understanding ,  develope d i n a  quit e differen t  contex t  b y Kintsc h &  va n Dij k  (1978) ,  va n 
Dij k &  Kintsc h (1983) ,  an d Kintsc h (1988) ,  wil l  b e use d t o mode l  th e wa y i n whic h subject s 
comprehen d thi s discourse . 

We ar e intereste d i n ho w th e instructiona l  tex t  activate s th e knowledg e a  subjec t  ha s abou t 
th e task s involved ,  resultin g i n a  well-formulate d pla n fo r  action .  W e ar e no t  studyin g th e action s 
themselves :  thi s  i s probabl y bes t  don e withi n a  G O M S-  o r  CCT-lik e framewor k (Card ,  Moran ,  & 
Newell ,  1983 ,  Kiera s &  Poison ,  1985) .  Wha t  w e d o her e i s generat e th e G O A L statement ,  whic h 
i s require d t o activat e th e high-leve l  production s i n thes e models .  Onc e yo u hav e a  P L A N -  i n th e 
sens e discusse d belo w -  yo u ca n the n activat e a  sequenc e o f  production s fo r  executin g tha t  plan ,  i n 
th e manne r  describe d b y thes e models . 

Understandin g a n instructiona l  tex t  mean s comin g u p wit h a n appropriat e pla n fo r  action . 
The approac h w e tak e t o modellin g thi s proces s i s analogou s t o ou r  previou s wor k o n wor d 
arithmeti c (Kintsc h &  Greeno ,  1985) .  Understandin g a  wor d arithmeti c proble m mean s generatin g 
a menta l  representatio n o f  th e set s an d se t  relation s involved ,  o n th e basi s o f  whic h th e correc t 
computation s ca n b e performed .  Thi s i s achieve d b y activatin g bot h relevan t  genera l  worl d 
knowledg e an d specifi c  knowledg e abou t  arithmetic .  Analogously ,  i n th e presen t  case ,  w e nee d t o 
activat e knowledg e abou t  th e genera l  natur e o f  th e tas k w e wan t  t o perform ,  a s wel l  a s knowledg e 
about  th e specifi c  compute r  syste m o n whic h w e ar e working .  Thus ,  th e sam e genera l  theor y o f 
comprehensio n i s bein g applie d t o tw o differen t  domains . 

PROTOCOL ANALYSES 
Thre e experience d compute r  user s wer e give n th e followin g thre e task s wit h standar d 

think-alou d instructions : 

(a) Include an address that you know into a file on the computer. 

(b) You got a manuscript from someone and you want to edit it, making 
modifications ,  an d the n retur n i t  t o th e perso n yo u go t  i t  from . 

(c) You got a message from someone while in mail asking for a paragraph out of 
a manuscrip t  o f  your s t o b e sen t  t o them . 

Their actions as well as their verbal protocols were recorded and analyzed by means of a method 
describe d i n detai l  i n Kintsc h &  Manne s (1987) .  Th e resultin g tempora l  sequence s o f  actio n 
plannin g statement s an d elaboration s provide d th e startin g poin t  fo r  ou r  analyses .  The y gav e u s 
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some idea about the sort of knowledge that is activated when subjects perform these tasks, as well 
as abou t  th e sequenc e o f  planne d an d actua l  action s involved .  Tabl e 1  show s a  greatl y abbreviate d 
summary o f  th e verbalization s an d action s o f  Subjec t  1  performin g Tas k b . 

We not e th e evidenc e fo r  backwar d reasonin g i n Tabl e 1 ,  whic h i s typica l  fo r  thes e 
protocols .  I t  i s  th e anticipatio n o f  thing s t o com e whic h ofte n drive s curren t  actions .  I n Tabl e 1 , 
th e subjec t  recognize s tha t  i n orde r  t o b e abl e eventuall y t o sen d th e revise d file ,  sh e mus t  firs t  ente r 

th e mai l  syste m t o ge t  th e filet .  Ou r  theoretica l  goa l  wil l  b e t o simulat e th e sequenc e o f  planne d 

and actua l  actions ,  a s observe d i n ou r  dat a (bu t  no t  th e accompanyin g verbalizations) . 

THE MODEL 
The mai n component s o f  th e constructio n -  integratio n mode l  propose d b y Kintsc h (1988 ) 

ar e a  propositiona l  textbas e derive d fro m th e instructiona l  text ,  a n associativ e long-ter m memory ,  a 
knowledg e activatio n proces s b y mean s o f  whic h th e textbas e proposition s activat e informatio n 
fro m th e long-ter m memory ,  and ,  followin g thes e constructio n phases ,  a n integratio n proces s 
whic h select s wha t  fit s  together ,  an d deactivate s wha t  i s contextuall y irrelevant .  Furthermore , 
thes e processe s ar e cyclic ,  becaus e th e tex t  i s  processe d i n sentence-lik e unit s rathe r  tha n a s a 
whole ,  an d becaus e whe n som e actio n i s performed ,  th e stat e o f  th e worl d changes .  Thus , 
processin g i s repeate d unti l  th e desire d chang e i n th e stat e o f  th e worl d ha s bee n achieved ,  o r  unti l 

i t  fails . 

Long-term Memory 
Forty-tw o proposition s wer e take n fro m th e protocol s o f  subject s performin g th e thre e 

task s describe d abov e t o simulat e a  portio n o f  a  user' s long-ter m memor y network . 
Interconnection s i n thi s ne t  wer e compute d b y findin g al l  th e instance s wher e a  give n propositio n 
share d a n argumen t  wit h anothe r  proposition ,  an d wher e i t  wa s embedde d i n anothe r  proposition . 
Additiv e connectio n value s o f  . 5 wer e use d fo r  eac h cas e o f  argumen t  overla p o r  embedding .  A 
LIS P progra m compute s th e interconnectio n value s amon g al l  th e item s i n long-ter m memory , 
creatin g a  matri x o f  siz e n  x  n ,  calle d th e Connectivit y Matrix .  Thi s matri x approximate s a n 
associatio n matrix :  sinc e w e d o no t  kno w th e actua l  associativ e strength s amon g th e proposition s i n 
long-ter m memory ,  w e us e thi s crud e an d fallible ,  bu t  relativel y simpl e an d objectiv e metho d t o 
estimat e thes e values .  Th e secon d portio n o f  th e simulate d long-ter m memor y consist s o f  1 5 
P L A N S,  a s show n i n Tabl e 2 . 

Each pla n ha s thre e fields ,  a  pla n name ,  preconditions ,  an d outcomes .  Precondition s 
correspon d t o proposition s designatin g state s o f  th e worl d whic h mus t  b e fulfille d i n th e 
environmen t  fo r  th e pla n t o b e executable .  Outcome s correspon d t o proposition s whic h becom e 

Tabl e 1 .  Abbreviate d Protocol :  Subjec t  1 ,  Tas k b  (REVISE) . 

GET INTO MAIL TO GET TO THE FILE 
S A VE M E S S A GE T O FIL E A S K S F O R FIL E N A M E 
EXI T M A I L 
EDI T FIL E I' D B E I N E M A CS W I T H M A N U S C R I PT FIL E 
EXI T EDITO R 
S E ND M A I L M E S S A GE A S K S W H O T O S E N D T O 

I t  Th e verba l  protocol s provid e othe r  instance s o f  thi s reasoning ,  e.g. : 
Firs t  I' d sen d m y metho d sectio n o f  th e paper .  I' d ge t  int o th e edito r  on e wa y o r  anothe r  an d -firs t 

I' d hav e t o loo k a t  th e pape r  yo u ar e talkin g about .  S o I  woul d hav e t o thin k throug h h o w I  store d 

tha t  i n m y director y structure.. .  S o I' d hav e t o thin k throug h h o w I  hav e organize d m y stuf f  an d 
g o fin d th e pape r  an d the n brin g i t  u p i n th e editor .  I' d rea d you r  lette r  an d the n I  wouldn' t  wan t  t o 

repl y righ t  away .  I' d wan t  t o g o u p -  yo u kno w -figur e ou t  wha t  wa s goin g on . 
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states of the environment as a consequence of executing a plan. Plan names are propositions, thus 
consistin g o f  a  predicat e an d a  numbe r  o f  arguments .  Set s o f  plans ,  calle d fields ,  ma y b e mutuall y 
exclusiv e (e.g .  th e fou r  way s t o sen d mai l  i n Tabl e 2) .  I n suc h fields ,  th e mos t  strongl y activate d 
pla n inhibit s th e othe r  members . 

Connection s betwee n th e proposition s i n th e long-ter m memor y ne t  an d th e plan s ar e 
compute d b y th e sam e algorith m base d o n argumen t  overla p an d embeddings ,  base d upo n th e pla n 
name only .  A n exceptio n mus t  b e made ,  however ,  fo r  certai n type s o f  propositio n whic h w e cal l 
R E Q U E S TS an d O U T C O M E S. 

Request s ar e th e imperativ e verb s tha t  ar e use d i n proble m statement s (requestin g th e use r 
t o d o somethin g -  edit ,  send ,  etc) .  Th e relationship s betwee n thes e verb s an d plan s ha s t o b e mor e 
precis e tha n th e on e afforde d b y argumen t  overlap :  eac h particula r  reques t  mus t  b e associate d 
directl y wit h a n appropriat e plan .  Thus ,  th e R E Q U E ST EDI T i s tie d t o th e pla n (EDI T FILE )  b y a 
valu e o f  4-1 ,  an d ha s 0  connectio n strength s wit h al l  othe r  plans .  Eac h O U T C O ME propositio n i s 
similarl y connecte d b y a  valu e o f  + 1 t o plan s tha t  produc e thi s outcome ,  b y a  valu e o f  - 1 t o plan s 
whic h produc e a n incompatibl e outcom e bu t  whic h includ e tas k relevan t  objects ,  an d b y a  valu e o f 
0 t o plan s whic h produc e irrelevan t  outcome s (becaus e the y dea l  wit h object s tha t  ar e no t  involve d 
i n th e tas k a t  hand) .  Onl y ultimat e goal s ar e connecte d i n thi s way :  othe r  plan s whic h nee d t o fir e 
befor e th e ultimat e pla n ca n b e accomplishe d mus t  b e contextuall y activate d throug h th e networ k a s 
a whole . 

T E X T B A S ES A N D S I T U A T I O N M O D E LS 
Fro m th e tex t  o f  a  proble m (suc h a s th e thre e task s mentione d above )  a  propositiona l 

textbas e i s derive d b y handcoding ,  i n th e manne r  o f  Kintsc h (1985) .  Eac h tex t  propositio n the n 
activate s tw o othe r  proposition s whic h ar e associate d wit h i t  i n th e long-ter m memor y net .  Thi s i s 
done b y computin g th e argumen t  overla p an d embeddin g relation s betwee n tha t  propositio n an d al l 
othe r  proposition s i n long-ter m memor y an d normalizin g thi s vecto r  (s o tha t  th e su m o f  al l 
interconnection s i s l).Th e resultin g connectio n strength s value s ca n the n b e treate d a s 
probabilities,an d tw o associate s o f  eac h proposition s ca n b e sample d wit h replacement . 

Tabl e 2 .  Lis t  o f  PLANS. 

Pla n Name 

(COPY TEXT FILE) 
(COPY FILE ) 
(READ FILE ) 
(EDI T FILE ) 

(FIND FILE) 
(SEND T X T F L M L ) 

(SEND TXT MAIL) 
(SEND T X T F L SYS ) 

(SEND TXT SYS) 
(COPY M E S S A G E) 
(READ M E S S A G E) 
(FIN D M E S S A G E) 
(SAV E M E S S A G E) 
(ENTER S Y S T E M) 
(ENTER MAIL ) 

Precondition s 

(@SYS) (IN FL DIR) 
(@SYS)  (I N F L DIR ) 
(@SYS)  (I N F L DIR ) 
(@SYS)  (I N T X T FL ) 
(I N F L DIR ) 
( © S Y S T E M) 
((a)ML)(INTXTFL ) 
(I N F L DIR)(I N M S G M L ) 
( @ M L)  (I N M S G M L ) 
(@SYS)  (I N T X T FL ) 
(I N F L DIR ) 
(@SYS) 
( @ M L)  (I N M S G M L ) 
( @ M L)  (I N M S G M L ) 
((5)ML ) 
( @ M L ) ( I N M S G M L) 
(@MAIL) 
( @ S Y S T E M) 

Outcome s 

(IN TXT FL) (IN FL DIR) 
(I N F L DIR ) 
(REA D FL ) 
(I N T X T FL )  (I N F L DIR ) 

(IN FL DIR) 
(RECV T X T ) 

(RECV TXT) 
(RECV T X T ) 

(RECV TXT) 
(I N T X T FL )  (I N F L DIR ) 
(READ M S G) 
(I N M S G M L ) 
(I N T X T FL )  (I N F L DIR ) 
(@SYS) 
( @ M L) 
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Once again, request proposirions require special treatment: they do not randomly activate associated 
knowledge ,  bu t  mus t  b e use d t o retriev e a n expecte d outcome .  Specifically ,  a  propositio n o f  th e 
for m ( R E Q U E ST X  (Y) )  togethe r  wit h ( O U T C O ME $ )  i s use d a s a  join t  retrieva l  cu e t o retriev e 
W ( Z)  -  th e outcom e o f  doin g X(Y )  whic h i s associate d t o bot h retrieva l  cues ,  a s i n Raaijmaker s & 
Shiffri n (1981 )  an d Kintsc h &  Manne s (1987) .  Thus ,  w e no w hav e tex t  propositions ,  plu s thei r 
associate s an d outcomes .  T o thes e w e ad d al l  1 5 plans :  whe n tryin g t o solv e a  proble m o f  th e typ e 
considere d here ,  al l  plan-knowledg e mus t  a t  leas t  hav e th e potentia l  t o b e activated . 

The interconnection s amon g th e node s i n th e resultin g matri x ar e compute d i n th e sam e wa y 
as i n th e origina l  long-ter m memor y matrix .  Ther e are ,  however ,  tw o furthe r  complications , 
concernin g th e relation s betwee n outcome s an d plans ,  an d amon g th e plan s themselves .  I f  al l  o f 
th e outcom e proposition s fo r  a  pla n alread y exis t  i n th e model s curren t  state ,  the y inhibi t  th e pla n 
tha t  produce s thes e outcomes .  Thus ,  i f  th e locatio n o f  FILE- X i s alread y known ,  th e pla n (FIN D 
FILE-X )  i s inhibited .  Expecte d outcome s o f  plans ,  o n th e othe r  hand ,  ar e connecte d t o othe r  plan s 
i n th e sam e wa y a s i n th e long-ter m memor y matrix ,  i.e .  the y activat e plan s tha t  produc e thes e 
outcomes ,  an d inhibi t  plan s tha t  produc e incompatibl e outcomes .  Plan s themselve s ar e 
interconnecte d b y a  causa l  chainin g mechanism .  Tha t  is ,  a  pla n tha t  require s preconditio n X 
activate s al l  plan s tha t  hav e X  a s a n outcome .  Thus ,  th e interconnection s amon g plan s represen t 
th e user' s knowledg e abou t  th e causa l  relation s i n th e system . 

I n thi s manner ,  a  connectivit y matri x o f  siz e n  x  n  i s obtaine d fo r  eac h text ,  correspondin g 
t o th e origina l  m tex t  proposition s an d t o th e (n-m )  associates ,  outcomes ,  an d plan s tha t  hav e bee n 
adde d t o th e text .  A n initia l  activatio n vecto r  wit h n  element s i s the n constructed ,  wit h activatio n 
value s 1/ m fo r  th e m origina l  tex t  proposition s an d 0  fo r  everythin g else .  Thi s vecto r  i s the n 
repeatedl y postmultiplie d wit h th e connectivit y matrix ,  an d renormalize d afte r  eac h multiplication , 
t o comput e th e sprea d o f  activatio n amon g th e element s o f  th e vector .  Whe n th e activatio n vecto r 
reache s a n arbitrar y criterion ,  suc h a s a n averag e chang e afte r  a  multiplicatio n o f  les s tha n .0001 , 
th e activatio n patter n i s considere d t o reflec t  th e stabl e situatio n mode l  forme d b y th e user ,  give n 
th e particula r  tas k an d th e knowledg e assume d here . 

I n term s o f  th e va n Dij k &  Kintsc h (1983 )  model ,  w e hav e starte d wit h a  smal l  textbase , 
whic h activate d bot h relevan t  an d irrelevan t  knowledge .  W e the n use d a n integratio n proces s t o 
deactivat e th e irrelevan t  knowledg e tha t  ha d bee n introduced ,  thu s arrivin g a t  a  situatio n mode l  tha t 
correspond s t o th e user' s understandin g o f  th e situatio n an d th e tas k t o b e performed . 

Plans and Action 
Plan s en d u p a t  differen t  level s o f  activatio n i n th e situatio n model .  W e postulat e a n 

executiv e proces s tha t  check s th e pla n wit h th e highes t  activatio n leve l  an d execute s i t  i f  it s 
precondition s ar e satisfied .  I f  the y ar e not ,  i t  goe s t o th e nex t  highl y activate d plan ,  an d s o on .  I f 
th e pla n execute d ha s a s it s outcom e th e expecte d outcom e (whic h wa s retrieve d fro m th e long-ter m 
memory b y mean s o f  th e origina l  request) ,  th e proble m i s solved .  I f  not ,  th e consequence s o f  th e 
pla n tha t  wa s execute d ar e adde d t o th e situatio n model ,  an d th e integratio n proces s i s restarted , 
resultin g i n a  ne w patter n o f  pla n activation .  Thi s proces s i s repeate d unti l  th e desire d outcom e 
result s (o r  i s  stoppe d whe n i t  goe s hopelessl y awry) . 

T H R EE E X A M P L ES 
The result s o f  a  simulatio n wit h thi s mode l  o f  th e thre e problem s show n abov e ar e partiall y 
depicte d i n Tabl e 3 .  Onl y th e plan s actuall y considere d b y th e executiv e proces s ar e shown , 
togethe r  wit h ranking s indicatin g thei r  relativ e activatio n values .  Fo r  th e I N C L U D E problem ,  th e 
(EDI T FILE-LETTER )  pla n receive s th e highes t  activatio n valu e i n th e firs t  round .  I t  canno t  b e 
execute d becaus e on e o f  it s  precondition s i s no t  fulfilled :  th e locatio n o f  FILE-LETTE R i s 
unknown .  Therefore ,  th e second-ranke d pla n i s considered .  Thi s happen s t o b e (FIN D FILE -
L E T T E R ) ,  i t  i s  executed ,  an d result s i n th e additio n o f  th e propositio n ( K N O W FILE-LETTE R 
L O C A T I O N)  t o th e situatio n model .  Afte r  a  ne w integratio n phase ,  th e (EDI T FILE-LETTER ) 
pla n agai n i s th e mos t  highl y activate d one .  I t  i s  no w possibl e t o execut e thi s plan ,  whic h provide s 
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the desired outcome (IN TEXT-ADDRESS FILE-LETTER), completing the problem. The 
REVISE exampl e i s segmente d int o tw o component s b y th e linguisti c cu e an d then :  suc h tempora l 
connective s ten d t o b e use d a s signal s o f  episod e boundaries ,  an d henc e a s segmentatio n cue s 
(Kintsc h &  Mannes ,  1987) .  Th e reques t  whic h i s acte d upo n firs t  i s  t o revis e th e manuscript :  th e 
model  want s t o EDIT ,  bu t  canno t  d o it ,  s o it s execute s th e nex t  highes t  plan ,  whic h result s i n a 
ne w propositio n characterizin g th e stat e o f  th e system ,  ( K N O W F I L E - M A N U S C R I P T 
LOCATION).  Afte r  a  ne w integratio n process ,  EDI T i s stil l  a t  th e top ,  bu t  no w i t  i s  possibl e t o 
execut e thi s plan .  A s a  result ,  th e proposition s (I N T E X T - M A N U S C R I PT F ILE-MANUSCRIPT ) 
& ( K N O W FILE-MANUSCRIP T L O C A T I O N )  ge t  adde d t o th e textbase ,  th e reques t  t o revis e i s 
dropped ,  an d th e reques t  t o sen d i t  i s  substituted .  Th e integratio n proces s select s th e pla n (SEN D 
T E X T - M A N U S C R I PT F ILE-MANUSCRIP T @ S Y S T E M ),  al l  o f  it s  precondition s ar e met ,  th e 
pla n i s execute d an d th e proble m i s solved .  Th e S E N D proble m i s somewha t  mor e comple x an d 
require s fiv e construction-integratio n cycle s befor e th e solutio n i s arrive d at .  Fro m th e ver y 
beginning ,  th e mode l  want s t o S E N D,  bu t  i s  unabl e t o d o so .  Al l  i t  ca n d o i n th e firs t  cycl e i s t o 
leav e th e M A I L system .  I n th e nex t  cycle ,  i t  manage s t o locat e th e fil e i t  needs ,  s o tha t  i t  ca n cop y 
th e t o b e sen t  tex t  int o a  FILE-TEXT .  However ,  i n orde r  t o sen d thi s file ,  i t  want s first  t o re-ente r 
th e mai l  system ,  becaus e i t  prefer s t o repl y t o th e messag e i t  received ,  rathe r  tha n sendin g a  ne w 
one a s i n REVISE . 

CASE-BASED REASONING 
I n th e simulation s describe d above ,  th e progra m use d onl y it s genera l  knowledg e abou t 

plan s i n arrivin g a t  solutions .  Wha t  woul d happen ,  however ,  i f  thes e problems ,  o r  simila r  ones , 
wer e presente d fo r  a  secon d time ? Althoug h w e don' t  hav e an y direc t  empirica l  evidenc e a s yet ,  w e 
woul d expec t  t o se e example s o f  case-base d reasoning .  I t  appear s plausibl e tha t  th e to-be -
comprehende d tex t  woul d remin d subject s o f  havin g solve d thi s problem ,  o r  a  simila r  one ,  before . 
Ther e ar e man y way s i n whic h a  case-base d reasonin g capabilit y  coul d b e adde d t o th e presen t 
simulation .  A s a n initia l  exploration ,  w e decide d t o mak e som e simpl e assumption s abou t  memor y 
fo r  a n episode .  Specifically ,  w e assume d tha t  wha t  woul d b e remembere d fro m a n episod e woul d 
be th e thre e mos t  highl y activate d tex t  propositions ,  togethe r  wit h th e plan s tha t  wer e execute d i n 
performin g th e task .  Thus ,  fou r  cases ,  eac h consistin g o f  th e thre e proposition s an d th e 
correspondin g plans ,  wer e adde d t o ou r  long-ter m memory .  (Ther e wer e fou r  cases ,  becaus e th e 
Revis e proble m consiste d o f  tw o episodes) .  Th e thre e problem s wer e the n re-run .  I n eac h 
instance ,  th e tex t  proposition s activate d th e appropriat e earlie r  case ,  an d sometime s eve n othe r 
cases .  Thus ,  th e Revis e tex t  reminde d th e syste m no t  onl y o f  th e earlie r  Revis e episodes ,  bu t  als o 
of  th e Sen d episode ,  whic h als o involve d a  tex t  an d fil e calle d manuscript .  I n th e comprehensio n 
network ,  eac h cas e wa s connecte d onl y t o th e plan s tha t  wer e actuall y execute d i n thi s episode . 
Not  surprisingly ,  thi s ha d th e effec t  o f  furthe r  strengthenin g thes e plans ,  an d al l  problem s wer e 
solve d correctly ,  a s before .  Substantia l  portion s o f  th e activatio n o f  eac h plan ,  however ,  derive d 
fro m it s connectio n t o earlie r  episodes :  betwee n 4 0 % an d 5 2 % o f  th e tota l  activatio n o f  non -
ultimat e plan s (i.e .  plan s tha t  ha d t o b e execute d befor e th e ultimat e goa l  coul d b e achieved )  wa s 
acquire d fro m reminding s o f  previou s cases .  Fo r  ultimat e plans ,  thi s proportio n wa s lower , 
rangin g betwee n 2 0 % an d 29% .  Thus ,  case s helpe d particularl y i n th e earl y par t  o f  th e 
comprehensio n process ,  whil e th e las t  ste p i s wel l  define d b y th e tex t  anyway . 
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Tabl e 3 .  Trace s o f  solution s t o th e INCLUDE ,  REVISE ,  an d SEN D tasks . 

1 EDI T 

t 
2 FIN D 

r 

1 EDI T 

1 EDI T 
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(FIL E L O G ) 

(FIL E L O G ) 
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2 G 0 P Y 

t 
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1 S E N D 
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2 E N T E R 
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(FIL E L O G ) 

(@MAIL) 
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CONCLUSIONS AND FURTHER DEVELOPMENTS 
The mcxler s abilit y  t o simulat e th e comprehensio n processe s fo r  th e thre e task s considere d 

her e i s promising ,  thoug h o f  cours e hardl y conclusive .  W e nee d t o expan d th e siz e o f  ou r  long -
ter m memory ,  th e numbe r  o f  pla n alternatives ,  an d th e rang e o f  problem s considered ,  an d se e ho w 
th e presen t  mode l  wil l  perform .  W e nee d t o explor e mor e systematicall y tha n w e hav e don e s o fa r 
th e paramete r  value s use d i n thi s simulation .  (Basically ,  w e chos e th e firs t  combinatio n o f  value s 
tha t  worke d fo r  th e presen t  simulation) .  W e nee d t o explor e variou s way s o f  makin g ou r 
simulatio n mor e elegan t  an d efficien t  (e.g .  i t  ma y no t  b e necessar y t o introduc e a  separat e executiv e 
componen t  t o chec k whethe r  plan s ar e executable ,  etc.) .  Equall y importantly ,  w e nee d t o fin d a 
way i n whic h th e detail s o f  th e mode l  prediction s ca n b e evaluate d agains t  empirica l  protocols .  Al l 
we hav e don e s o far ,  i s  t o not e a  generall y satisfactor y overal l  correspondence . 

I n spit e o f  th e fac t  tha t  thi s wor k i s a s ye t  quit e incomplete ,  ou r  progres s s o fa r  warrant s 
some optimism .  Fro m th e standpoin t  o f  proble m solvin g work ,  wha t  w e hav e don e i s no t 
spectacular :  w e d o a  means-end ,  backwar d proble m solvin g tha t  probabl y woul d no t  hav e 
challenge d th e Genera l  Proble m Solver .  However ,  w e d o thi s withi n a  framewor k o f  a  genera l 
theor y o f  discours e comprehension .  W e ar e no t  proposin g a  mode l  o f  proble m solvin g i n th e 
computin g domai n d e nov o bu t  merel y adap t  a  comprehensio n mode l  t o thi s domai n b y 
representin g th e domai n knowledg e a s plans .  Shoul d w e b e abl e t o wor k ou t  an d tes t  mor e full y 
th e mode l  sketche d here ,  w e pla n t o us e th e mode l  t o explor e th e questio n ho w novic e user s wh o 
do no t  hav e th e kin d o f  knowledg e upo n whic h behavio r  i s  base d i n ou r  simulation s ca n b e helpe d 
t o perfor m routin e computin g tasks . 
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U s i n g C o n v e r s a t i o n M O P s t o I n t e g r a t e 

I n t e n t i o n a n d C o n v e n t i o n i n N a t u r a l  L a n g u a g e P r o c e s s i n g " 

Elise H. Turner and Richard E. Cullingford 

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

Georgi a Institut e o f  Technolog y 

Natura l  languag e processin g system s mus t  con -
side r  bot h conventio n an d intentio n sinc e bot h ar e 

a par t  o f  language .  Th e convention s allo w a  soci -

et y o f  languag e user s t o agre e o n m a n y differen t 

facet s o f  th e language ,  fro m wor d meaning s t o dis -

cours e structure .  Althoug h i t  i s  eas y t o imagin e a 

situatio n wher e conventio n almos t  completel y gov -

ern s a  conversationa l  exchange ,  a  speake r  ofte n 

manipulate s th e convention s t o hel p achiev e som e 

goal .  W h e n thi s happen s th e heare r  mus t  b e abl e 

t o understan d th e intentio n o f  th e speake r  t o b e 

abl e t o full y  understan d th e utterance . 

Most  previou s wor k i n natura l  languag e process -

in g ha s focuse d o n eithe r  intentio n o r  convention . 
Findin g convention s an d usin g the m i n compute r 

syste m interface s ha s bee n th e focu s o f  a  grea t 

dea l  o f  researc h (fo r  example ,  Grosz ,  1977 ;  M c K e -

own,1985 ;  Reichman ,  1985 ;  Sidner ,  1983) .  I n thi s 

wor k hig h leve l  discours e structure s Jir e isolate d 

an d automate d s o tha t  conversationa l  flow  appear s 

natural . 

Othe r  researc h i n natura l  languag e processin g 

has focuse d o n th e intentiona l  componen t  o f  lan -

guage .  Philosopher s o f  languag e recognize d tha t 

eac h utteranc e i s a n ac t  and ,  a s such ,  ca n b e 

subjec t  t o th e sam e sort s o f  successe s an d fail -

ure s a s an y othe r  actio n (Austin ,  1962 ;  Searle , 

1969) .  Thi s insigh t  le d compute r  scientist s t o 

stud y speec h act s i n term s o f  plannin g (Alle n & 

Perrault ,  1980 ;  Carberry ,  1986 ;  Cohe n k  Perrault , 

1979 ;  Litman ,  1986) .  I n thei r  work ,  speec h act s 

functio n a s operator s i n plans .  Condition s tha t 

must  hol d fo r  th e speec h ac t  t o b e use d an d th e 

effect s o f  th e speec h act s ar e associate d wit h eac h 

operator .  Thi s metho d ha s bee n extende d t o han -

dl e difficul t  discours e suc h a s indirec t  speec h acts , 

wher e th e litera l  meanin g o f  th e speec h ac t  i s no t 

'Thi s researc h i s  supporte d b y th e Nationa l  Scienc e 
Foundation ,  gran t  numbe r  IST-8608632 .  A  longe r  versio n 
of  thi s pape r  ha s bee n submitte d t o Ducoun e Proceiae s 

intende d b y th e speaker ,  an d ellipsis ,  wher e a  par t 

of  th e utteranc e mus t  b e inferred .  Plannin g meth -

ods provid e flexibility  b y allowin g th e syste m t o 

reaso n deepl y abou t  th e intention s o f  th e speake r 

an d t o for m ne w dialogue s fro m action s whic h ca n 

be pu t  togethe r  i n an y wa y tha t  follow s th e plan s 

of  th e speake r  an d hearer . 

Plannin g method s ar e no t  cognitivel y plausibl e 

an d m a y expen d computationa l  effor t  unnecessar -

il y  becaus e the y d o no t  tak e advantag e o f  th e con -

vention s i n language .  Carberr y an d Litma n incor -

porat e discours e structure s int o thei r  systems ,  bu t 

bot h tak e a  plan-base d approach .  O u r  approac h 

follow s convention ,  wheneve r  possible ,  a s a  short -

cu t  i n planning .  However ,  th e convention s ar e rep -

resente d i n suc h a  wa y tha t  the y ar e flexible.  Th e 

convention s ca n als o b e use d £i s plan s fo r  inferrin g 
th e user' s pla n o r  finding  a n actio n fo r  th e sys -

te m i f  th e nee d fo r  tha t  informatio n warrant s th e 

additiona l  computation . 

We ar e implementin g ou r  idea s i n JUDI S (JU -

lia' s Discours e System) ,  a  syste m whic h provide s 

a natura l  languag e interfac e fo r  Juli a (Cullingfor d 

& Kolodner ,  1986) .  Juli a i s  a  highl y interactiv e 

advic e givin g syste m usin g a  variet y o f  proble m 

solver s t o provid e assistanc e i n c o m m o n sens e do -

mains .  Th e curren t  versio n o f  Juli a function s a s a 

caterer' s assistan t  helpin g th e use r  t o pla n a  meal . 
I n th e initia l  implementatio n o f  JUDIS ,  w e hav e 

focuse d o n th e beginnin g portio n o f  conversation , 

calle d th e initatio n phas e (Douglas ,  1984) ,  t o nar -

ro w consideration s t o thos e whic h ar e directl y af -

fecte d b y a  fairl y  conventional ,  ye t  potentiall y  flex-

ible ,  conversationa l  structure . 

MOPS AND CONVERSATION 
M O PS 

In our view, conversational conventions are 

learne d fro m m a n y pas t  experience s wit h conver -
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sation .  Thes e convention s ca n b e use d t o achiev e 

th e sam e goal s tha t  hav e bee n associate d wit h 

the m i n th e past .  However ,  sinc e n o conversa -

tio n i s  expecte d t o exactl y repea t  th e past ,  th e 

representatio n fo r  convention s mus t  allo w genera l 

rule s t o b e instantiate d fo r  a  specifi c  situatio n an d 

must  b e flexible  enoug h t o allo w th e intention s o f 

th e conversant s t o impac t  them . 

To represen t  thes e conventions ,  w e us e M O P s , 

or  memor y organizatio n packet s (Schank ,  1982) . 

A M O P i s a  schemati c structur e use d t o or -

ganiz e long-term ,  conceptua l  episodi c memory . 

Each M O P represent s a  generalize d episod e whic h 

satisfie s a  goal .  Th e buildin g block s o f  thes e 

episode s ar e scenes .  Scene s represen t  piece s o f 

th e episode s an d ar e associate d wit h instrumen -
ta l  goal s (Schan k &  Abelson ,  1977 )  tha t  ar e 

used t o achiev e th e highe r  leve l  goa l  o f  th e 

M O P.  Fo r  example ,  a  M O P t o represen t  buy -

in g theate r  ticket s coul d includ e suc h scene s 

as:  G E T - M O N E Y,  GO-TO-THEATER,  GO-TO -

BOX-OFFICE,  ASK-TICKET-AVAILABILITY , 

SELECT-SEATS,  PAY-FOR-TICKETS ,  an d 

CHECK-TICKETS.  Th e goal s associate d wit h th e 

scene s an d M O Ps ar e importan t  fo r  capturin g th e 

intentio n i n a  discours e fragment . 

M O Ps ca n b e store d i n an d retrieve d fro m a  dy -

nami c memor y (Kolodner ,  1984 ;  Schank ,  1982) .  A 

dynami c memor y store s M O Ps usin g indice s base d 
on thei r  importan t  feature s an d create s ne w M O Ps 

fro m specifi c  event s tha t  shar e features .  I n curren t 

implementations ,  th e programme r  decide s whic h 

feature s wil l  b e important ,  althoug h thi s coul d 

theoreticall y b e learne d b y th e memory .  A  specifi c 
valu e o f  a n importan t  featur e i s calle d a  predictiv e 

index .  Thes e ar e use d t o find  informatio n i n th e 
memory.  W h e n a  ne w episod e i s t o b e stored ,  a 

plac e fo r  i t  i s  locate d i n memor y usin g th e sam e 

indice s tha t  wil l  b e use d t o find  it .  I f  som e pre -
determine d numbe r  o f  episode s ar e foun d i n thi s 

location ,  a  generalize d episod e i s create d an d th e 

specifi c  episode s ar e indexe d unde r  th e M O P b y 

thei r  importan t  difference s fro m th e M O P.  I f  th e 

locatio n i n whic h t o stor e a n episod e alread y con -

tain s a  M O P,  th e episod e i s  indexe d unde r  thi s 
generalize d M O P. 

Ther e i s evidenc e tha t  conversatio n M O Ps rep -
resen t  conversationa l  structure s i n h u m a n being s 

(Kellermann ,  Broetzmann ,  Lim ,  an d Kitao ,  i n 

press) .  Kellerman n e t  al .  studie d th e M O Ps 

share d b y member s o f  a  society ,  focusin g o n con -

versatio n M O Ps tha t  represen t  informa l  initia l 

conversation s suc h a s thos e tha t  occu r  betwee n 

tw o peopl e meetin g i n a  grocer y stor e o r  a t  a  party . 

Th e conversatio n M O Ps tha t  ar e use d i n J U D I S 

reflec t  thes e share d M O P s . ^  J U D I S currentl y ha s 

conversatio n M O Ps representin g genera l  rule s o f 

conversation ,  suc h a s turn-takin g an d questio n an -

swering ,  a s wel l  a s rule s fo r  th e expecte d structur e 

of  a  complet e conversation .  A  complet e conver -

sationa l  syste m wil l  hav e ver y genera l  M O Ps fo r 
conversationa l  goal s tha t  aris e i n mos t  conversa -

tions ,  an d mor e specifi c  M O Ps t o captur e conven -

tion s fro m particula r  contexts .  Sinc e m a n y goal s 

m ay b e activ e i n on e conversatio n an d additiona l 

M O Ps wil l  b e chose n t o guid e th e conversatio n i n 

th e give n context ,  m a n y M O Ps wi U appl y a t  once . 

JUDI S doe s no t  construc t  a  complet e pla n fro m 

th e conversatio n M O P s ,  bu t  follow s a  M O P whe n 

an utteranc e o r  a  goa l  o f  th e syste m bring s th e 

M OP t o th e attentio n o f  th e planner .  (Detail s o f 

thi s proces s ar e discusse d below. )  Thi s metho d 
allow s th e syste m t o respon d t o use r  utterance s 

tha t  d o no t  fit  int o th e M O P tha t  th e syste m i s 

following .  Th e metho d demand s a  mechanis m fo r 

conversationa l  contro l  tha t  ca n kee p trac k o f  th e 

m a ny activ e conversatio n M O P s . 

Sinc e Juli a i s  a  caterer ,  JUDI S ha s a  caterer' s 
conversatio n M O P whic h give s th e topic s expecte d 

i n a  conversatio n betwee n a  clien t  an d a  caterer . 

Th e caterer' s M O P ha s a  scen e fo r  th e initiatio n 

phase .  W e hav e adapte d th e initiatio n phas e foun d 

by Kellerman n e t  al .  (i n press )  t o appl y t o a  com -

puterize d caterer' s assistant . 
A simplifie d versio n o f  a  conversatio n M O P fo r 

th e initiatio n phas e betwee n a  compute r  catere r 

and a  ne w clien t  appear s i n Figur e 1 .  Th e ini -

tiatio n phas e M O P contain s th e character s tha t 
appea r  i n thi s scene .  JUDI S assume s tha t  i t  i s 

functionin g i n th e rol e o f  caterer ,  bu t  i t  coul d us e 

thi s M O P i f  i t  wer e th e custome r  o f  a  caterer .  Th e 

goal  o f  th e M O P i s simpl y t o star t  a  conventiona l 

conversation .  Thi s goa l  coul d b e i n servic e o f  som e 

othe r  goa l  suc h a s gettin g t o kno w someone ,  get -

tin g information ,  or ,  i n th e cas e o f  Julia ,  bein g a 

goo d an d polit e businessperson . 

Th e scene s i n th e initiatio n phas e giv e th e ac -
tion s tha t  usuall y tak e plac e i n thi s phas e o f  th e 

conversation .  Th e scene s i n th e initiatio n phas e 

ar e fairl y well-defined ;  i n late r  portion s o f  th e di -

alogue ,  scene s m a y b e mor e vague .  Fo r  specifi c 

*  JUDI S doe s no t  currentl y lear n conversatio n MOPs,  al -
thoug h thi s i s a  long-ter m goa l  o f  thi s research .  W e believ e 
tha t  th e M O Ps th e syste m ha s bee n give n ar e potentiall y 
th e product s o f  generalizatio n i n a  dynami c memory . 
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chciracters: caterer, customer 

goal :  conventional-conversatio n 

scenes : 

greetin g 

The use r  an d Juli a exchang e greeting s suc h a s "Hello. " 

or  "Hi. " 

introductio n 

Juli a introduce s itself ;  th e use r  m a y introduc e him -  o r 

hersel f  i f  th e use r  i d give n a t  logi n i s no t  th e user' s nam e 

positive-evaluatio n 

exchang e "It' s  nic e t o mee t  you. "  o r  som e othe r 

positiv e evaluatio n o f  th e introduction . 

ask-healt h 

bot h ca n as k "Ho w ar e you? " 

reason-for-presenc e 

Juli a ask s th e reaso n fo r  th e person' s visi t 

seq-of-events :  greeting ,  introduction ,  positive-evaluation ,  ask-health ,  reason-for-presenc e 

mandatory-scenes :  greetings ,  introduction ,  reason-for-presenc e 

Figure 1: The Initiation Phase MOP 

rule s o f  conversation ,  scene s m a y b e ver y genera l 

actions ,  suc h a s formin g a  question .  Here ,  infor -

matio n fro m th e curren t  contex t  wil l  b e use d t o fill 

i n specific s o f  th e questio n a t  th e tim e th e ques -

tio n i s  asked .  T h e orde r  o f  th e scene s i s give n b y 

seq-of-events .  I n thi s initiatio n phas e M O P th e 

scene s ar e totall y ordered ,  bu t  ou r  representatio n 

als o allow s partia l  orderings .  Th e scene s liste d a s 

mandator y scene s ar e expecte d t o occu r  i n thi s 

phas e simpl y becaus e o f  convention ,  no t  du e di -

rectl y t o th e activ e goal s o f  th e system . 

Scene s whic h ar e no t  mandator y bu t  whic h 

ar e presen t  i n th e M O P ar e considere d optiona l 

scenes .  Th e syste m initiate s a n optiona l  scen e i f 

i t  want s t o achiev e th e associate d goal .  I f  th e use r 

initiate s a n optiona l  scene ,  th e syste m ca n infe r 

tha t  th e use r  ha d th e associate d goal .  Optiona l 
scene s giv e th e convention s som e flexibility  b y giv -

in g th e syste m a  conventiona l  wa y t o solv e a  goal , 

so i t  doe s no t  hav e t o d o extensiv e planning ,  bu t 

not  forcin g executio n i f  th e associate d goa l  doe s 

not  nee d t o b e achieved . 

Late r  portion s o f  th e conversation s wit h Juli a 

wi U b e controlle d mor e b y th e system' s an d th e 

user' s proble m solving .  Th e goal s associate d wit h 
conversatio n M O Ps ca n accoun t  fo r  intentio n i n 

conversation ,  an d th e us e o f  M O Ps i n th e prob -

le m solvin g system s o f  Juli a allow s th e proble m 

solvin g plan s o f  th e use r  t o b e availabl e t o JUDIS . 

Th e caterer' s conversatio n M O P allow s JUDI S t o 

hav e reasonabl e expectation s o f  topic s t o b e cov -

ere d durin g th e entir e cours e o f  conversation ,  with -

out  expendin g a  grea t  dea l  o f  computationa l  ef -

fort .  Thi s overvie w allow s JUDI S t o integrat e 

question s an d informatio n fro m Julia' s differen t 

proble m solvers .  I f  a n utteranc e requeste d b y on e 

of  Julia' s subsystem s doe s no t  relat e t o th e cur -

ren t  topi c an d th e utteranc e i s no t  to o importan t 

t o th e proble m solver ,  th e syste m ca n chec k t o se e 

when th e topi c wil l  b e discusse d an d includ e th e 

utteranc e a t  th e appropriat e time . 

AN OVERVIEW OF JUDIS 

The current focus of JUDIS is on using conversa-

tio n M O Ps i n th e initiatio n phase .  Thi s phas e 

i s guide d almos t  exclusivel y b y it s  conversatio n 

M O P.  Th e conversant s ar e concerne d wit h begin -

nin g th e conversation ,  no t  wit h an y proble m tha t 

m ay b e discusse d later .  Thi s limit s th e initiatio n 

phas e t o goal s tha t  ar e relate d t o conversatio n an d 

not  proble m solving .  Th e goal s associate d wit h 

th e optiona l  scene s wil l  b e persisten t  goals ,  lik e 

polite-conversation ,  tha t  wil l  se t  th e stag e fo r  th e 

res t  o f  th e conversation .  T o infe r  th e user' s pla n 
we d o no t  nee d t o loo k a t  possibl e proble m solv -

in g strategies .  Th e syste m ca n ak o ignor e relat -

in g proble m solvin g t o it s o w n plannin g a t  thi s 

stage .  Althoug h w e d o no t  conside r  highl y irreg -

ula r  dialogues ,  th e initiatio n phas e doe s contai n 
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optiona l  scene s whic h allo w u s t o stud y severa l 

aspect s o f  th e system' s potentia l  flexibility.  Th e 

initiatio n phas e als o force s th e syste m t o handl e 

severa l  M O Ps whic h accoun t  fo r  th e sam e utter -

ance . 

Finding the Initial MOPs 

Initially, JUDIS must choose which MOPs are per-
tinen t  t o th e conversation .  I t  start s wit h th e goa l 

of  bein g a  goo d catere r  whic h include s th e goal s 

fo r  carryin g ou t  a  coheren t  conversation .  Th e con -

tex t  o f  bein g i n th e caterin g environmen t  i s use d t o 

selec t  th e caterer' s conversatio n M O P fro m m e m-

ory .  Th e familiarit y o f  th e catere r  wit h th e clien t 

i s  use d a s a n inde x int o memor y t o selec t  th e M O P 

fo r  th e initiatio n phase . 

Othe r  conversatio n M O Ps ar e als o selecte d fro m 

th e memor y a t  thi s time .  Th e M O P fo r  turn -

takin g i s  selecte d becaus e o f  th e goa l  t o hav e a 

conventiona l  conversation .  Thi s M O P i s use d i n 

so man y context s an d ha s becom e s o genera l  tha t 

i t  i s  selecte d wheneve r  th e syste m participate s i n 
a conversation . 

Serendipitous Goal Satisfaction 

There are three different levels of activation that 

can b e associate d wit h a  M O P.  A  dorman t  M O P 

i s i n memor y an d i s  availabl e t o b e activate d b y 
th e conversatio n system ,  bu t  i s no t  associate d 

wit h an y activ e goa l  o f  th e syste m o r  doe s no t 

appl y i n th e curren t  context .  I n th e cas e o f  a 

ne w use r  loggin g int o Juli a fo r  th e first  time ,  th e 

initiatio n M O P fo r  familia r  user s woul d remai n 
dorman t  throughou t  th e session .  Th e question -

answer  M O P i s dorman t  a t  th e star t  o f  th e dia -

logu e becaus e i t  i s no t  neede d t o satisf y an y goals . 

An activ e M O P i s associate d wit h a  goa l  tha t  i s 

active ,  bu t  th e M O P i s no t  currentl y executing . 
I f  JUDI S ha s a  questio n tha t  i t  i s  waitin g t o fit 

int o th e conversation ,  th e question-answe r  M O P 

fo r  tha t  questio n i s active .  M O Ps ar e als o activ e i f 

the y ar e th e scene s o f  activ e M O P s .  Fo r  example , 

whil e th e initiatio n M O P i s executing ,  th e late r 

scene s o f  th e caterer' s conversatio n M O P ar e ac -
tiv e b y virtu e o f  bein g par t  o f  th e activ e caterer' s 

M O P.  Th e initiatio n M O P i s considere d t o b e a n 

executin g M O P becaus e i t  represent s a  pla n tha t 

i s  currentl y bein g followed . 

W h en a n executabl e ac t  o r  episod e bein g per -

forme d t o satisf y a  scen e i n on e M O P als o satis -

fies  a  scen e i n anothe r  M O P,  w e refe r  t o thi s a s 

aerendipitou a goa l  satisfaction .  W e d o no t  see k t o 

minimiz e th e numbe r  o f  action s execute d b y find-

in g serendipitou s goa l  satisfactio n becaus e w e tr y 

t o limi t  th e amoun t  o f  computing ,  no t  th e numbe r 

of  generations ,  performe d t o achiev e th e conversa -

tiona l  goal .  W e believ e thi s metho d mor e closel y 

reflect s h u m a n processing .  Ver y ofte n serendipi -

tou s goa l  satisfactio n occur s a s par t  o f  executin g 

a M O P an d doe s no t  nee d t o b e coerced .  Fo r  ex -

ample ,  a  question-answe r  sequenc e alway s satisfie s 

turn-taking . 

I t  i s  importan t  t o recogniz e whe n serendipitou s 

goal  satisfactio n ha s occurre d becaus e i t  allow s 

JUDI S t o avoi d repeatin g pla n step s (usuall y ut -

terances )  unnecessarily .  I t  i s  als o importan t  be -

caus e serendipitou s goa l  satisfactio n ca n chang e 

th e flow  o f  conversation .  T o find  serendipitou s 

goal  satisfaction ,  wheneve r  a n utteranc e i s made , 

JUDI S check s th e activ e M O Ps t o se e i f  th e ut -

teranc e ca n b e use d t o execut e a  scen e i n on e o f 

them .  I f  i t  ca n be ,  tha t  M O P i s see n a s executin g 

serendipitously . 
JUDI S currentl y onl y consider s activ e M O Ps 

when finding  serendipitou s goa l  satisfaction .  W e 
adop t  thi s strateg y t o hel p th e planne r  t o maintai n 

it s  focus .  W h e n serendipitou s goa l  satisfactio n oc -

cur s a s th e resul t  o f  a n actio n b y th e system ,  i f  a 

M OP wer e importan t  t o th e goal s o f  th e syste m i t 
woul d alread y b e active .  I f  th e actio n force d th e 

conversatio n int o followin g a  dorman t  M O P tha t 
was partiall y  satisfie d b y th e action ,  th e syste m 

woul d find  th e M O P whil e tryin g t o understan d 

th e user' s utterance .  I f  th e user' s utteranc e ex -
ecute d a  scen e tha t  wa s dormant ,  JUDI S woul d 

execut e th e currentl y activ e M O P s ,  i f  i t  could ,  t o 

respon d t o th e utterance .  However ,  a s w e wor k 
wit h mor e complicate d portion s o f  dialogue ,  w e 

m ay find  tha t  w e nee d t o examin e dorman t  M O Ps 

mor e carefully . 

Selecting a MOP for Execution 

When serendipitous goal satisfaction occurs, more 

tha n on e M O P i s executing .  Th e syste m canno t 

simpl y follo w th e M O P tha t  i t  originall y chos e 

t o execute ,  sinc e i t  i s  no t  th e cas e tha t  follow -

in g th e originall y chose n M O P wil l  guarante e th e 

continue d satisfactio n o f  th e M O P tha t  i s execut -
in g du e t o serendipitou s goa l  satisfaction .  Some -

time s th e wa y th e origina l  goa l  i s  achieve d de -

mands a  respons e from  outsid e o f  th e chose n 

M O P.  I f  on e perso n wante d t o ge t  th e atten -

tio n o f  another ,  h e o r  sh e coul d sa y "Hello "  o r 
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"What' s up?" .  "Hello "  leave s roo m fo r  a  wid e va -

riet y o f  response s availabl e i n th e initiatio n M O P, 

but  "What' s up? "  throw s th e dialogu e int o th e 

question-answe r  M O P an d demand s a n answer . 

The pla n fo r  conversatio n ca n als o b e disrupte d b y 

th e user .  Consequently ,  th e syste m mus t  choos e 

whic h scen e t o execut e next . 

The choic e o f  th e nex t  scen e t o execut e i s af -

fecte d b y thre e factors .  A s i s usua l  i n plan -

nin g systems ,  goal s ar e give n differen t  prioritie s 

and th e highe r  th e priorit y o f  th e goal ,  th e mor e 

likel y a  pla n fo r  th e goa l  wil l  b e chose n fo r  execu -

tion .  Thi s i s especiall y importan t  i n late r  phase s 

of  th e dialogu e whe n a n urgen t  nee d o f  proble m 

solvin g ma y requir e th e dialogu e t o b e disrupted . 

The priorit y o f  a  goa l  i s  usuall y se t  b y it s func -

tio n i n th e proble m solvin g task ,  althoug h goal s 

concerne d onl y wit h maintainin g th e conversatio n 

hav e a  hig h enoug h priorit y t o kee p th e dialogu e 

coherent .  Sinc e man y o f  th e mos t  genera l  rule s 

of  conversatio n ar e satisfie d i n th e cours e o f  ap -

plyin g othe r  conversatio n M O P s,  suc h a s satis -

fyin g turn-takin g whil e executin g th e question -

answer  M O P,  conversatio n goal s suc h a s polite -

conversatio n ar e give n a  lo w priorit y s o tha t  th e 

more specifi c  M O Ps hav e a  chanc e t o b e executed . 

Conversatio n M O Ps ar e powerfu l  becaus e the y 

can giv e mor e guidanc e tha n jus t  associatin g a 

pla n wit h a  goal .  Th e othe r  tw o factor s affectin g 
M OP selectio n concer n th e relationshi p betwee n 

scenes .  Th e strengt h o f  th e sequencing ,  whethe r 

or  no t  th e execute d scen e mus t  b e immediatel y fol -

lowe d b y th e scen e bein g considere d fo r  execution , 

affect s th e choic e o f  th e nex t  scene .  I f  a  ques -

tio n ha s bee n asked ,  i t  i s  importan t  t o answe r  i t 

wit h th e nex t  utterance .  O n th e othe r  hand ,  i f 

th e appetize r  scen e ha s jus t  bee n discussed ,  th e 

mai n cours e doe s no t  hav e t o follo w immediately . 

Anothe r  facto r  t o conside r  i n selectin g a  scen e i s 

whethe r  th e scen e bein g considere d i s mandator y 

or  optional .  I t  i s  importan t  t o execut e manda -

tor y scene s befor e optiona l  one s t o decreas e th e 

likelihoo d o f  th e dialogu e bein g terminate d whil e 

mandator y M O Ps ar e lef t  unexecuted . 

We us e a  simpl e activatio n mode l  fo r  scen e selec -

tion .  Eac h o f  th e thre e factor s abov e contribute s 

t o th e activatio n o f  a  M O P.  Th e activatio n con -

tribute d b y th e goa l  remain s proportiona l  t o th e 

priorit y o f  th e goal .  Th e priorit y o f  th e goa l  ma y 

increas e o r  decrease ,  an d whe n thi s happen s th e 

activatio n tha t  i t  contribute s t o th e scen e wUl 

increas e o r  decrease .  A s lon g a s a  goal' s prior -

it y stay s constant ,  th e amoun t  tha t  i t  contribute s 

t o th e scene' s activatio n remain s constant .  How -

ever ,  th e activatio n contribute d b y positio n an d 

whethe r  o r  no t  a  scen e i s mandator y i n th e M O P 

i s allowe d t o decay .  Thi s happen s becaus e a s th e 

tim e fro m on e utteranc e t o th e nex t  utteranc e i n 

th e M O P increases ,  executin g th e nex t  scen e i n 

th e M O P become s les s important .  Sometime s th e 

distanc e i s s o grea t  tha t  a  topi c shif t  mus t  b e ex -

ecute d i n orde r  t o execut e th e scene . 

For  example ,  suppos e on e conversan t  aske d tw o 

question s i n a  ro w withou t  allowin g th e responden t 

t o answe r  th e first.  Th e othe r  conversan t  mus t  de -

cid e whic h questio n t o answer .  Suppos e h e o r  sh e 

answere d th e first  questio n first  an d thi s le d t o a 

discussio n o f  th e answer .  Th e longe r  th e discus -

sio n continued ,  th e les s likel y i t  woul d b e tha t  th e 

secon d questio n woul d b e answered .  Thi s los s o f 

interes t  i s  reflecte d b y th e deca y o f  activatio n i n 

our  system . 
The activatio n mode l  als o ha s implication s 

fo r  processin g optiona l  scenes .  Sinc e optiona l 

scene s nee d stronge r  activatio n fro m th e goa l  tha n 

mandator y scene s do ,  fo r  th e syste m t o execut e 

an optiona l  scen e th e associate d goa l  fo r  th e scen e 

must  b e active . 

Two Examples of Initiation Phases 

An example of an initiation dialogue that could 

occu r  betwee n a  use r  (U )  an d Juli a (J )  appear s i n 

Figur e 2 .  Fro m th e login ,  Juli a know s tha t  thi s 

i s a  ne w user .  Th e use r  say s "hello "  a s par t  o f 

th e exchang e greetin g scene .  Thi s als o count s a s 

a tur n fo r  th e user ,  s o th e turn-takin g M O P i s 

executin g a s a  resul t  o f  serendipitou s goa l  satis -

faction .  Th e scen e o f  returnin g th e "hello "  mus t 

follo w th e user' s "hello" ,  s o JUDI S respond s wit h 

"hello" .  Th e nex t  scen e i n th e initiatio n M O P i s 

th e introduction ,  s o JUDI S ha s Juli a introduc e it -

self .  Ther e ar e n o mandator y scene s i n th e ini -

tiatio n scen e an d n o scen e mus t  follo w th e in -

troduction ,  s o JUDI S wait s fo r  th e use r  t o tak e 

hi s turn .  Sinc e th e use r  mus t  execut e thi s scene , 

th e syste m ca n onl y wait .  Th e use r  say s "Ho w 

ar e yo u today? "  whic h increase s th e strengt h o f 
th e conversationa l  goa l  o f  polite-conversation .  Th e 

"ask-health "  scen e contain s a n answe r  t o "ho w ar e 

you? "  buil t  int o it s M O P.  Whe n someon e say s 

"ho w ar e you? "  t o a  perso n h e o r  sh e ha s neve r 

met ,  th e heare r  doe s no t  actuall y answe r  th e ques -

tion ,  bu t  alway s say s somethin g positive .  JUDI S 

knows ho w t o respon d fro m th e initiatio n M O P 
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Ul: Hello. 

Jl :  HeUo . 

J2:  M y nam e i s Julia . 

U2:  Ho w ar e yo u today ? 

J3:  Fine . 

J4:  H o w ar e you ? 

U3:  Fine . 

J5:  Ma y I  hel p yo u pla n a  mea l  today ? 

Figure 2: Example Initiation Phase 1 

and doe s no t  nee d t o find  th e question-answe r 

M O P.  Thi s scen e continue s wit h th e syste m askin g 

th e user' s health .  Th e nex t  scen e t o b e selecte d 

fo r  executio n i s reason-for-presenc e scene .  Ther e 

ar e n o othe r  scene s i n th e initiatio n phase ,  s o thi s 

scen e i s  chosen .  I t  matche s th e caterer' s goa l  o f 

caterin g an d ca n no w b e execute d sinc e manda -

tor y scene s ar e no t  takin g precedence . 

I n th e first  example ,  th e use r  ha d th e goa l  o f 
bein g polit e a t  a  hig h enoug h priorit y tha t  h e ex -

ecute d th e optiona l  goal .  Bu t  i f  th e use r  di d no t 

hav e thi s goal ,  utterance s U 2 - U 3 woul d b e lef t  ou t 

of  th e dialogue .  Th e ne w dialogu e woul d b e exe -

cute d i n th e sam e wa y a s th e previou s exampl e 

fo r  th e first  tw o utterances .  A s before ,  bot h th e 
initiatio n M O P an d th e turn-takin g M O P ar e ex -

ecuting .  Th e initiatio n M O P ha s m a n y optiona l 
scene s an d n o scen e whic h need s t o directl y fol -

lo w th e introduction .  Juli a ha s a  goa l  t o cater , 

and th e reason-for-presenc e scen e i s  mandatory , 
but  th e scen e doe s no t  nee d t o closel y foUo w th e 

introductio n s o i t  doe s no t  hav e enoug h activatio n 
t o b e selecte d fo r  execution .  Th e use r  utteranc e 

i n th e turn-takin g M O P mus t  immediatel y follo w 

a syste m utterance ,  s o tha t  scen e i s  selecte d fo r 
execution .  Sinc e th e scen e mus t  b e execute d b y 

th e user ,  JUDI S waits .  Bu t  a s th e syste m waits , 

th e contributio n mad e b y th e strengt h o f  th e con -

nectio n betwee n th e scene s decays .  Eventually ,  i t 

decay s enoug h tha t  th e decisio n fo r  th e nex t  M O P 
relie s mostl y o n th e goals ;  "Ma y I  hel p you? "  i s 

execute d sinc e it s goa l  ha s mor e strengt h tha n th e 

goal  o f  polite-conversatio n tha t  i s associate d wit h 

turn-taking . 

C O N C L U S I ON 

JUDIS handles a restricted conversational behav-

ior ,  bu t  w e believ e i t  ca n b e extende d t o handl e 

much mor e complicate d part s o f  a  dialogue .  Som e 

of  th e powe r  o f  ou r  conversationa l  controlle r  wil l 

be derive d fro m it s  associatio n wit h a  dynami c 

memory an d wit h proble m solvers .  T h e dynami c 

memory i s usefu l  fo r  finding  th e appropriat e M O P 

fo r  a  give n context .  Th e proble m solver s ca n b e 

use d t o infe r  genera l  informatio n abou t  th e worl d 

neede d t o understan d a  conversation .  Thei r  prob -

le m solvin g capabilitie s ca n b e use d t o hel p pla n 

conversatio n whe n activ e M O Ps d o no t  specif y 

enoug h detail .  A s w e continu e ou r  research ,  th e 

conversatio n M O Ps themselve s wil l  nee d t o b e ex -
pande d a s th e syste m handle s dialogu e tha t  i s les s 

constrained .  Th e factor s contributin g t o th e ac -

tivatio n o f  a  M O P wil l  hav e t o b e expanded .  W e 

wil l  als o hav e t o conside r  mor e complicate d M O P s , 

suc h a s thos e fo r  topi c switching . 

As we move further into the dialogue, we will 
need t o explor e ho w proble m solvin g affect s th e 

use o f  convention .  Here ,  th e intentiona l  compo -

nen t  o f  natura l  languag e processin g wil l  b e eve n 
mor e importan t  an d a  user' s pla n wil l  mor e ofte n 

nee d t o b e inferred .  Th e syste m wil l  als o nee d t o 

make genera l  M O Ps mor e specifi c b y filling  i n in -
formatio n fro m th e proble m solvin g context .  Th e 

proble m solvin g system s an d th e use r  wU l  plac e 

mor e demand s o n JUDIS' s flexibility  an d wil l  re -

quir e m a n y M O Ps t o b e activ e a t  on e time . 

Although we must continue to develop our sys-
te m i n orde r  t o handl e mor e interestin g conver -

sationa l  phenomena ,  ou r  curren t  implementatio n 

has give n u s a  soli d bas e t o wor k from .  W e 

hav e use d th e philosoph y o f  minimizin g cogni -

tivel y implausibl e reasonin g effor t  i n a  syste m tha t 

ca n b e integrate d wit h mor e intensiv e reasonin g 

when necessary .  B y usin g conversationa l  M O Ps 

t o represen t  conversationa l  rules ,  w e hav e lai d th e 

groundwor k fo r  a  syste m whic h ca n b e flexible 

whil e retainin g th e eflficienc y o f  foUowin g conven -
tions . 
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Th e simphcit y o f  a  hypothesi s fo r  a  perso n canno t  b e measure d b y th e simplicit y o f 

th e person' s representatio n o f  tha t  hypothesi s (fo r  example ,  th e numbe r  o f  symbol s 

used) ,  becaus e an y hypothesi s ca n b e represented  wit h a  singl e symbol .  A  bette r 

measur e o f  simplicit y i s th e eas e wit h whic h th e hypothesi s ca n b e use d t o accoun t  fo r 

actua l  an d foreseeabl e data .  Bu t  i t  i s  als o importan t  t o allo w fo r  differen t  way s i n 

whic h dat a migh t  b e represented .  W e sugges t  tha t  th e relevan t  way s o f  representin g 

dat a ar e thos e way s i n whic h th e perso n i s  interested ,  i.e. ,  thos e representation s tha t 

most  directl y hel p t o answe r  question s th e perso n want s t o answer .  I n particular ,  w e 

sugges t  tha t  th e simplicit y o f  a  hypothesi s fo r  a  perso n i s determine d b y th e shortnes s 

of  th e connectio n betwee n tha t  hypothesi s an d th e dat a tha t  interes t  th e person ,  a s 

measure d b y th e numbe r  o f  intermediat e step s h e o r  sh e need s t o appreciat e i n orde r  t o 

appreciat e th e complet e connection . 

Keywords: simplicity, explanation, inference, hypothesis 

Curve Fitting 

Suppos e tha t  yo u hav e discovere d tha t  pressur e o n a  certai n sor t  o f  cerami c materia l  affect s 

th e conductivit y o f  tha t  materia l  an d yo u ar e intereste d i n bein g abl e t o determin e th e relatio n 

betwee n thes e tw o quantities .  Y o u obtai n th e followin g replicable  dat a pairs :  P = \ ,  C = 2 ; 

p=2, ,  C = 6 ;  P = A ,  C = 8 ;  P = 9 ,  C = 1 8 .  I f  w e le t  C = F ( P ) ,  you r  dat a ca n the n b e expresse d a s 

follows:F(l)=2 ;  F(3)=6 ;  F(4)=8 ;  F(9)=18 .  Give n thes e data ,  yo u woul d normall y tak e th e mos t 

reasonabl e hypothesi s t o b e (HI )  F(P)=1P . 

W h y? Certainly ,  (HI )  i s  compatibl e wit h you r  dat a i n a  wa y tha t  variou s othe r  hypothese s ar e 

not ,  fo r  example : 

(H2 )  F(P)=3P . 

(H3 )  FiP)=3-P . 

But  ther e ar e infinitel y m a n y hypothese s tha t  ar e lik e (HI )  i n bein g compatibl e wit h you r  data . 

For  example , 

(H4 )  F(P)=2P+(P-l)(P-3)(P-4XP-9) . 

W h at  i s i t  tha t  make s yo u prefe r  (HI )  t o a  hypothesi s lik e (H4) ? 

Th e natura l  answe r  t o thi s questio n i s  tha t  (HI )  i s  simple r  an d les s a d ho c tha n (H4) .  Bu t 

thi s answe r  raise s tw o importan t  an d related  issues .  First ,  wha t  make s on e hypothesi s simple r 

tha n another ? Second ,  w h y shoul d th e simplicit y o f  a  hypothesi s b e take n a s an y sor t  o f  indica -

tio n o f  th e trut h o f  th e hypothesis ? 

The preparatio n o f  thi s pape r  wa s supporte d i n par t  b y researc h grant s t o Princeto n Universit y from  th e Jame s 
S.  McDonnel l  Foundatio n an d th e Nationa l  Scienc e Foundation .  W e ar e indebte d t o discussion s wit h Pau l 
Thagar d an d (som e year s ago )  wit h Hug o Margair L 
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These are difficult issues. We are going to concentrate on the first and try to say what the 

simplicit y o f  a  hypothesi s consist s in .  Bu t  w e wil l  als o sa y a  littl e abou t  th e secon d issue ,  wh y 

simplicity ,  s o understood ,  shoul d b e use d t o selec t  amon g hypothese s tha t  accoun t  equall y wel l 

fo r  th e data . 

I n th e exampl e w e bega n with ,  th e first  questio n become s this :  I n wha t  wa y i s (HI )  simple r 

tha n (H4) ? On e differenc e betwee n th e hypothese s i s tha t  (HI )  i s  expresse d i n 7  symbol s whil e 

(H4 )  use s 2 8 symbols .  S o w e migh t  conside r  th e followin g proposal :  (HI )  i s simple r  tha n (H4 )  i n 

tha t  i t  i s  shorter ,  and ,  mor e generally ,  th e complexit y (o r  lac k o f  simplicity )  o f  a  hypothesi s ca n 

be measure d b y th e numbe r  o f  symbol s use d t o expres s tha t  hypothesi s (Sober ,  1975) . 

The troubl e wit h thi s proposa l  i s tha t  hypothese s ca n b e expresse d i n variou s ways .  Fo r  an y 

give n hypothesi s w e ca n arbitraril y  introduc e notatio n tha t  woul d allo w u s t o expres s th e 

hypothesi s wit h ver y fe w symbols .  Fo r  example ,  w e hav e bee n usin g th e symbol s "(HI) "  an d 

"(H4) "  t o stan d fo r  thes e hypotheses ,  whic h show s tha t  eac h ca n i n fac t  b e represented  i n 4  sym -

bols .  W e coul d hav e use d th e numeral s "1 "  an d "4 "  instead ,  i n tha t  wa y representing  eac h 

hypothesi s wit h on e symbol .  Clearly ,  an y hypothesi s ca n b e expresse d usin g a  singl e symbo l  i n 

thi s way .  So ,  i f  hypothese s diffe r  i n simpUcity ,  thi s differenc e canno t  b e measure d simpl y b y 

coimtin g th e symbol s use d t o expres s th e hypotheses . 

I t  migh t  b e suggeste d tha t  "(HI) "  an d "(H4) "  ar e abbreviation s o f  longe r  expression s an d 

tha t  w e mus t  conside r  ho w man y symbol s i t  take s t o expres s thes e hypothese s withou t  usin g 

abbreviations .  Bu t  ho w ar e w e t o tel l  whe n abbreviation s hav e bee n used ? H o w ar e w e t o deter -

min e wha t  symbol s ca n b e use d a s primitiv e an d undefined ? I s  i t  permitte d t o represent  th e pro -

duc t  o f  2  an d P  a s "IP "  o r  mus t  w e includ e a n operato r  t o represent  multiplicatio n a s i n "2xF" ? 

Can w e us e ordinar y mathematica l  symbol s lik e "x" ,  "-»-" ,  an d "-" ,  o r  ar e thes e symbol s t o b e 

define d i n eve n mor e primitiv e terms ? 

One wa y t o answe r  suc h question s i s t o postulat e a  syste m o f  menta l  representation .  I n thi s 

view ,  th e complexit y o f  a  hypothesi s fo r  yo u depend s o n you r  actua l  menta l  representation  o f  th e 

hypothesis .  (HI )  i s  les s comple x tha n (H4 )  fo r  you ,  eve n thoug h eac h ca n b e externall y 

represented  b y a  singl e symbol ,  i f  menta l  representation  o f  (HI )  use s fewe r  menta l  primitive s 

tha n you r  menta l  representation  o f  (H4) .  Thi s i s a  psychologica l  accoun t  o f  simplicit y i n th e 

sens e tha t  th e simplicit y o f  a  hypothesi s i s it s simplicit y fo r  you ,  give n th e wa y i n whic h yo u 

represent  th e hypothesi s i n Mentalese . 

Thi s leave s th e difficul t  proble m o f  tryin g t o determin e wha t  for m a n inne r  syste m o f  men -

ta l  representatio n takes .  On e tes t  migh t  b e t o conside r  ho w "natural "  certai n representation s are . 

Conside r  th e followin g tw o representations : 

(HI )  FiP)=2XP . 

(H4 )  F(,P)=2$P . 

Her e th e operato r  "x "  stand s fo r  multiplicatio n an d th e operato r  "$ "  satisfie s th e followin g rule : 

A$B=AxB+(B-\)x(B-3)x(B^)xiB-9) . 

The operato r  "x "  seem s quit e natura l  a s a n operato r  tha t  i s  suitabl y represente d b y a  singl e sym -

bol ,  wherea s th e operato r  "$ "  s o define d ma y see m "unnatural"—on e tha t  i s no t  suitabl y 

represente d b y a  singl e symbol . 

But  thi s doe s no t  mee t  th e objectio n alread y considered ,  sinc e i t  doe s no t  preclud e ther e 

bein g variou s way s t o mentall y represen t  an y give n hypothesis .  Jus t  a s yo u ca n us e a  singl e sym -

bol  t o stan d fo r  an y give n hypothesi s whil e yo u ar e talkin g t o someon e else ,  yo u ough t  t o b e abl e 

t o d o th e sam e thin g i n th e system s o f  menta l  representatio n yo u us e fo r  thought .  I f  yo u can ,  th e 

complexit y o f  a  hypothesi s fo r  yo u i s no t  a  functio n o f  th e numbe r  o f  menta l  symbol s yo u us e t o 
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express the hypothesis in your inner language of thought. 

I n othe r  words ,  i t  i s  unclea r  wh y yo u can' t  introduc e a  menta l  symbo l  fo r  th e operatio n "$ " 

so tha t  yo u ca n mentall y represen t  (H4 )  a s "F{P)=2$P" 1 Tha t  ma y no t  b e a  natura l  wa y o f 

representin g (H4 )  i n som e sense ,  sinc e th e symbo l  "$ "  i s  unfamiliar ,  bu t  tha t  fac t  canno t  preven t 

"FiP)=2$P "  fro m bein g a  possibl e menta l  representatio n o f  (H4) . 

One thin g tha t  ma y mak e thi s particula r  representatio n see m imnatura l  i s  that ,  i n orde r  t o 

use it ,  yo u nee d t o unpac k it .  I f  yo u ar e t o us e thi s representatio n o f  (H4 )  t o calculat e th e valu e o f 

"2$7, "  yo u nee d first  t o translat e th e representatio n int o th e equivalen t  for m 

"2x7-K7-l)(7-3)(7-4)(7-9). "  Yo u ca n the n se e tha t  thi s i s equivalen t  t o "14+6x4x3x(-2), " 

whic h i s equa l  t o "14-6x4x3x2, "  whic h i s equa l  t o "14-24x6, "  whic h i s equa l  t o "14-144, " 

whic h i s equa l  t o "-130. " 

Thi s calculatio n i s mor e complicate d tha n simpl y multiplyin g "2x7. "  Tha t  i s  wha t  seem s t o 

make (H4 )  a  mor e complicate d hypothesis .  Notic e tha t  th e complexit y o f  th e calculatio n ha s lit -

tl e t o d o wit h ho w (H4 )  i s represented .  N o matte r  ho w th e hypothesi s i s represented ,  a  relativel y 

complicate d calculatio n i s neede d i n orde r  t o determin e th e valu e F iP )  fo r  particula r  value s o f  P . 

The complexit y o f  th e hypothesi s depend s no t  jus t  o n ho w i t  i s  represented ,  bu t  rathe r  o n th e cal -

culation s neede d t o us e th e hypothesis . 

Let  u s generaliz e thi s idea .  Instea d o f  measurin g th e complexit y o f  a  hypothesi s b y th e 

number  o f  symbol s use d t o represen t  th e hypothesi s i n eithe r  Englis h o r  Mentalese ,  w e ca n meas -

ur e complexit y b y th e amoun t  o f  processin g require d t o us e th e hypothesi s i n orde r  t o connec t  i t 

wit h th e dat a -  o r  mor e generally ,  th e amoun t  o f  processin g tha t  i s  neede d t o us e th e hypothesi s 

i n whateve r  wa y th e hypothesi s i s t o b e used .  A s w e hav e seen ,  thi s woul d coun t  (HI )  a s simple r 

tha n (H4 )  o n th e ground s tha t  determinin g F (P )  fo r  variou s P  require s fewe r  calculation s unde r 

(HI )  tha n unde r  (H4 ) 

Thi s i s stil l  a  "psychological "  accoun t  o f  simplicit y an d complexity ,  bu t  th e psychologica l 

simplicit y o r  complexit y o f  a  hypothesi s i s take n t o depen d o n th e complexit y o f  certai n menta l 

processe s rathe r  tha n dependin g directl y o n th e complexit y o f  particula r  menta l  representations . 

Changin g notatio n t o mak e a  hypothesi s shorte r  wil l  no t  mak e tha t  hypothesi s simpler ,  unles s th e 

ne w notatio n allow s a  psychologicall y shorte r  derivatio n o f  th e data . 

Immediately Obvious Steps 

The complexit y o f  th e connectio n betwee n a  hypothesi s an d a n implicatio n o f  tha t 

hyp)othesi s migh t  b e measure d b y th e numbe r  o f  step s neede d fo r  a  perso n t o recogniz e tha t  con -

nection .  Fo r  example ,  th e connectio n betwee n "2x7 "  an d "14 "  i s relativel y immediat e onc e yo u 

hav e mastere d th e multiplicatio n tabl e fo r  "2" .  N o furthe r  calculatio n i s neede d t o se e th e con -

nectio n betwee n "2x7 "  an d "14. "  Ther e i s no t  a n equall y immediat e connectio n betwee n 

"(2x7)-K7-l)x(7-3)x(7^)x(7-9) "  an d "-130" .  Yo u ca n appreciat e thi s connectio n onl y b y vir -

tu e o f  notin g intermediat e step s suc h a s thos e mentione d above ,  namely ,  "14-i-6x4x3x(-2), " 

"14-6x4x3x2, "  "14-24x6, "  an d "14-144. " 

The relevan t  step s ar e "immediatel y obviou s steps. "  Tha t  is ,  yo u ca n recogniz e tha t  eac h 

ste p follow s fro m a  previou s ste p withou t  havin g t o recognize  som e intermediat e steps .  W e 

clai m tha t  thi s notio n o f  a n "immediatel y obviou s step "  i s quit e importan t  fo r  th e theor y o f  infer -

ence .  I t  i s  importan t  no t  onl y fo r  understandin g simplicity ,  bu t  fo r  othe r  reason s a s well . 

Harman (1987 )  argue s tha t  th e concept s o f  logi c migh t  b e a t  leas t  partiall y  explicate d i n 

term s o f  immediatel y obviou s step s o f  implicatio n betwee n proposition s involvin g thes e con -

cepts .  Th e operatio n o f  logica l  conjunction ,  "&, "  ha s th e propert y tha t  a  conjunctiv e propositio n 

"A&B"  implie s an d i s immediatel y imphe d b y it s conjunct s "̂ 4 "  an d "B" .  Thi s i s no t  tru e o f  th e 
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more complex but logically equivalent concept"%" explicated as follows: "A %B" = "not either 

not  A  o r  no t  B. "  I f  th e meanin g o f  a  concep t  depend s i n par t  o n th e immediatel y obviou s implica -

tion s o f  proposition s involvin g th e concept ,  logicall y equivalen t  concept s ca n diffe r  i n meaning . 

I t  i s  wort h notin g tha t  step s tha t  ar e no t  immediatel y obviou s a t  on e tim e ca n becom e 

immediatel y obviou s a t  som e late r  time .  Fo r  example ,  a t  on e tim e i t  ma y no t  hav e bee n obviou s 

t o yo u tha t  4x 7 i s 28 .  Yo u ma y hav e ha d t o not e suc h intermediat e step s a s these :  4x7 ;  7+7+7+7 ; 

14+7+7 ;  21+7 ;  28 .  A t  a  late r  time ,  yo u ca n immediatel y se e th e equivalence .  You r  recognitio n 

of  i t  doe s no t  depen d o n th e consciou s recognitio n o f  suc h intermediat e steps .  I n ou r  view ,  whe n 

yo u cam e t o acquir e thi s sor t  o f  mathematica l  skill ,  hypothese s involvin g multiplicatio n becam e 

psychologicall y simple r  fo r  you .  (An d you r  concep t  o f  multiplicatio n underwen t  a  change.) ^ 

Goodman's Grue Bleen Problem 

We sugges t  furthe r  tha t  th e complexit y o f  a  hypothesi s  i s relativ e t o wha t  yo u ar e intereste d 

in ,  tha t  is ,  i t  depend s o n th e complexit y o f  th e cormection s betwee n th e hypothesi s an d thing s i n 

whic h yo u hav e a n interest .  I n orde r  t o illustrat e thi s suggestion ,  le t  u s loo k a t  on e aspec t  o f 

Goodman' s famou s gru e blee n puzzl e (Goodma n 1965) ,  whic h i s a  varian t  o f  th e curv e fitting 

problem . 

Suppos e tha t  yo u hav e examine d a  variet y o f  emerald s an d hav e determine d i n eac h cas e 

tha t  th e colo r  o f  th e emeral d wa s gree n a t  th e tim e o f  observation .  Suppos e tha t  i t  i s no w Januar y 

1,  199 0 an d conside r  th e followin g tw o hypotheses : 

(H5 )  Al l  emerald s ar e (always )  green . 

(H6 )  Al l  emerald s eithe r  (al )  ar e first  observe d befor e th e yea r  2(X) 0 an d (a2 )  ar e (always )  gree n 

or  (bl )  ar e no t  first  observe d befor e th e yea r  20(X )  an d (b2 )  ar e (always )  blue . 

Thes e hypothese s agre e abou t  al l  emerald s first  observe d befor e th e yea r  2(X) 0 bu t  disagre e 

abou t  emerald s tha t  d o no t  ge t  observe d b y then .  (H5 )  implie s tha t  suc h emerald s ar e green . 

(H6 )  implie s tha t  suc h emerald s ar e blue . 

Althoug h bot h hypothese s woul d accoun t  fo r  you r  evidence ,  yo u prefe r  (H5 )  ove r  (H6 )  o n 

ground s o f  simplicity .  Th e measur e o f  simplicit y w e hav e propose d seem s t o accoun t  fo r  this , 

sinc e th e connectio n betwee n an y ite m o f  evidenc e an d (H5 )  woul d see m t o b e immediat e 

wherea s th e connectio n betwee n a n ite m o f  evidenc e an d (H6 )  woul d see m t o b e mediate d b y 

severa l  steps : 

Al l  emerald s ar e eithe r  observe d befor e th e yea r  200 0 an d ar e (always )  gree n o r  ar e 

not  observe d befor e th e yea r  200 0 an d ar e (always )  blue .  So ,  thi s emeral d i s eithe r 

observe d befor e th e yea r  200 0 an d i s (always )  gree n o r  i s no t  observe d befor e th e yea r 

200 0 an d i s (always )  blue .  Thi s emeral d i s observe d befor e th e yea r  200 0 So ,  i t  i s no t 

'  I n supposin g tha t  th e equivalenc e betwee n 4x 7 an d 2 8 i s immediatel y obvious ,  representin g a  "singl e 
step, "  w e d o no t  den y tha t  ther e may b e a  leve l  o f  analysi s  a t  whic h th e recognitio n o f  thi s equivalenc e in -
volve s severa l  steps .  Fo r  example ,  yo u coul d loo k u p thi s produc t  i n a  tabl e i n you r  memory .  Yo u coul d first 
locat e th e table ,  the n locat e th e relevan t  colum n an d row .  I t  i s  possibl e that ,  a t  thi s deepe r  leve l  o f  analysis , 
th e recognitio n o f  th e equivalenc e betwee n 4x 7 an d 2 8 require s mor e step s an d s o mor e tim e tha n th e recog -
nitio n o f  th e equivalenc e betwee n 2x1 0 an d 20 ,  eve n thoug h bot h o f  thes e equivalence s ar e immediatel y ob -
viou s a t  a  coarse r  leve l  o f  analysis .  [Thi s issu e i s discusse d in ,  e.g. ,  Groe n &  Resnic k (1977 )  an d Ashcraf t  & 
Stazy k (1981). ]  W e d o no t  a t  thi s time  kno w h o w t o giv e a  precis e characterizatio n o f  th e relevan t  deepe r 
leve l  o f  analysis .  Al l  tha t  concern s u s a t  thi s stag e i s th e differenc e betwee n you r  situatio n befor e an d afte r 
yo u hav e mastere d th e time s tables .  [Another  complicatio n i s tha t  a  ste p o f  inferenc e migh t  b e immediat e 
eve n thoug h th e conclusio n o f  tha t  ste p i s itsel f  a  comple x argument-structur e involvin g severa l  step s o f  im -
plicatio n o r  explanation .  Se e Harma n e t  al .  (1987). ] 
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the case that this emerald is not observed before the year 2000 So, it is not the case 

tha t  thi s emeral d i s no t  observe d befor e th e yea r  200 0 an d i s (always )  blue .  So ,  thi s 

emeral d i s observe d befor e th e yea r  200 0 an d i s (always )  green .  So ,  thi s emeral d i s 

green . 

But  mor e need s t o b e sai d abou t  thi s case .  Followin g G o o d m a n ,  yo u ca n defin e a  predicat e 

"grue "  a s follows : 

X i s gru e a t  t  i f  an d onl y i f  eithe r  (1 )  x  i s first  observe d befor e th e yea r  2 0 0 0 an d i s gree n a t  t 

or  (2 )  X  i s no t  first  observe d befor e th e yea r  200 0 an d i s blu e a t  t? -

The n yo u ca n represent  thi s las t  hypothesi s mor e briefl y a s follows : 

(H6 )  Al l  emerald s ar e (always )  grue . 

Sinc e al l  emerald s observe d s o fa r  ar e observe d befor e th e yea r  20(X) ,  al l  th e observe d 

emerald s ar e gru e (a t  leas t  w h e n observed) .  A n d ,  whil e i t  i s  tru e tha t  th e hypothesi s tha t  al l 

emerald s ar e gree n offer s a  simple r  accoun t  o f  th e fac t  tha t  observe d emerald s hav e s o fa r  bee n 

green ,  i t  i s  als o tru e tha t  th e hypothesi s tha t  al l  emerald s ar e gru e offer s a  simple r  accoun t  o f  th e 

fac t  tha t  observe d emerald s hav e s o fa r  bee n grue .  You r  situatio n wit h respect  t o th e tw o 

hypothese s m a y therefor e see m perfectl y symmetrical ,  an d i t  become s unclea r  h o w yo u ca n tak e 

(H5 )  t o b e an y simple r  tha n (H6) . 

Her e ther e i s a  temptatio n t o return  t o countin g symbol s t o measur e complexity .  Althoug h 

yo u ca n us e th e ter m "grue "  i n orde r  t o expres s (H6 )  a s compactl y a s (H5) ,  i t  migh t  b e argue d tha t 

thi s compac t  representation  i s a n abbreviatio n o f  you r  original ,  m u c h m o r e complicated , 

representatio n o f  th e hypothesis .  I n thi s view ,  "green "  expresse s a  simpl e concept ,  wherea s 

"grue "  expresse s a  disjunctiv e concept . 

But  thi s attemp t  a t  a  solutio n lead s t o th e difficultie s mentione d earlier .  Ther e i s n o objec -

tiv e w a y t o determin e w h e n a  representation  shoul d b e counte d a s a n abbreviation .  Furthermore , 

G o o d m an point s ou t  tha t  "green "  an d "blue "  ca n b e see n t o expres s disjunctiv e concept s vi a th e 

followin g definition s (wher e "bleen "  i s understoo d complementaril y  t o th e w a y i n whic h "grue "  i s 

understood) . 

X i s gree n a t  t  i f  an d onl y i f  eithe r  (1 )  x  i s  first  observe d befor e th e yea r  200 0 an d i s gru e a t  t  o r 

(2 )  X  i s no t  first  observe d befor e th e yea r  200 0 an d i s blee n a t  t . 

X i s blu e a t  t  i f  an d onl y i f  eithe r  (1 )  j c  i s first  observe d befor e th e yea r  200 0 an d i s blee n a t  t 

or  (2 )  X  i s no t  first  observe d befor e th e yea r  200 0 an d i s gru e a t  t . 

I t  migh t  b e suggeste d tha t  "green "  i s a  ter m tha t  ca n b e applie d purel y o n th e basi s o f  obser -

vatio n wherea s "grue "  i s  not ,  an d tha t  thi s ha s somethin g t o d o wit h w h y w e prefe r  (H5 )  t o (H6) . 

However ,  i t  i s  unclea r  h o w t o m a k e a  genera l  distinctio n betwee n observationa l  term s an d othe r 

terms .  (I s "emerald "  a n observationa l  term? )  Furthermore ,  i t  i s  a n acciden t  o f  thi s particula r 

exampl e tha t  i t  involve s a  ter m tha t  migh t  coun t  a s observational .  M a n y hypothese s i n whic h w e 

ar e intereste d d o no t  m a k e us e o f  observationa l  term s i n thi s w a y an d th e sam e proble m arise s fo r 

the m a s fo r  (H5) .  Tha t  is ,  w e ar e no t  primaril y concerne d wit h hypothese s o f  th e form ,  "Al l  A' s 

ar e B's, "  wher e "A "  an d " B "  ar e observationa l  terms .  A  distinctio n betwee n wha t  i s directl y 

observabl e an d wha t  i s no t  canno t  yiel d a  genera l  solutio n o f  G o o d m a n ' s puzzle . 

A s w e hav e alread y said ,  ou r  proposa l  i s  tha t  interest s hav e a  bearin g o n inferences .  W h a t 

conclusio n yo u shoul d reach  depend s i n par t  o n wha t  questio n yo u ar e intereste d i n answering . 

2 Notic e tha t  ther e ar e tw o tim e references ,  th e tim e /  a t  whic h w e ar e considerin g wha t  colo r  x  i s an d th e 
usuall y quit e differen t  tim e a t  whic h x  i s  first  observed . 
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Normally, you are interested in what is blue or green, not in what is bleen or grue. (H5) is prefer-

abl e t o (H6 )  becaus e (H5 )  give s a  simple r  rout e t o th e sort s o f  thing s yo u ar e intereste d i n tha n 

(H6 )  does .  Althoug h (H6 )  provide s a  simple r  rout e t o conclusion s abou t  wha t  thing s ar e gru e o r 

bleen ,  yo u ar e normall y no t  directl y intereste d i n learnin g suc h things . 

So,  w e sugges t  tha t  th e simplicit y o f  a  hypothesi s fo r  yo u i s determine d b y th e simplicit y o f 

th e connectio n betwee n tha t  hypothesi s an d th e dat a i n whic h yo u ar e interested ,  a s measure d b y 

th e numbe r  o f  intermediat e step s yo u nee d t o conside r  i n orde r  t o se e th e connection .  Sinc e yo u 

wil l  sometime s accep t  a  hypothesi s jus t  becaus e i t  i s  th e simples t  o f  a  grou p o f  hypothese s tha t 

equivalentl y accoun t  fo r  th e data ,  thi s suggestio n implie s tha t  you r  interest s ca n influenc e wha t 

conclusio n yo u com e t o accept .  A  natura l  objectio n i s tha t  thi s mus t  b e a  cas e o f  irrationa l  wish -

fu l  thinking .  Wha t  ca n w e sa y abou t  tha t  objection ? 

Wishful Thinking and the Relevance of Interests to Inference 

Her e i t  i s  importan t  t o distinguis h reasonin g tha t  i s  aime d a t  wha t  t o believe ,  whic h (follow -

in g Aristotle )  w e ca n cal l  "theoretica l  reasoning, "  fro m reasonin g tha t  i s  aime d a t  wha t  t o pla n t o 

do ,  whic h w e ca n cal l  "practica l  reasoning. "  Qearly ,  you r  interest s ca n legitimatel y hel p t o deter -

min e wha t  practica l  conclusion s yo u shoul d reac h abou t  wha t  t o do ,  s o tha t  i s  a n obviou s wa y i n 

whic h you r  interes t  ar e relevant  t o you r  reasoning .  Bu t  theoretica l  reasonin g i s no t  practica l  rea -

sonin g an d w e ar e no w concerne d wit h ho w you r  interest s migh t  affec t  wha t  theoretica l  conclu -

sion s yo u ar e justifie d i n reaching . 

Conside r  a  related  wa y i n whic h you r  interest s ca n b e relevant  t o you r  theoretica l  reasoning . 

Your  interest s hel p t o determin e wha t  question s yo u hav e reasons  t o answer .  I n tha t  way ,  you r 

interest s ca n legitimatel y affec t  whic h conclusion s yo u wi U draw .  A t  an y moment ,  a  vas t  numbe r 

of  conclusion s foUo w triviall y  fro m you r  beliefs .  Bu t  yo u ar e no t  equall y justifie d i n drawin g 

eac h o f  thos e conclusions ,  sinc e a t  bes t  yo u wil l  b e intereste d i n th e trut h o f  onl y a  smal l  numbe r 

of  them .  Reasonin g i s subjec t  t o a  principl e o f  clutte r  avoidance .  Yo u shoul d no t  clutte r  you r 

min d wit h th e trivia l  consequence s o f  you r  beliefs ,  a t  leas t  i f  ther e ar e certai n question s yo u 

migh t  b e resolving  i n whic h yo u hav e a n interest .  Thi s i s no t  a  genera l  warran t  fo r  wishfu l  think -

ing .  Th e fac t  tha t  yo u wan t  a  certai n resul t  t o b e tru e i s no t  a  reaso n t o believ e tha t  i t  i s  true . 

Your  interest s ca n giv e yo u a  reason  t o tr y t o answe r  a  particula r  questio n bu t  the y ar e irrelevan t 

t o wha t  th e answe r  i s (excep t  i n specia l  cases ,  fo r  example ,  i n whic h th e questio n concern s you r 

interests) . 

Thi s i s relevan t  t o ou r  proposa l  fo r  resolvin g th e grue-blee n problem .  Ou r  resolution 

appeal s t o you r  interest s i n orde r  t o determin e wha t  question s yo u wan t  t o answer ,  no t  wha t  th e 

answer s are .  W e sugges t  tha t  i t  i s  legitimat e fo r  yo u t o accep t  th e simples t  accoun t  o f  th e dat a i n 

whic h yo u ar e interested ,  wher e simplicit y i s  measure d b y th e numbe r  o f  step s neede d t o ge t  fro m 

hypothesi s t o data .  Yo u ten d t o b e intereste d i n whethe r  certai n thing s ar e blu e o r  green ,  no t  i n 

whethe r  the y ar e gru e o r  bleen .  Yo u ar e normall y intereste d i n wh y observe d emerald s ar e gree n 

i n a  wa y i n whic h yo u ar e no t  s o intereste d i n wh y observe d emerald s ar e grue .  Eve n philoso -

pher s wh o ar e intereste d i n wh y certai n emerald s ar e gru e ar e intereste d onl y becaus e o f  a n ulti -

mat e interes t  i n whethe r  unobserve d emerald s ar e green .  I t  i s  thei r  ultimat e interes t  i n answerin g 

question s abou t  gree n an d blu e tha t  lead s philosopher s an d other s t o accep t  (H5 )  rathe r  tha n (H6) . 

You d o no t  accep t  (H5 )  becaus e yo u prefe r  th e answer s tha t  (H5 )  give s t o othe r  answers . 

Whethe r  yo u wan t  emerald s t o b e gree n o r  blu e i s irrelevant . 

But  wha t  abou t  th e appea l  t o simplicit y i n believin g (H5 )  rathe r  tha n (H6) ? I s tha t  a  cas e o f 

wishfu l  thinking ? I t  i s  tru e tha t  simple r  hypothese s hav e pragmati c advantage s ove r  mor e com -

ple x hypothese s i n tha t  the y ar e easie r  t o us e i n accountin g fo r  dat a an d i n makin g predictions . 

So,  yo u hav e a  practica l  reaso n derivin g fro m you r  interest s t o prefe r  believin g simple r 
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hypotheses over believing more complex hypotheses. We (the authors of this paper) are divided 

as t o whethe r  believin g a  simple r  hypothesi s fo r  thi s sor t  o f  practica l  reaso n i s t o engag e i n wish -

fu l  thinking .  A  standar d cas e o f  wishfu l  thinkin g involve s believin g on e hypothesi s rathe r  tha n 

anothe r  becaus e yo u wan t  th e first  hypothesi s rathe r  tha n th e secon d t o b e true .  N o w ,  t o prefe r 

th e simple r  hypothesi s becaus e i t  i s  easie r  t o us e nee d no t  involv e wantin g tha t  hypothesi s t o b e 

true .  A  preferenc e fo r  believin g X  ove r  believin g Y  i s no t  th e sam e a s a  preferenc e fo r  X' s bein g 

tru e ove r  J" s bein g true .  Althoug h thi s i s no t  a  standar d cas e o f  wishfu l  thinking ,  i t  ma y b e jus t 

as bad . 

So,  w e ar e stil l  lef t  wit h th e secon d o f  th e tw o question s abou t  simplicit y wit h whic h w e 

bega a Th e first  questio n wa s "Wha t  make s on e hypothesi s simple r  tha n another? "  W e hav e 

made a  proposa l  abou t  that .  Th e secon d questio n i s "Why ,  give n tha t  wa y o f  measurin g simpli -

city ,  shoul d yo u tak e th e simplicit y o f  a  hypothesi s t o b e an y sor t  o f  indicatio n o f  th e trut h o f  th e 

hypothesis? "  Tha t  i s a  dee p questio n an d w e d o no t  hav e th e spac e fo r  a  full-scal e discussion . 

Al l  w e ca n sa y i s tha t  w e ar e unclea r  a s t o whethe r  ther e i s a n independen t  sourc e o f  informatio n 

abou t  wha t  i s likel y t o b e tru e ove r  an d abov e th e principle s o f  reasonin g w e actuall y follow . 

Sinc e peopl e us e simplicit y t o decid e amon g hypothese s tha t  ar e otherwis e equall y satisfactory , 

when w e reflect  o n particula r  case s o f  thi s sort ,  th e simple r  hypothesi s i s likel y t o see m th e mos t 

reasonable  conclusio n (unles s w e ar e temporaril y  skeptical) . 

Give n a  se t  o f  hypothese s tha t  al l  accoun t  fo r  th e data ,  w e d o i n fac t  tak e th e simplicit y o f  a 

hypothesi s a s makin g tha t  hypothesi s mor e likel y tha n les s simpl e alternatives .  Tha t  i s wha t  w e 

do,  an d w e d o no t  see m t o hav e an y reaso n t o stop .  Perhap s w e ar e justifie d i n continuin g t o us e 

simplicit y i n thi s way—i n th e absenc e o f  a  seriou s difficult y wit h ou r  curren t  practic e an d th e 

absenc e o f  an y reasonabl e alternative . 

Bibliography 

Ashcraft ,  Mari e H. ,  &  Stazyk ,  Edmun d H .  (1981) .  "Menta l  addition :  a  tes t  o f  thre e verificatio n 

models. "  Memor y &  Cognition ,  9 ,  185-196 . 

Goodman,  Nelso n (1965) .  Fact ,  Fiction ,  an d Forecast ,  2n d edition .  Indianapolis :  Bobbs ,  Mer -

riU. 

Groen ,  Guy ,  an d Resnick ,  Laure n B .  (1977) .  "Ca n preschoo l  childre n inven t  additio n algo -

rithms? "  Journa l  o f  Educationa l  Psychology ,  69 ,  645-652 . 

Harman,  Gilber t  (1986) .  Chang e i n View :  Principle s o f  Reasoning .  Cambridge .  Massachusetts ; 

M.I.T./Bradfor d Books . 

Harman,  Gilber t  (1987) .  "(Nonsolipsistic )  conceptua l  rol e semantics. "  I n Ernes t  LePor e (ed.) . 

N ew Direction s i n Semantics .  London :  Academi c Press ,  55-81 . 

Harman,  Gilbert ,  Bienkowski ,  Mari e A. ,  Salem ,  Ken ,  &  Pratt ,  Ia n (1987) .  "Measurin g chang e 

and coherenc e i n evaluatin g potentia l  chang e i n view. "  Nint h Annua l  Conferenc e o f  th e 

Cognitiv e Scienc e Society .  Hillsdale ,  NJ. :  Eribaum ,  203-209 . 

Sober ,  Ellio t  (1975) .  Simplicity .  London :  Oxfor d Universit y Press . 

117 



Bas i c L e v e l s i n Hierarchicall y Structure d Categor ie s 

James E. Corter Mark A. Gluck Gordon H. Bower 

Columbi a Stanfor d Stanfor d 

I n a  hierarchica l  se t  o f  categories ,  on e leve l  o f  th e hierarch y i s sai d t o b e "basic "  i f  categorie s 

at  tha t  leve l  see m t o b e use d mor e easil y (e.g .  name d faster )  tha n categorie s a t  othe r  levels .  A n 

experimen t  wa s conducte d t o determin e whethe r  th e featur e structur e o f  a  hierarch y o f  artificia l 

categorie s (fictitiou s diseases )  ca n induc e "basi c level "  effects .  Th e featur e structur e o f  thi s 

hierarch y wa s patterne d afte r  a n experimen t  b y Hoffma n an d Ziessle r  (1983) ,  i n whic h th e middl e 

leve l  o f  th e hierarch y wa s foun d t o b e "basic" .  I n a  learnin g task ,  subject s learne d t o diagnosi s 

patien t  description s (consistin g o f  a  lis t  o f  symptoms )  i n term s o f  th e fictitious  diseases .  I n a  sub -

sequen t  verificatio n task ,  the y wer e show n a  patien t  descriptio n paire d wit h a  diagnosis ,  an d aske d 

t o judg e th e correcmes s o f  th e diagnosis .  Mea n reactio n time s wer e smalles t  fo r  categorie s a t  th e 

middl e leve l  o f  th e hierarchy ,  showin g tha t  thi s leve l  wa s indee d basic .  I n addition ,  analysi s o f 

dat a firom  th e learnin g tas k showe d tha t  subject s mad e th e highes t  proporatio n o f  correc t  diagnose s 

fo r  disease s a t  th e middl e level ,  thu s confirmin g th e advantag e o f  th e middl e level .  Thes e result s 

provid e additiona l  evidenc e fo r  basi c leve l  phenomen a i n th e retrieva l  o f  categorica l  infwmatio n 

fro m memor y f w hierarchicall y structure d categories ;  the y exten d previou s findings  b y showin g 

basi c leve l  effect s wit h categorie s describe d i n term s o f  conceptua l  (verbal )  rathe r  tha n purel y 

visua l  features . 

INTRODUCTION 

Certain categories seem to be learned and used more easily than others. One line of research that 

has show n thi s clearl y i s  th e wor k o n "basi c level "  categorie s (Mervi s &  Rosch ,  1981) .  Withi n a  hierar -

ch y o f  categorie s a t  variou s level s o f  generalit y (e.g .  sparrow-bird-animat) ,  on e particula r  leve l  o f 

categor y {bir d i n thi s example )  i s  usuall y foun d t o b e use d mos t  readily ,  an d i s referred  t o a s th e basi c 

level .  I n laborator y studie s th e criterio n variabl e mos t  ofte n use d t o determin e whic h leve l  o f  a  hierarch y 

of  categorie s i s basi c i s th e mea n reaction  tim e t o nam e categorie s a t  tha t  level ,  o r  t o verif y category -

name pairing s (Rosch ,  Mervis ,  Gray ,  Johnson ,  &  Boyes-Braem ,  1976 ;  Jolicoeur ,  Gluck ,  &  Kosslyn , 

1984) . 

Rosch and colleagues (e.g., Rosch & Mervis, 1975) originally suggested that basic level 

categorie s ar e specia l  becaus e the y captur e significan t  regularitie s o r  pattern s i n th e feature s associate d 

wit h thes e categories .  Fo r  example ,  basi c leve l  categorie s appea r  t o b e th e mos t  genera l  (i.e. ,  abstract ) 

categorie s fo r  whic h member s hav e man y commo n properties .  W e refer  t o thi s typ e o f  explanatio n o f  th e 

basi c leve l  advantag e a s a  structura l  theory ,  sinc e i t  implie s tha t  certai n categorie s ar e "basic "  becaus e o f 

thei r  structura l  properties ,  namely ,  th e statistica l  association s betwee n feature s an d categories . 

An alternative to such structural theories of the basic level phenomenon is the notion that type of 

featur e i s importan t  i n determinin g th e basi c level .  Fo r  example ,  Tversk y an d Hemenway (1984 )  reporte d 

tha t  whe n peopl e ar e aske d t o giv e list s o f  feature s fo r  variou s categories ,  ther e i s a  differenc e i n th e typ e 

Correspondenc e shoul d b e addresse d to :  Dr .  Jame s E .  Corter ,  Bo x 41 ,  Teacher s College ,  Columbi a Univer -

sity ,  Ne w York ,  N Y 10027 .  Thi s researc h wa s supporte d b y NS F Gran t  BNS-8618049 . 
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of  feature s the y giv e fo r  superordinat e an d basi c leve l  categories .  Fo r  superordinat e categories ,  associate s 

and function s ar e commonl y listed .  A t  an d belo w th e basi c level ,  th e mos t  commonl y mentione d feature s 

of  concept s ar e parts ,  suc h a s wing s fo r  bird s an d engin e fo r  cars . 

Thus the existence of basic levels may be due to qualitative differences in the features associated 

wit h categorie s rathe r  tha n t o quantitativ e differences .  Perhap s mor e abstract ,  superordinat e categorie s 

(e.g .  vehicles ,  weapons )  aggregat e object s b y simih r  function s whic h ar e abstrac t  an d nonperceptual , 

wherea s basi c leve l  categorie s rely  mor e heavil y o n commo n perceptua l  properties .  Accordin g t o thi s 

feature-typ e hypothesis ,  th e basi c leve l  findings  simpl y sho w tha t  perceptua l  feature s ar e mor e easil y use d 

tha n abstrac t  feature s suc h a s function . 

An important experiment by Murphy and Smith (1982) demonstrated that basic-level effects 

coul d b e obtaine d b y manipulatin g th e feamr e compositio n o f  a  se t  o f  artificia l  stimuli .  I n thi s experi -

ment  subject s wer e taugh t  a  hierarch y o f  artificia l  categorie s (fictitiou s tools )  tha t  wa s designe d s o tha t  th e 

middl e leve l  shoul d b e basic .  I n late r  namin g an d verificatio n tasks ,  thei r  subject s responded  quickes t  t o 

categorie s a t  th e middl e level ,  thu s confimiin g tha t  thi s leve l  wa s psychologicall y "basic" .  However , 

Murph y an d Smit h di d no t  desig n thei r  experimen t  t o distinguis h betwee n th e feature-structur e an d 

feature-typ e explanations .  Whil e thei r  subordinat e an d basi c leve l  categorie s wer e distinguishe d b y per -

ceptua l  features ,  thei r  superordinat e categorie s wer e define d onl y i n term s o f  functio n (tool s use d fo r 

poundin g vs .  tool s use d fo r  cutting) . 

This confounding of level with type of feamre was avoided in experiments by Hoffman and 

Ziessle r  (1983) .  Differen t  group s o f  subject s wer e taugh t  on e o f  thre e categor y hierarchies .  Exemplar s o f 

th e categorie s wer e schemati c lin e drawing s o f  rocke t  ships .  I n on e hierarchy ,  th e feature-categor y asso -

ciation s wer e suc h tha t  th e to p leve l  wa s expecte d t o b e basic ,  i n th e secon d hierarch y s o tha t  th e middl e 

leve l  woul d b e basic ,  an d i n th e thir d s o tha t  th e botto m leve l  woul d b e basic .  Thes e prediction s wer e 

confirme d b y subjects '  reaction  time s t o nam e th e categorie s an d t o verif y category-nam e pairings .  I n 

eac h hierarch y th e categorie s a t  th e basi c leve l  wer e name d fastest ,  regardless  o f  whethe r  th e basi c leve l 

corresponde d t o th e top ,  middle ,  o r  botto m leve l  o f  th e hierarchy . 

The results of these last two experiments demonstrate that feature structure and/or feature type 

ar e sufficien t  t o caus e a  basic-leve l  effect .  However ,  becaus e feature-structur e an d feature-typ e wer e con -

founde d b y Murph y an d Smith ,  onl y th e Hoffma n an d aessle r  experiment s demonstrat e tha t  featur e 

structur e alon e i s sufficien t  t o caus e a  basic-leve l  effect .  I t  i s  importan t  tha t  thi s critica l  experimen t  b e 

replicate d an d extended .  I n particular ,  sinc e pictoria l  stimul i  wer e use d i n bot h previou s studies ,  th e 

questio n remains  o f  whethe r  i t  i s  onl y visua l  feature s tha t  ca n induc e basic-leve l  effects .  Therefore ,  th e 

presen t  experimen t  wa s designe d t o se e i f  basi c leve l  effect s coul d b e obtaine d wit h non-pictoria l  stimuli , 

specifically ,  categorie s define d i n term s o f  verba l  features .  I f  so ,  thi s woul d indicat e tha t  th e basi c leve l 

effect s ar e no t  purel y a  percepma l  pheiwmenon ,  bu t  rathe r  aris e fro m ver y genera l  cognitiv e mechanisms . 

Such a  finding  woul d thu s constitut e stron g evidenc e tha t  a  purel y structura l  explanatio n o f  basi c leve l 

phenomena i s tenable . 

E X P E R I M E NT 1 

A set of materials was designed to mimic the feature structure of Hoffman and Ziessler's Hierar-

ch y 2 .  However ,  ou r  categorie s wer e define d i n term s o f  verba l  o r  conceptua l  feature s rathe r  tha n percep -

tua l  ones .  Specifically ,  th e categorie s wer e disease s an d instance s o f  th e categorie s wer e individua l 

patient s wit h a  se t  o f  symptom s characteristi c o f  th e disease .  I n a  traiiun g tas k subject s learne d t o diag -

nos e individua l  patients ,  eac h describe d a s a  se t  o f  symptoms ,  i n term s o f  whic h diseas e th e patien t  had . 
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Followin g th e trainin g tas k a  verificatio n tes t  wa s give n i n whic h subject s wer e presente d wit h a  variet y 

of  patien t  description s paire d wit h a  diagnosis ,  an d wer e aske d t o indicat e whethe r  tha t  diagnosi s wa s 

correct .  Th e measur e o f  primar y interes t  wa s th e averag e reaction  tim e t o verif y diagnose s fo r  categorie s 

at  variou s level s o f  th e hierarchy . 

Materials 

The concepts to be learned were fictitious diseases. Instances of the diseases were individual 

patien t  descriptions ,  eac h consistin g o f  a  lis t  o f  thre e symptoms .  A n exampl e patien t  descriptio n is : 

"blotch y rash ,  swolle n gums ,  red  eyes" .  On e sympto m alway s pertaine d t o gums ,  on e t o eyes ,  an d on e t o 

rash .  Eac h o f  thes e sympto m "dimensions "  wa s substitutiv e i n nature ,  havin g fou r  possibl e values .  A n 

individua l  patien t  descriptio n containe d on e valu e o f  eac h o f  th e thre e sympto m dimensions .  Th e fou r 

possibl e value s o f  th e ras h dimensio n were :  blotchy ,  spotted ,  itchy ,  scaty .  Fo r  gum s the y wer e swollen , 

discolored ,  bleeding ,  sore ,  an d fo r  eye s the y wer e puffy ,  sunken ,  red ,  burning . 

The set of diseases to be learned were defined at several levels of generality. Specifically, the 

concept s forme d a  hierarch y wit h eigh t  bottom-level ,  fou r  middle-level ,  an d tw o top-leve l  categories . 

The hierarch y o f  diseas e name s i s show n i n Tabl e 1 .  Th e featur e structur e (i.e .  th e symptom-diseas e 

associations )  o f  thes e categorie s wa s adopte d fro m Hoffma n an d Ziessler' s (1983 )  Hierarch y 2 ,  whic h 

was designe d s o tha t  th e middl e leve l  wa s expecte d t o b e psychologicall y basic .  Th e stimul i  i n Tabl e 1 

wer e mad e u p t o hav e thi s sam e structure ,  wit h sympto m dimension s replacing  th e perceptua l  featur e 

dimension s o f  th e Hoffma n &  Ziessle r  stimuli . 

TABLE 1 

Top 

1 
queritis m —1 

1 

1 
philitisi n —1 

1 

The Diseas e Hierarch y an d it s Featur e Structur e 

Categorie s 

Middl e 

~ burlosi s - < 

-  cretosi s ~ < 

"  midosi s ~ < 

-  nitosi s ~ < 

Botto m 

-jirenz a 

-  malenz a 

~ gilenz a 

-  surenz a 

-  habenz a 

-  kelenz a 

-  tumenz a 

-  valenz a 

Featur e Dimension s 

G u ms Eye s Ras h 

1 1  1 

1 2  1 

2 3  2 

2 4  2 

3 1  2 

3 2  2 

4 3  1 

4 4  1 
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For  eac h subjec t  th e correspondenc e betwee n feature s an d structur e wa s randoml y assigned .  Also , 

middle-leve l  an d bottom-leve l  categor y name s wer e randoml y assigne d t o th e featur e structur e shown . 

Metho d 

Subjects were students and other members of the Columbia University community who were paid 

$6 pe r  hou r  fo r  thei r  participation .  I n all ,  2 7 subject s wer e tested .  Subject s wer e informe d tha t  eac h 

patien t  descriptio n woul d consis t  o f  on e ras h symptom ,  on e eye s symptom ,  an d on e gum s symptom .  I t 

was explaine d tha t  jus t  a s real  disease s coul d b e diagnose d a t  mor e o r  les s genera l  level s (e.g .  jaundice , 

hepatitis ,  hepatiti s  A ) ,  s o th e presen t  disease s woul d b e identifie d sometime s i n mor e genera l  an d some -

time s i n mor e specifi c  terms .  However ,  th e actua l  hierarch y o f  disease s wa s neve r  show n t o th e subject . 

Stimuli were presented, and responses collected, on an IBM AT microcomputer. The training 

phas e involve d block s o f  tw o differen t  tasks :  stud y an d testing .  I n a  give n bloc k diagnose s wer e t o b e 

made onl y a t  a  singl e leve l  o f  th e hierarchy .  I n a  stud y block ,  th e subjec t  sa w a  successio n o f  patien t 

descriptions ,  eac h paire d wit h th e correc t  diagnosis .  Immediatel y afte r  thi s a  testin g bloc k wa s give n a t 

th e sam e level .  Her e th e subjec t  sa w patien t  description s an d ha d t o identif y the m wit h name s o f  disease s 

at  tha t  level .  A  response  wa s entere d b y typin g th e first  lette r  o f  th e diseas e name .  Correctiv e feedbac k 

was give n followin g th e subject' s response.  Bot h th e stud y an d testin g wer e self-paced ,  althoug h subject s 

goin g extremel y slo w durin g th e first  fe w stud y block s wer e urge d t o spee d up .  Block s wer e o f  differen t 

lengths ,  dependin g o n th e leve l  o f  categorization ,  i n orde r  t o equaliz e th e frequenc y o f  usag e o f  eac h 

categor y (disease )  name .  Top-leve l  block s consiste d o f  eigh t  trial s (on e presentatio n o f  al l  eigh t  pattern s 

of  symptoms) ,  middle-leve l  block s ha d 1 6 trial s (tw o cycle s throug h th e eigh t  patterns) ,  an d bottom-leve l 

block s ha d 3 2 (fou r  cycles) .  Thus ,  eac h categor y nam e wa s experience d fou r  time s pe r  block . 

Overall, the structure of the training phase was as follows. Subjects were given a study block fol-

lowe d b y a  tes t  bloc k a t  on e level ,  the n a  pai r  o f  block s a t  anothe r  leve l  (i.e. ,  a  stud y followe d b y a  tes t 

block) ,  the n a  pai r  a t  th e thir d level .  The n thre e mor e pair s o f  block s wer e given ,  usin g a  differen t  order -

in g o f  levels .  A t  thi s poin t  th e subjec t  ha d see n si x stud y block s an d si x tes t  blocks .  Si x mor e tes t  block s 

followed .  I f  b y thi s tim e th e subjec t  wa s performin g a t  criterio n (90 % correc t  diagnoses )  o n al l  thre e lev -

els ,  th e trainin g wa s terminated .  Otherwis e th e subjec t  repeated  set s o f  thre e tes t  block s (on e a t  eac h 

level )  unti l  thi s overal l  criterio n wa s attained .  Thre e differen t  ordering s o f  block s wer e countert)alance d 

acros s subjects .  On e orde r  presente d th e botto m leve l  first,  on e th e middl e level ,  an d on e th e to p level . 

The order s were :  M-T-B-T-B-M-B-M-T-... ,  T-B-M-B-M-T-M-T-B-... ,  B-M-T-M-T-B-T-B-M-.. . 

Once subjects had learned the category hierarchy to criterion, their use of these categories was 

teste d i n a  verificatio n task .  I n th e verificatio n tas k subject s wer e presente d wit h a  patien t  description , 

paire d wit h a  correc t  o r  a n incorrec t  diagnosis .  Th e subjec t  responded  "yes "  o r  "no "  b y mean s o f  spe -

ciall y labelle d key s o n th e keyboard .  Simpl e feedbac k o n th e validit y o f  th e subject' s response  ("correct " 

or  "incorrect" )  wa s given .  Hal f  th e trial s wer e tru e ("yes" )  trials ,  an d hal f  wer e fals e ("no" )  trials .  Th e 

reactio n tim e an d correcmes s o f  eac h response  wa s recorded.  Ther e wer e 1 2 block s o f  2 4 trial s each .  A s 

i n th e trainin g phase ,  i n a  bloc k o f  trial s diagnose s (bot h correc t  an d incorrect )  wer e mad e onl y a t  a  singl e 

level .  Th e sam e thre e ordering s o f  level s describe d abov e wer e use d i n thi s task . 
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Result s 

Six subjects (out of 27) did not leam the categories to criterion within the allotted time (2.5 

hours )  an d therefor e wer e no t  give n th e verificatio n task .  Thu s complet e dat a wa s availabl e fo r  2 1 sub -

jects . 

The measure of primary interest for identifying the basic level is the mean reaction time to verify 

diagnose s a t  eac h o f  th e thre e level s i n th e verificatio n task .  Response s shoul d b e quickes t  fo r  categorie s 

(diseases )  a t  th e basi c level .  I n th e verificatio n tas k ther e wer e fou r  block s a t  eac h level .  Th e first  o f 

thes e wa s no t  analyzed .  Base d o n a n examinatio n o f  th e distributio n o f  reactio n time s fo r  individua l  sub -

jects ,  responses  wit h latencie s greate r  tha n 1 5 second s wer e considere d t o b e outlier s an d wer e exclude d 

fro m furthe r  analysis .  Les s tha n 1 % o f  th e responses  wer e eliminate d b y thi s rule .  Th e mea n reaction 

time s fo r  eac h leve l  (average d ove r  th e thre e analyze d blocks )  ar e show n i n Tabl e 2 . 

T A B LE 2 :  Mea n an d S.D .  o f  Verificatio n Reactio n Time s 

by Leve l  o f  Categorizatio n 

TOP MIDDLE BOTTOM OVERALL 

M E AN 3.11 5 2.56 7 3.04 5 2.90 9 
S.D.  1.31 3 0.67 9 0.85 8 1.00 1 

The hypothesi s tha t  th e middl e leve l  woul d b e verifie d fastes t  wa s teste d wit h a  specia l  contras t  i n 

a repeated-measure s A N O V A.  Th e hypothesi s wa s confirmed ,  F(l,20 )  =  14.20 ,  p  <  .01 .  A  compariso n o f 

th e to p an d botto m level s wa s no t  significant ,  F(l,20 )  =  0.05 .  A  majorit y o f  subject s (1 1 ou t  o f  21 ) 

showe d th e expecte d patter n (tha t  is ,  verifie d th e middle-leve l  categorie s fastest) .  Fiv e subject s verifie d 

th e top-leve l  categorie s fastest ,  an d five  th e botto m leve l  categories . 

The learning task can also provide useful data on the relative "goodness" of categories at the three 

level s o f  th e hierarchy ,  i n th e for m o f  th e proportio n o f  correc t  categor y identification s a t  eac h leve l  o f  th e 

hierarchy .  I f  th e middl e leve l  i s  indee d basi c fo r  thi s structure ,  the n a  highe r  proportio n o f  middle-leve l 

categorie s shoul d b e correctl y identified ,  compare d wit h top-leve l  o r  bottom-leve l  categories .  Thi s 

hypothesi s wa s confirme d b y th e data .  Acros s al l  blocks ,  th e mea n proportio n correc t  wa s .82 4 fo r  th e to p 

level ,  .92 4 fo r  th e middl e level ,  an d .87 8 fo r  th e botto m level .  Th e advantag e o f  th e middl e leve l  ove r  th e 

to p an d botto m level s wa s teste d b y a  specia l  contras t  i n a  repeate d measure s A N O V A,  an d wa s 

significan t  a t  th e .0 1 level ,  F(l,20 )  =  8.96 .  To p an d botto m level s di d no t  diffe r  significantly ,  F(l,20 )  = 

1.51 .  Th e orderin g o f  level s b y proportio n correc t  di d no t  chang e whe n th e proportion s wer e correcte d 

fo r  guessin g b y th e formulap '  = p -  >l~^| ,  wher e p '  i s  th e correcte d proportion ,  p  i s th e uncorrecte d 

proportio n o f  correc t  identifications ,  an d k  i s th e numbe r  o f  alternativ e categorie s a t  tha t  level .  Th e 

correcte d proportion s fo r  th e top ,  middle ,  an d botto m level s wer e .648 ,  .899 ,  an d .861 . 

The mean proportion correct for a level is calculated over all blocks of a subject's data. Thus, it 

i s  a n averag e o f  a  wid e rang e o f  values ,  whic h generall y increas e towar d unity .  I t  i s  natura l  t o as k i f  th e 

relativ e advantag e o f  th e middl e leve l  varie s a s a  functio n o f  block ,  perhap s decreasin g a s al l  level s ar e 

learne d t o criterion .  Figur e 1  present s th e mea n proportio n correc t  fo r  eac h level ,  calculate d b y bloc k fo r 

th e first  fou r  block s (whic h wer e th e onl y block s experience d b y ever y subject) . 
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Figure 1. Mean {xoportion correct for levels by block (first four blocks) from Experiment 1. 

It can be seen from Figure 1 that the middle level exhibits an advantage over the top and bottom 

level s i n al l  blocks .  A  dro p i n accurac y fo r  th e to p an d middl e level s fro m Bloc k 2  t o Bloc k 3  i s evident , 

n o doub t  du e t o th e fac t  tha t  eac h o f  th e first  tw o tes t  block s wa s immediatel y precede d b y a  stud y block . 

Analyses were also done on the learning data from the six subjects who did'not learn the diseases 

t o criterio n i n th e allotte d time .  Averag e proportio n correc t  fo r  thes e subject s showe d th e sam e patter n 

(highes t  accurac y o n th e middle-leve l  categories )  a s th e subject s w h o successfull y learne d th e categorie s 

t o criterion . 

S U M M A RY 

In the present experiment naive subjects were taught a hierarchical set of artificial categories, 

the n teste d i n a  verificatio n task .  M e a n reactio n time s i n th e verificatio n tas k indicate d tha t  th e middl e 

leve l  o f  th e stimulu s hierach y wa s basic ,  sinc e diagnose s wer e m a d e mos t  quickl y a t  tha t  level .  I n addi -

tion ,  fewes t  error s wer e m a d e o n th e middl e leve l  durin g th e trainin g task ,  indicatin g tha t  th e middl e leve l 

was easies t  t o learn . 

The results of the present experiment demonstrate that the feature structure alone of a hierarchi-

cal  se t  o f  categorie s i s sufficien t  t o induc e a  basi c leve l  effect ,  thu s replicatin g th e experiment s o f  Hoff -

m an an d Ziessle r  (1983) .  Thes e results  demonstrate-tha t  explanation s o f  basi c level s base d o n featur e 

typ e ar e no t  necessary .  I n addition ,  th e presen t  experimen t  extend s previou s findings  b y demonstratin g 

basi c leve l  effect s wit h categorie s describe d i n term s o f  verba l  rathe r  tha n schemati c visua l  features . 

Accordingly ,  th e presen t  results  provid e evidenc e tha t  th e basi c leve l  effect s ar e no t  purely  a  perceptua l 

phenomenon ,  bu t  rathe r  reflect  mor e genera l  characteristic s o f  h u m a n learnin g an d m e m o r y .  Thi s pro -

vide s a n additiona l  empirica l  constrain t  o n model s o f  h u m a n categor y learning .  W e ar e currentl y 
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workin g o n a n extensio n o f  ou r  adaptiv e networ k mode l  (Gluc k &  Bower ,  1988 )  t o accoun t  fo r  basi c 

leve l  effects ,  bu t  thes e result s ar e a t  to o earl y a  stag e t o repor t  here . 
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1. INTRODUCTION. 

Artificial intelligence systems typically hand-craft large amounts of knowledge in complex, static, high-level 

knowledg e structures .  Thes e system s generall y wor k wel l  i n ver y limite d domains ,  bu t  ar e simpl y to o rigi d t o 

suppor t  natura l  languag e understandin g i n general .  Thi s i s du e i n par t  t o th e fac t  tha t  artificia l  intelligence ,  natura l 

languag e processin g (AI/NLP )  system s hav e no t  take n seriousl y th e principle s o f  categorizatio n first  se t  fort h i n 

th e semina l  wor k o f  Rosc h [1976 ,  1978 ,  1981] ,  an d late r  extende d b y researcher s includin g Barsalo u [1987] ,  Mur -

ph y &  Medi n [1985] ,  Lakofi f  [1987] ,  an d Neisse r  [1987] .  Thus ,  A I /NL P system s hav e ver y shallo w representa -

tion s o f  generi c concept s an d categories ,  employin g eithe r  static ,  simple ,  featura l  model s o f  concept s base d o n 

necessar y an d sufiBcien t  criteri a i n unifor m taxonomie s wher e n o leve l  i s  distinguishe d [e.g. ,  K L O N E ,  Brachma n 

1983] ,  o r  passiv e dat a structure s wit h slot s an d explici t  defaul t  values ,  suc h a s frames ,  schemata ,  an d script s [e.g. , 

K R L,  Bobro w &  Winogra d 1977ab ;  N E T L ,  Fahbna n 1979] .  W e hav e previousl y show n tha t  system s tha t  us e th e 

forme r  representation s ar e unabl e t o mode l  huma n categor y system s [Peter s &  Shapir o 1987ab] .  I n thi s paper ,  w e 

discus s th e inadequac y o f  system s base d o n th e latte r  type s o f  representations ,  arguin g tha t  frames ,  schemata ,  an d 

script s lac k th e flexibility,  generality ,  an d adaptabilit y  necessar y fo r  representin g generi c concept s i n memory .  W e 

presen t  alternativ e "active "  representations ,  i n whic h frame s o r  schemat a d o no t  resid e i n semanti c memory ,  bu t 

rathe r  ar e constructe d a s neede d fro m a  les s organize d semanti c memory .  Thei r  constructio n can ,  therefore ,  b e 

influence d b y th e curren t  tas k an d contex t 

I n addition ,  ou r  processin g an d representation s ar e base d o n a  Roschia n mode l  o f  categories ,  i.e. ,  o n (1 )  a 

recognitio n o f  th e uniqu e natur e o f  basi c leve l  categorie s withi n natura l  categor y systems ,  an d (2)  prototyp e 

theory .  W e wil l  discus s som e o f  th e curren t  researc h tha t  support s ou r  representation s an d processing ,  an d sho w 

tha t  ou r  system' s performanc e i s enhance d b y takin g thes e principle s o f  categorizatio n seriously .  Ou r  implementa -

tio n use s th e S N e P S knowledg e representatio n an d reasonin g system ,  includin g a  generalize d A T N parser -

generato r  [Shapir o 1979 ,  1982 ;  Shapir o &  Rapapor t  1987] .  W e presen t  a  detaile d exampl e tha t  show s th e us e o f 

our  representation s an d processin g strategie s i n th e tas k o f  discours e comprehension .  I n particular ,  ou r  exampl e 

wil l  concer n implici t  focusin g i n natura l  languag e comprehension ,  i.e. ,  th e implici t  activatio n o f  themati c associ -

ate s an d salien t  attribute s o f  concept s durin g discours e comprehension . 

I.l. Roschian Model: Basic Level Primacy. Psychology, hnguistics, and anthropology have produced a variety 

of  measure s o f  perception ,  behavior ,  an d communicatio n showin g a  convergenc e o f  cognitiv e task s a t  th e basi c 

level .  No t  al l  level s o f  a  taxonom y ar e equall y use d an d useful :  fo r  taxonomie s o f  c o m m o n object s an d organ -

isms ,  th e basi c level ,  th e leve l  o f  tabl e an d bird ,  i s  th e mos t  informativ e an d usefu l  [Rosc h e t  al .  1976 ;  Berli n 

1978 ;  Tversk y &  H e m e n w a y 1984] .  Ou r  knowledg e i s organize d a t  thi s leve l  (i.e. ,  mos t  attribute s o f  categor y 

members ar e store d a t  th e basi c level )  an d visua l  imager y i s  particularl y stron g fo r  basi c leve l  concepts .  Th e 

informativenes s o f  th e basi c leve l  originate s fro m th e amoun t  o f  knowledg e store d a t  thi s leve l  an d th e ric h per -

ceptua l  componen t  o f  basi c leve l  categories .  Basi c leve l  concept s trigge r  man y refle x inferences ;  i.e. ,  the y rou -

tinel y activat e man y satellit e concepts .  Wher e informativenes s i s th e greatest ,  s o to o i s inferentia l  power . 

We hav e previousl y presente d a  representatio n fo r  natura l  categor y system s tha t  use s distinc t  representation s 

fo r  basi c an d non-basi c leve l  concepts ,  an d discusse d empirica l  evidenc e supportin g basi c leve l  primac y an d th e 

need fo r  A I /NL P system s t o recogniz e th e uniquenes s an d importanc e o f  th e basi c leve l  [Peter s &  Shapir o 

1987ab] .  Th e wor k describe d i n thi s pape r  build s on ,  an d presuppose s tha t  earlie r  work . 

L2, Roschian Model: Prototype Theory. Although categories have been viewed traditionally as concepts esta-
blishe d b y necessar y an d sufiQcien t  criteria ,  an d man y A I  system s continu e t o mode l  natura l  concept s i n thi s wa y 

[e.g. ,  Brachma n 1983] ,  recen t  categorizatio n researc h doe s no t  suppor t  thi s vie w [Rosc h 1976 ,  1978 ;  Mcrvi s & 

Rosc h 1981 ;  Murph y &  Medi n 1985 ;  Barsalo u 1987 ;  Lakof f  1987 ;  Neisse r  1987] .  Rosc h ha s suggeste d tha t 
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another way to achieve the separateness and clarity of categories is by conceiving of each category in terms of its 

clea r  cases ,  i.e. ,  prototypes .  Categorie s posses s grade d structure :  th e member s o f  a  categor y var y i n ho w typica l 

the y ar e o f  thei r  categor y [Rosch ,  e t  al .  1976 ;  Barsalo u 1985 ;  Lakof f  1987] . 

13. Extending the Roschian Model. Although Rosch [1978] cautioned that the existence of prototype effects 

merel y indicate s tha t  prototype s mus t  hav e som e plac e i n theorie s o f  representatio n o f  categories ,  man y hav e 

misinterprete d he r  work ,  construin g prototype s a s a  complet e theor y o f  representatio n fo r  categorie s an d generi c 

concepts .  I n particular ,  man y A I  researcher s [e.g. ,  Minsk y 1975 ;  Bobro w &  Winogra d 1977b ;  Fahlma n 1979 ; 

Schan k 1977 ]  hav e considere d prototype s t o constitut e a  representatio n fo r  generi c concepts ,  an d hav e employe d 

passiv e dat a structure s wit h slot s an d explici t  defaul t  value s t o directl y represent  thes e concept s i n memory .  Thus , 

the y hav e use d frames ,  scripts ,  an d schemat a a s a  basi s fo r  model s o f  cognitiv e processing ,  i.e. ,  usin g die m t o 

represen t  generi c objects ,  situations ,  events ,  sequence s o f  events ,  actions ,  an d sequence s o f  actions .  M a n y cogni -

tiv e scientist s hav e recentl y pointe d ou t  tha t  passiv e representations  suc h a s frame s ar e to o rigid ,  lackin g th e flexi-

bility ,  generality ,  an d richness  require d i n cognitiv e processin g [e.g. ,  Barsalo u 1987 ;  Kintsc h 1987 ;  Lakof f  1987 ; 

Neisse r  1987] .  Bot h Schan k [1985 ]  an d Minsk y [1986 ]  hav e als o recentl y propose d th e nee d fo r  mor e flexible, 

dynami c representations .  Empirica l  evidenc e supportin g th e nee d fo r  activ e representation s o f  generi c concept s 

and categorie s wil l  b e discusse d i n th e followin g sections . 

2. EMPIRICAL EVIDENCE. 

2.1. The Instability of Graded Structure of Categories. Barsalou has demonstrated that the graded structure 

of  a  categor y i s unstable ,  varyin g greatl y acros s contexts .  H e conclude s tha t  "differen t  concept s temporaril y 

represen t  th e sam e categor y i n workin g memor y o n differen t  occasions"[1987 ,  p .  101] .  A  category' s grade d struc -

tur e shift s a s a  functio n o f  (1 )  th e linguisti c contex t  an d (2 )  th e poin t  o f  vie w fro m whic h i t  i s perceive d [Barsalo u 

1987] .  Fo r  example ,  whe n anima l  i s processe d i n th e contex t  o f  farm ,  cows ,  horses ,  goats ,  an d pig s ar e mor e typ -

ica l  tha n bears ,  lions ,  elephants ,  an d giraffes .  Thi s situatio n i s reverse d whe n anima l  i s processe d i n th e contex t 

of  zoo . 

2.2. The Instability of Generic Concepts. Barsalou [1987] proposes that there are no invariant concepts in 

long-ter m memory ;  rather ,  long-ter m memor y contain s larg e amount s o f  highl y interrelate d knowledg e tha t  i s use d 

t o construc t  concept s i n workin g memory .  Generi c concept s ar e no t  retrieve d intac t  fro m long-ter m memor y whe n 

needed :  the y ar e constructe d fro m long-ter m memor y fo r  a  particula r  tas k i n a  particula r  context .  I n Barsalou' s 

view ,  generi c concept s hav e bot h context-independen t  an d context-dependen t  informatio n associate d them .  Bar -

salo u [1982 ]  ha s presente d evidenc e tha t  show s tha t  context-independen t  propertie s ar e automaticall y activate d b y 

presente d concepts ,  whil e context-dependen t  propertie s ar e activate d onl y i n particula r  situation s o r  contexts . 

Thus ,  th e representation s fo r  a  generi c concep t  i n workin g memor y ma y var y widel y acros s contexts . 

23. The Inflexibility of Scripts and Schemas. Many researchers have pointed out that computationally fixed 

menta l  structure s suc h a s script s ar e to o inflexibl e t o serv e th e purpose s fo r  whic h the y wer e originall y designe d 

[e.g. ,  Schan k 1985 ,  va n Dij k &  Kintsc h 1983] .  Barsalo u [1987 ]  ha s foun d tha t  th e variable s activ e fo r  a  schem a 

var y acros s context s i n whic h a  schem a i s used .  Similarly ,  th e differen t  track s tha t  peopl e construc t  fo r  script s 

appea r  t o var y widel y acros s contexts .  Thi s ma y b e becaus e thes e structure s exis t  onl y a s temporar y construct s i n 

workin g memor y rathe r  tha n a s invarian t  structure s i n long-ter m memory .  Researc h b y Kintsc h an d Manne s 

[1987 ]  furthe r  support s th e ide a tha t  script s d o no t  exis t  a s invarian t  structure s i n long-ter m memory .  The y clai m 

tha t  knowledg e i s no t  pre-organize d i n term s o f  script s an d schemata ,  bu t  tha t  suc h structure s ar e generate d fro m 

an unorganize d associativ e ne t  i n respons e t o a  specifi c  tas k deman d i n a  specifi c  contex t  Onl y i n thi s way ,  the y 

believe ,  ca n th e flexibility  an d contex t  sensitivit y tha t  characteriz e huma n scrip t  us e b e achieved . 

2.4. Summary. An active, flexible representation of generic concepts seems necessary to support the empirical 

evidenc e tha t  (1 )  grade d categories ,  generi c concepts ,  an d script s ar e no t  invarian t  structiu-es ;  i.e. ,  the y var y wit h 

context .  Ou r  representation s an d processin g ar e base d o n a n activ e mode l  o f  generi c concepts . 
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3. THE STRUCTURE OF BASIC LEVEL CONCEPTS. 

3.1. Parts and Basic Level Categories: Physical Object Categories. Tversky and Hemenway [1984] have 
demonstrate d tha t  th e basi c leve l  dififer s qualitativel y fro m othe r  level s i n taxonomie s o f  object s an d livin g things : 

par t  term s predominat e i n subjects '  listing s o f  attribute s characterizin g object s a t  thi s level .  Part s ar e rarel y use d 

t o characteriz e superordinat e leve l  categories ,  an d member s o f  differen t  subordinat e categorie s shar e part s an d 

diffe r  o n othe r  attributes .  Thus ,  i t  appear s tha t  ou r  knowledg e a t  thi s leve l  i s  organize d aroun d part-whol e divi -

sions .  Berli n ha s als o suggeste d tha t  th e perceptio n o f  overal l  part-whol e configuratio n i s th e fundamenta l  deter -

minan t  o f  th e basi c leve l  [1978] . 

3.2. Perceptual Grounding of Basic Level Concepts. Basic level concepts consist of more than mere attribute 

list s o f  part s tha t  w e ca n tal k about ,  however :  the y ar e perceptuall y grounde d concepts .  Thus ,  i t  seem s clea r  tha t  a 

geometri c (3D )  mode l  o f  a  basi c leve l  object' s shap e i s als o encode d i n long-ter m visua l  m e m o r y s o tha t  i t  m a y b e 

recognize d o n subsequen t  occasion s [Mar r  1982] .  Physica l  object s hav e thei r  o w n intrinsi c axe s use d i n th e 3 D 

model  t o determin e th e interna l  layou t  o f  parts :  e.g. ,  a n up/dow n axis ,  a  front/back  axis ,  th e center/periphery ,  th e 

interior/exterior .  Thi s geometri c mode l  enriche s thes e concepts .  Lakof f  characterize s thi s typ e o f  geometri c infor -

matio n a s imag e schemati c structure .  I n discourse ,  w e frequentl y find  reference s t o thi s imag e schemati c structure ; 

e.g. ,  t o th e fron t  o f  a  hous e (front/bac k imag e schema) ,  th e interio r  o r  exterio r  o f  a  ca r  (interior/exterio r  schema) , 

and th e to p o r  botto m o f  m a n y object s (up/dow n schema) . 

Additiona l  percepts ,  e.g. ,  sounds ,  colors ,  odors ,  als o characteriz e object s a t  th e basi c level .  Thus ,  i f  a  do g i s 

mentioned ,  it s bar k i s implicitl y  evoked ,  jus t  a s part-whol e structure s suc h a s legs ,  ears ,  a  nose ,  an d a  tai l  ar e 

evoked . 

We depen d o n bot h perceptua l  an d functiona l  qualitie s t o differentiat e basi c leve l  object s int o classes .  Per -

ceptua l  propertie s tha t  hav e hig h diagnosticit y m a y b e salient ,  sinc e the y ar e usefu l  fo r  distinguishin g instance s o f 

a concep t  fro m instance s o f  othe r  concepts .  Functiona l  propertie s relevan t  t o h o w peopl e typicall y interac t  wit h 

instance s o f  a  concep t  ar e likel y t o b e highl y salien t  a s well . 

3J. The Representation of Basic Level Concepts in SNePS. We use default generalizations [Peters & 

Shapiro,  1987a ]  t o represen t  fact s abou t  th e typica l  exemplar s o r  member s o f  a  category .  Thus ,  a  basi c leve l  con -

cep t  i n ou r  semanti c networ k is ,  i n part ,  a  collectio n o f  defaul t  generalization s abou t  typica l  exemplars :  generaliza -

tion s abou t  thei r  (1 )  part-whol e structur e an d imag e schemati c structur e tha t  i s  derive d fro m a  geometri c mode l  i n 

visua l  memory ,  (2 )  othe r  perceptua l  structure ,  an d (3 )  functiona l  attributes .  Thes e attribute s an d structure s ar e al l 

usefu l  i n categorization ,  i.e. ,  i n identifyin g categor y members .  Thi s knowledg e form s th e context-independen t 

structur e o f  basi c leve l  concept s tha t  underlie s th e us e o f  thes e concept s i n languag e i n an y contex t 

I n addition ,  however ,  basi c leve l  concept s ar e connecte d t o themati c associate s (concept s relate d b y event s 

rathe r  tha n b y taxonomi c similarity )  an d t o othe r  non-centrall y  relate d concept s (e.g. ,  t o attribute s no t  use d o r  use -

fu l  i n categorization) .  Thus ,  the y ar e understoo d wit h respec t  t o ou r  knowledg e an d theorie s abou t  al l  othe r  con -

necte d concepts .  Th e themati c associate s an d othe r  non-centrall y relate d concept s for m th e context-dependen t 

structur e associate d wit h a  concept ,  i.e. ,  structur e tha t  i s  relevan t  i n particula r  situations .  Fo r  example ,  bottl e i s a 

themati c associat e o f  baby ,  an d mortgag e i s non-centrall y relate d t o house .  Thus ,  eac h concep t  i n ou r  syste m con -

sist s o f  larg e amount s o f  interrelate d knowledge ;  however ,  w e us e n o high-leve l  knowledg e organizatio n structure s 
suc h a s frame s o r  schemas .  Instead ,  w e us e thi s relativel y unorganized ,  interrelate d knowledg e t o construc t  "con -

cepts "  appropriat e t o th e curren t  tas k an d contex t  i n workin g m e m o r y durin g discours e processing ,  i.e. ,  t o con -

struc t  th e appropriat e fram e o r  schema . 

We understan d basi c leve l  concept s suc h a s do g an d skun k no t  onl y i n term s o f  appearance s an d affordances , 

but  als o wit h respec t  t o ou r  deepe r  theorie s abou t  animals .  Thus ,  ou r  understandin g o f  basi c an d an d subordinat e 

leve l  concept s als o depend s upo n ou r  understandin g o f  superordinat e leve l  concepts .  I n experimenta l  studies ,  sub -

ject s frequentl y lis t  fe w o r  n o attribute s fo r  thes e concept s [Tversk y &  H e m e n w a y 1984] .  Thus ,  ou r  knowledg e 

abou t  superordinat e concept s i s a  deepe r  an d les s easil y verbalize d knowledge ,  involvin g underlyin g principle s an d 

theorie s abou t  th e world .  Th e representatio n o f  superordinat e leve l  concept s i s a  curren t  are a o f  research  fo r  us . 

We believ e tha t  i t  i s  a n extremel y importan t  area . 
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4. DISCOURSE PROCESSING: IMPLICIT FOCUSING. 

The processing performed by our system will be illustrated by considering the issues and problems in 

comprehendin g reference s t o implicitl y  evoke d entitie s i n discourse .  Th e proble m o f  implici t  focusin g i s a n 

importan t  on e fo r  natura l  languag e understandin g systems ,  sinc e reference s t o entitie s no t  previousl y explicitl y 

mentione d occu r  frequentl y i n discourse .  A s state d previously ,  basi c leve l  concept s evok e a  ric h se t  o f  entitie s 

whic h m a y b e referre d t o late r  i n th e discourse .  Superordinat e leve l  concepts ,  i n contrast ,  evok e fe w discours e 

entities . 

4.1, Focusing Mechanisms. We have extended the grammar of SNePS/CASSIE [Shapiro 1982, Shapiro & 

Rapapor t  1987 ]  t o handl e implicitl y  focuse d definit e anaphors .  Resolutio n o f  reference s t o explicitl y  focuse d enti -

tie s make s us e o f  a  primar y focu s space ;  i.e. ,  referent s o r  co-specifier s ar e sough t  amon g th e activ e element s o f 

thi s focu s space .  Implicitl y  focuse d entities ,  however ,  requir e a  secon d focusin g mechanism ,  whic h make s us e o f 

an additiona l  dat a structur e calle d a  potentia l  focu s lis t  an d th e S N e P S path-base d inferenc e packag e [Shapir o 

1978] . 

4.2. Potential Focus List. When a new individual identified by its basic level name (e.g. a dog) ot a generic 

basi c leve l  concep t  (e.g. ,  th e typ e dogs )  i s encountere d i n input ,  th e context-independen t  satellit e entitie s implicitl y 

evoke d b y th e centra l  concep t  ar e place d i n a  potentia l  focu s lis t  wit h th e evokin g concept .  I.e. ,  w e believ e tha t 

thes e reflex ,  o r  subconscious ,  inference s ar e mad e a t  th e tim e o f  reading/hearin g th e centra l  basi c leve l  concep t 

The kind s o f  inference s tha t  ar e mad e ar e thos e discusse d above :  inference s abou t  part-whol e an d othe r  image -

schemati c structure ,  an d inference s abou t  percepma l  structure .  (Inference s abou t  functiona l  attribute s ar e no t 

currentl y activated ,  sinc e th e curren t  discours e understandin g tas k i s concerne d onl y wit h definit e anaphora .  Func -

tiona l  attribute s ar e clearl y a  centra l  componen t  o f  basi c leve l  concep t  structure ,  however. )  Inference s concernin g 

context-dependen t  entities ,  i.e. ,  themati c associate s an d othe r  non-ceno-all y relate d associates ,  ar e als o mad e a t  thi s 

time . 

W h en a  subordinat e leve l  concept ,  e.g. ,  a  Volkswagen ,  i s encountered ,  th e refle x inferenc e tha t  Volkswagen s 

ar e car s i s made ,  an d th e subconsciou s inference s abou t  car s ar e agai n drawn .  Evidenc e suggestin g tha t  subordi -

nat e leve l  concept s automaticall y activat e thei r  superior ,  basi c leve l  concept s ha s bee n provide d b y man y research -

er s includin g Rosc h [1978 ]  an d Barsalo u [1982] .  Thus ,  man y o f  th e subconsciou s inference s mad e whe n tw o 

dififeren t  subordinate s o f  th e sam e basi c leve l  categor y ar e encountere d ar e th e same .  Thi s i s supporte d b y th e ina -

bilit y  o f  subject s t o cit e differen t  propertie s o f  th e sor t  discusse d here ,  e.g. ,  par t  attributes ,  t o distinguis h thes e 

subordinat e categorie s [Tversk y &  H e m e n w a y 1984 ;  Rosc h 1976] .  E.g. ,  collies ,  poodles ,  an d spaniel s shar e part s 

and diffe r  o n othe r  type s o f  attributes .  N a m e d individuals ,  suc h a s Luc y (membe r  o f  basi c leve l  category ,  girt )  o r 

Rove r  (membe r  o f  basi c leve l  category ,  dog )  ar e handle d i n th e sam e way ;  i.e. ,  th e basi c leve l  concept s fo r  thes e 

individual s ar e activate d an d th e subconsciou s inference s abou t  girl s o r  dog s ar e made . 

4J. Path-Based Inference. The SNePS path-based inference package provides the subconscious reasoning that 

i s require d fo r  implici t  focusing .  I f  a  relatio n doe s no t  exis t  explicitl y  betwee n tw o node s i n th e network ,  on e ma y 

specif y a  pat h o f  arc s whic h i s semanticall y equivalen t  t o th e relatio n bein g sought .  Th e definitio n o f  appropriat e 

path s i n th e semanti c networ k enable s th e automati c retrieva l  o f  th e relevan t  satellit e concept s o f  th e basi c leve l 

concepts :  par t  structures ,  othe r  imag e schemati c structures ,  an d othe r  percepts . 

Thus ,  entitie s suc h a s part s ca n b e retrieve d b y definin g a  pat h o f  arc s fro m a  nod e representin g a  basi c leve l 

category ,  e.g. ,  dog ,  t o it s  parts :  nose ,  tail ,  head ,  ears ,  legs ,  etc .  I n additio n t o th e part s path ,  w e ca n defin e path s 

of  arc s t o retriev e percept s (sounds ,  colors ,  smells )  an d th e othe r  imag e schemati c structures .  Th e A T N gramma r 

the n make s us e o f  thes e define d path s t o activate ,  i.e. ,  implicitl y  focus ,  th e context-independen t  satellit e concept s 

of  a  basi c leve l  concep t  (tha t  ha s bee n eithe r  encountere d i n inpu t  o r  activate d b y a  subordinat e leve l  concept) : 

returnin g al l  th e node s (concepts )  tha t  ar e foun d a t  th e en d o f  th e define d path s o f  arc s emanatin g fro m th e basi c 

leve l  concep t  an d placin g the m i n th e potentia l  focu s list . 
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Since basic level categories are represented, in part, in SNePS using default generalizations or rules [Peters 

& Shapiro ,  1987a] ,  f w ever y defaul t  rul e i n th e networ k tha t  say s tha t  member s o f  th e basi c leve l  categor y typi -

call y o r  presumabl y hav e par t  P ,  P  i s pu t  int o th e potentia l  focu s list .  Figur e 1  show s th e defaul t  rul e tha t  ca n b e 

paraphrase d a s 'Fo r  al l  x  i f  x  i s a  do g the n typicall y x  ha s a  tail "  o r  mor e simpl y a s "Typically ,  dog s hav e tails" . 

I t  als o show s a  define d pat h calle d part s whic h i s use d t o activat e th e sub-par t  entitie s o f  basi c leve l  concepts . 

Thes e activate d entitie s "fad e out "  o f  th e secondar y focu s lis t  whe n th e evokin g concep t  fade s ou t  o f  th e primar y 

focu s space . 

I n a  lik e manner ,  di e context-dependen t  informatio n m a y b e implicitl y  activated .  Thes e concept s ar e no t 

automaticall y activate d wheneve r  a  basi c leve l  o r  subordinat e leve l  concep t  i s encountere d i n input ,  however . 

Rather ,  thei r  activatio n i s triggere d i n respons e t o a  specifi c  context .  Currently ,  ou r  implementatio n i s limite d t o 

th e activatio n o f  context-dependen t  informatio n i n respons e t o discours e comprehensio n o f  events ,  suc h a s 

buying/sellin g a  car/house ,  rentin g a  car/house ,  drivin g a  car .  walking/washin g th e dog . 

4.4. Timing of Activation. Empirical evidence that reflex inferences about context-independent satellite entities 

and context-dependen t  themati c associate s ar e mad e a t  th e time  o f  comprehensio n o f  concept s i s provide d b y 

numerou s studies ,  includin g wor k b y Barsalo u &  Ros s [1986] ,  an d Walke r  &  Yekovic h [1986] .  I n addition . 

Walke r  an d Yekovic h hav e demonstrate d tha t  i t  i s  no t  th e cas e tha t  al l  o f  th e informatio n associate d wit h a  con -

cep t  i s activate d durin g comprehensio n o f  th e concep t  Rather ,  onl y th e centrall y relate d concept s becom e par t  o f 

di e discours e mode l  i n workin g memory ,  and ,  thus ,  ar e availabl e a s antecedents ;  peripherall y relate d concept s ar e 

not  available ,  i.e. ,  ar e no t  impliciU y activated .  I n ou r  terminology ,  centrall y relate d concept s ar e th e context -

independen t  entitie s an d additiona l  entitie s evoke d b y th e curren t  context ;  peripherall y relate d concept s ar e th e 

associate s o f  a  generi c concep t  i n long-ter m memor y tha t  d o no t  becom e activate d i n th e curren t  contex t 

4.5. General Focusing Mechanism for Definite Anaphora Comprehension. When a definite anaphor is 

encountered ,  bot h th e primar y focu s spac e containin g explicid y mentione d entities ,  an d th e potentia l  focu s lis t 

containin g impliciti y  evoke d entitie s m a y b e searche d fo r  a  co-specifier ,  an d th e discours e mode l  update d 

appropriately .  I.e. ,  i f  th e co-specifie r  i s  foun d i n th e potentia l  focu s list ,  i t  i s  n o w move d t o th e primar y focu s 

spac e wit h th e appropriat e leve l  o f  activatedness ;  i f  th e co-specifie r  i s  foun d i n th e primar y focu s space ,  it s leve l  o f 

activaiednes s i s simpl y updated .  I f  a  co-specifie r  i s  no t  foun d i n eithe r  th e primar y focu s spac e o r  th e potentia l 

focu s list ,  the n knowledge-base d processing ,  i.e. ,  inferencin g usin g th e tota l  knowledg e base ,  i s necessary . 

clas s member 

whol e par t arg i  re l  arg 2 

T h e followin g define s a  pat h t o fin d al l  th e part s o f  basi c leve l  concept s 

(def-path parts (compose arg2- argi part- whole avb- ant class)) 

Figure 1 
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(9 )  :H e bough t  a  canary . 
I  understan d tha t  Joh n bough t  a  canar y 
exec :  9.6 5 se c 

(10 )  :Th c canar y i s name d Tweety . 
I  understan d tha t  Tweet y i s th e canar y 
exec :  6.4 0 se c 

(11 )  :Th e ca t  stalk s Tweety . 
I  understan d tha t  th e ca t  i s stalkin g Tweet y 
exec :  8.5 3 se c 

(12 )  :Hi s tai l  i s  swishing . 
I  understan d tha t  th e tai l  o f  th e ca t  i s swishin g 
exec :  8.8 1 se c 

(13 )  :Hi s chir p alerte d John . 
I  understan d tha t  th e chir p o f  Tweet y alerte d Joh n 
exec :  11.6 1 se c 

(14 )  :Luc y walke d th e dog . 
I  understan d tha t  Luc y walke d th e do g 
exec :  11.5 6 se c 

(15 )  :Th e leas h becam e tangled . 
I  understan d tha t  th e leas h o f  th e do g becam e tangle d 
exec :  10.8 6 se c 

(1 )  :Luc y bough t  a  Victoria n house . 
I  understan d tha t  Luc y bough t  a  Victoria n hous e 
exec :  11.6 3 se c 

(2 )  :Th e mortgag e i s high . 
1 understan d tha t  th e mortgag e o f  th e Victoria n hous e i s hig h 
exec :  8.9 0 se c 

(3 )  :Joh n visite d her . 
I  understan d tha t  Joh n visite d Luc y 
exec :  9.3 8 se c 

(4 )  :Th e butle r  opene d th e door . 
I  understan d tha t  a  butle r  opene d th e doo r  o f  th e Victoria n hous e 
exec :  17:4 5 se c 

(5 )  :Th e hous e i s huge . 
I  understan d tha t  th e Victoria n hous e i s hug e 
exec :  7.3 0 se c 

(6 )  :Luc y bough t  a  dog . 
1 understan d tha t  Luc y bough t  a  do g 
exec :  9.3 5 se c 

(7 )  :He r  barkin g wake s Lucy . 
1 understan d tha t  th e barkin g o f  th e do g i s wakin g Luc y 
exec :  11.4 5 se c 

(8 )  :Joh n own s a  cat . 
I  understan d tha t  Joh n own s a  ca t 
exec :  9.3 8 se c 

Figure 2 

5. DEMONSTRATION. 
Figur e 2 ,  a  shor t  dialogu e fro m a  sampl e ru n o f  S N e P S / C A S S I E ,  illustrate s s o m e o f  ou r  curren t  capabilities . 

Use r  inpu t  i s o n line s wit h th e :-prompt ;  th e system' s outpu t  an d timin g informatio n ar e o n th e line s tha t  follow . 

T h e followin g c o m m e n t s highligh t  s o m e o f  th e importan t  feature s o f  thi s dialogue . 

I n sentenc e 1 ,  comprehensio n o f  th e basi c leve l  concep t  hous e implicitl y  evoke s m a n y entities ,  includin g 

part s suc h a s th e roof ,  w indows ,  an d doors .  Thi s form s par t  o f  th e context-independen t  structur e o f  th e concep t 

house .  I n addition ,  th e ver b bough t  i n conjunctio n wit h house ,  activate s suc h context-dependen t  entitie s a s th e 

mortgag e an d cos t  o f  th e house .  Thus ,  th e concep t  hous e constructe d i n workin g m e m o r y ha s bee n tailore d t o th e 

curren t  context . 

Sentenc e 2  contain s a  referenc e t o a n implicitl y  focuse d item ,  th e mortgag e whic h w a s activate d i n 

respons e t o th e contex t  o f  buyin g a  house .  Sentenc e 4  contain s a  referenc e t o th e butler ,  a n entit y tha t  w a s no t 

activate d b y eithe r  th e concep t  hous e o r  th e curren t  context .  Thus ,  comprehensio n o f  th e butle r  require s inferenc -

in g usin g th e knowledg e base .  A  compariso n o f  th e timin g informatio n fo r  sentence s 2  an d 4  illustrate s tha t  th e 

comprehensio n tim e fo r  a  non-activate d entit y (th e butler )  i s  longe r  tha n tha t  fo r  a n activate d entit y (th e mort -

gage) . 

Sentenc e 6  contain s th e basi c leve l  concep t  dog ,  whic h implicitl y  activate s m a n y context-independen t  enti -

ties ,  suc h a s part s an d othe r  percepts .  I t  als o contain s th e even t  o f  buyin g a  dog ,  s o th e cos t  i s also  activated .  I n 

sentenc e 7 ,  resolutio n o f  th e definit e anapho r  he r  barkin g canno t  b e base d o n th e norma l  mechan is m o f  finding  th e 

most  highl y focuse d anteceden t  tha t  matche s th e semanti c feature s o f  th e possessiv e pronou n her .  I t  w a s no t 

Lucy' s barking !  Rather ,  i t  require s a  searc h o f  th e potentia l  focu s lis t  fo r  th e concep t  o f  barking ,  returnin g it s 

evokin g concep t  dog . 

Sentence s 1 2 an d 1 3 als o illustrat e th e nee d fo r  usin g a  focusin g mechan is m base d o n m o r e tha n activated -

ness ,  recenc y an d matchin g semanti c features .  I.e. ,  tai l  w a s evoke d a s a  par t  o f  th e basi c leve l  concep t  ca t  (i n sen -

tenc e 7 ) ,  bu t  no t  a s a  par t  o f  th e subordinat e leve l  concep t  canary ;  wherea s chir p w a s evoke d a s associate d wit h 

bird/canar y (i n sentenc e 8 ) ,  bu t  no t  wit h cat .  O u r  processin g o f  hi s tai l  an d hi s chir p simpl y involve s searchin g 

th e potentia l  focu s lis t  fo r  thes e previousl y activate d entities ,  no t  a  searc h o f  th e knowledg e base .  Sinc e th e poten -

tia l  focu s lis t  als o contain s th e evokin g concepts ,  integratio n o f  th e activate d associate s (e.g. ,  chirp )  wit h th e previ -

ousl y mentione d evokin g concep t  (e.g. ,  bird/canary/Tweety )  i s quit e simple .  Finally ,  i n sentenc e 14 ,  walkin g th e 

d o g implicitl y  activate s m a n y context-independen t  entities ,  a s wel l  a s context-dependen t  associate s suc h a s a  leash . 
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6. CONCLUSIONS. 
W e h a v e presente d representations  fo r  natura l  languag e processin g tha t  ar e base d o n (1 )  a  recognitio n o f  th e 

un iqu e natur e o f  basi c leve l  categorie s withi n natura l  categor y sys tems ,  a n d (2 )  th e n e e d fo r  " a c t i v e " ,  flexible 

rep-esentation s fo r  generi c concept s a n d categories .  T h u s ,  w e h a v e base d ou r  sys te m o n principle s o f  categoriza -

tio n derive d f r o m curren t  categorizatio n research .  W e believ e tha t  m o s t  A I / N L P sys tem s fai l  t o tak e thes e princi -

ple s seriously ,  a n d are ,  therefore ,  unabl e t o suppor t  natura l  languag e processin g i n anyth in g othe r  tha n ex t reme l y 

limite d d o m a i n s . 
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ABSTRACT 

Subjects learned to map phrase-structure-defined strings onto geometric 
figur e arrays .  "String-generation "  subject s produce d symbo l  string s 
correspondin g t o arrays ;  "String-interpretation "  subject s constructe d array s 
correspondin g t o strings .  "Mixed "  subject s alternate d betwee n thes e tasks . 
Subjects '  knowledg e o f  symbo l  sequenc e acceptabilit y  wa s periodicall y probed . 
Mixe d sxjbject s learne d th e structur e dramaticall y faste r  tha n othe r  subjects . 
Thi s suggest s tha t  natura l  acquisitio n o f  structur e \anderlyin g symbol-worl d 
mappin g system s lik e languag e depend s o n learnin g multi-directiona l  mappings . 

Humans inevitabl y construc t  inplici t  menta l  representation s t o guid e 
thei r  concret e action s an d percepts .  Th e researc h i n thi s pape r  investigate s 
a theor y o f  th e condition s v^ic h elici t  suc h forma l  menta l  structures .  Th e 
essenc e o f  th e theor y i s tha t  thes e structure s ar e menta l  device s vdiic h 
integrat e superficiall y  distinc t  perspective s o n a  situation .  Conside r  th e 
intuitiv e formatio n o f  a  ma p betwee n hom e an d work .  I f  yo u alway s wal k fro m 
home t o work ,  bu t  ge t  a  rid e hom e afte r  dark ,  ther e i s littl e basi s fo r 
developin g a n intuitiv e ma p o f  th e relevan t  neighborhood .  Rather ,  yo u ca n 
memoriz e a  unilinea r  serie s o f  turn s an d distances .  Contras t  thi s wit h a 
situatio n i n v^ic h yo u wal k sometime s i n eac h direction :  i t  i s  intuitivel y 
clea r  (thoug h th e relevan t  researc h remain s largel y undone) ,  tha t  yo u ar e 
the n muc h mor e likel y t o construc t  a n intuitiv e ma p o f  th e are a i n a n 
abstrac t  representatio n o f  th e street s an d crucia l  landmarks .  Th e differin g 
perspective s gaine d fro m walkin g i n bot h direction s stimulat e th e instinctiv e 
nee d fo r  a  menta l  representatio n whic h i s neutra l  concernin g th e directio n o f 
trave l  -  namely ,  a  map . 

The functional value of such inner mental representations is 
unquestionable ,  bu t  th e fac t  tha t  th e structure s ar e ofte n fxonctiona l  doe s 
no t  explai n thei r  existence ,  form ,  o r  th e dynamic s o f  thei r  discovery .  I n 
fact ,  i t  i s  frequentl y th e cas e tha t  human s ascrib e unnecessaril y  elaborat e 
interna l  structure s t o superficiall y  regula r  phenomena .  Fo r  example ,  peopl e 
ofte n intuitivel y invok e a  coitple x causa l  schem a a s th e interna l  structur e o f 
a serie s o f  events ,  whic h migh t  i n fac t  b e unrelated ;  similarly ,  peopl e ma y 
develo p overl y elaborat e hypothese s abou t  th e structur e o f  machines ,  a s the y 
lear n t o contro l  them ;  finally ,  peopl e acquir e comple x grammar s wit h 
independen t  interlockin g level s o f  representatio n t o accoun t  fo r  th e 
structur e o f  sentences ,  whic h migh t  hav e simple r  behaviora l  descriptions .  I n 
eac h case ,  th e mor e superficia l  analysi s migh t  b e correc t  o r  a t  leas t  mor e 
functiona l  -  th e perso n wh o attribute s a n xannecessar y underlyin g structur e i s 
guilt y o f  a  cognitiv e illusion ,  th e intuitiv e formatio n o f  a n incorrec t 
menta l  representation .  A s i n th e stud y o f  perception ,  th e inportanc e o f  suc h 
illusion s i s tha t  the y demonstrat e th e presenc e o f  a n activ e se t  o f  menta l 
processe s whic h automaticall y for m menta l  representation s durin g th e 
organizatio n o f  behavior ,  regardles s o f  thei r  specifi c  functiona l  role .  Th e 
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puzzle about vrtiy people induce complex abstract structures resolves into 
severa l  componen t  questions : 

(1) Why do humans hypothesize the particular structures they do? 
(2 )  What  environmenta l  condition s elici t  th e structures ? 
(3 )  What  menta l  condition s elici t  th e structures ? 
(4 )  What  motivate s invokin g th e structur e withou t  direc t 

reinforcement ? 

Questions (1) and (4) are usually taken to be the most profound: the former 
bear s o n hypothese s abou t  innat e constraints ,  th e latte r  o n th e motive s fo r 
activ e learnin g o f  abstrac t  structures .  I t  i s  difficult ,  however ,  t o answe r 
eithe r  questio n withou t  a  bette r  understandin g o f  th e dynamic s o f  th e 
learnin g process .  Accordingly ,  ou r  researc h concentrate s o n th e secon d an d 
thir d questions :  ou r  theoretica l  goa l  i s  t o understan d th e interaction s 
betwee n th e environmen t  an d th e learner' s menta l  stat e v^ic h resul t  i n th e 
formatio n o f  menta l  structures .  Ou r  practica l  goa l  i s  t o develo p som e 
insight s int o th e condition s tha t  bes t  elici t  spontaneou s formatio n o f  a n 
appropriat e menta l  representatio n fo r  a  situation . 

Our theory of structure induction is rooted in the dynamic role of 
abstrac t  representationa l  schemata ,  a s system s tha t  resolv e inconsistencie s 
betwee n superficia l  system s o f  representatio n (Bever ,  1986) .  O n thi s view , 
structur e inductio n ha s som e forma l  similaritie s t o proble m solving .  I t 
involve s severa l  phases ;  first ,  th e formulatio n o f  distinc t  representation s 
whic h see m t o b e inconsisten t  (th e rea l  menta l  'problem') ;  the n evocatio n o f 
a mor e abstrac t  representationa l  schem a whic h allow s fo r  th e integratio n o f 
th e conflictin g representations .  A n exampl e o f  thi s i s Duncker' s (1945 ) 
classi c explicatio n o f  th e solutio n fo r  th e us e o f  x-ray s t o kil l  a n interna l 
tumor :  a t  first ,  th e subject s oscillat e betwee n postulatin g a n x-ra y 'gun ' 
whic h shoot s th e tumo r  (bu t  destroy s th e intervenin g tissue) ,  an d a n x-ra y 
'bomb '  whic h explode s onl y a t  th e tumo r  sit e (bu t  canno t  ge t  ther e becaus e o f 
th e intervenin g tissue) .  Th e solutio n lie s i n a n integratio n o f  feature s o f 
bot h th e 'gun '  an d th e 'bomb' ;  a  focussin g len s disperse s th e x-rays ,  lik e 
light ,  harmlessl y throug h th e intervenin g tissue ,  an d focusse s the m lethall y 
onl y o n th e tumor .  Th e concep t  o f  a  len s whic h manipulate s x-ray s a s thoug h 
the y wer e ligh t  provide s a  ne w schem a i n whic h t o integrat e th e initiall y 
inconsisten t  representation s o f  th e problem . 

On our view, the induction of structures underlying behavior works most 
effectivel y i n a n analogou s way .  Differen t  superficia l  regularities ,  o r 
differen t  mode s o f  use ,  stimulat e th e developmen t  o f  inconpatibl e 
representation s o f  th e behavior :  th e deepe r  representatio n supplie s a 
resolutio n o f  thes e apparentl y conflictin g representations .  Thi s sequenc e o f 
menta l  stage s i s a  standar d accoun t  o f  ho w childre n g o abou t  discoverin g 
elaborat e menta l  systems ,  suc h a s causa l  reasoning ,  numh)er ,  naiv e physics , 
and s o on .  We ar e suggestin g tha t  th e sam e kin d o f  processe s occu r  durin g 
adul t  learnin g o f  comple x systems . 

The use of symbol manipulation paradigms 

Symbol-sequence learning offers a rich paradigm to examine the induction 
of  a n abstrac t  structur e fro m specifi c  concret e trainin g experiences .  I n 
thes e experiments ,  subject s typicall y ar e aske d t o discove r  th e principle s 
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underlying the well-formedness of sequences. The paradigm offers the 
possibilit y  o f  experimenta l  contro l  ove r  th e intermediat e stage s o f  structur e 
formation ,  an d carefu l  probin g fo r  th e ultimat e structures . 

In practice, such studies are often described as investigations of 
'artificia l  languag e learning' ,  sinc e th e descriptio n o f  th e symbo l 
sequence s i s ofte n expresse d i n term s o f  language-lik e rule s (Anderson , 
1975 ;  Braine ,  1963 ,  1966 ;  Esper ,  1925 ;  Miller ,  1967 ;  Mille r  an d Stein , 
1963 ;  Moese r  &  Bregman ,  1972 ;  Reber ,  1967 ;  Saporta ,  Blumentha l  an d Reiff , 
1963 ;  Sega l  an d Halwes ,  1965 ,  1966 ;  Smith ,  1969) .  Th e rational e fo r  thes e 
studie s ha s usuall y bee n take n t o b e tha t  on e ca n includ e o r  violat e forma l 
propertie s o f  natura l  languag e i n th e artificia l  mappin g systems ;  i f  th e 
selectiv e absenc e o f  a  particula r  forma l  propert y make s th e languag e har d t o 
learn ,  the n on e migh t  conclud e tha t  th e propert y i s a  critica l  par t  o f  th e 
structur e o f  an y languag e (Esper ,  1925 ;  Chomsky ,  1965) .  Tha t  is ,  artificia l 
language s ca n b e use d t o tes t  linguisti c universals ,  on e b y one . 

Such learning paradigms have been used to investigate some behavioral 
issues ,  primaril y contrastin g th e importanc e o f  structura l  informatio n abou t 
v^er e phrase s begi n an d en d (Green ,  1979 ;  Morga n an d Newport ,  1981 ;  Morgan , 
Meie r  an d Newport ,  1986 )  an d th e relativ e importanc e o f  parallel s betwee n 
grammatica l  structur e an d it s extra-symboli c referenc e fo r  learnin g (Moese r 
and Bregman ,  1972 ,  1973 ;  Moeser ,  1977 ;  Anderson ,  1975 ;  Meie r  an d Bower , 
1986) . 

These studies of symbol sequence learning have had the same limitations 
as othe r  paradigm s on e migh t  us e t o explor e naturalisti c discover y o f 
structure .  The y pos e subject s directl y wit h th e proble m o f  discoverin g th e 
structure s a t  issue ,  rathe r  tha n placin g subject s i n task s vdiic h migh t 
naturall y elici t  th e structure s a s inplici t  component s o f  th e solutio n t o th e 
tasks .  Below ,  w e outlin e a n adaptatio n o f  artificia l  languag e learnin g 
paradigm s i n v^ic h subject s lear n t o us e th e symboli c structur e withou t  bein g 
aske d t o lear n th e structur e explicitly .  Ou r  initia l  result s sugges t  tha t 
th e paradig m ca n b e use d t o answe r  question s abou t  th e behaviora l  condition s 
governin g th e discover y o f  implici t  structure s i n general . 

THE STUDY 

In our study, subjects learn to use symbols in sequences defined by 
simpl e structura l  constraints ,  an d ar e no t  give n an y direc t  trainin g o n 
structura l  well-formedness .  A s the y lear n t o us e th e symbol-sequences ,  w e 
periodicall y tes t  thei r  knowledg e o f  th e structur e o f  th e symbo l  system . 
Subject s ar e eithe r  aske d t o lear n t o 'produce '  symbo l  sequence s correctl y o r 
t o 'perceive '  them .  I n 'production' ,  th e subject s ar e give n a  visua l  arra y o f 
shape s o n a  compute r  scree n an d mus t  typ e th e sequenc e describin g th e array . 
I n 'perception' ,  siobject s ar e give n a  sequenc e an d mus t  construc t  th e visua l 
arra y whic h i t  describes . 

The symbol sequences are structured according to rules taken from a 
standar d artificia l  languag e use d i n previou s studie s i n th e literatur e 
(e.g. ,  Anderson ,  1975 ;  Meie r  an d Bower ,  1986) .  I t  i s  a  phras e structur e 
verb-fina l  language ,  wit h embedding .  Sequence s range d fro m 4  t o 1 2 word s 
long ;  th e separat e word s ar e i n Englis h ('triangle ,  red ,  large ,  above ' 
etc. )  excep t  fo r  on e grammatica l  functio n word ,  'te' .  Th e visua l  patter n i s 
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defined on a set of geometric shapes v^ich can have different sizes and 
colors .  Eac h shap e ca n b e locate d i n on e o f  fou r  quadrant s o n a  compute r 
screen .  Sx±)ject s ca n 'paint '  th e figur e the y wan t  i n eac h quadran t 
separately ,  usin g a n adapte d graphic s package :  the y ar e provide d wit h 
labelle d button s fo r  eac h figur e attribut e (triangle ,  red ,  large ,  etc.) . 
Even thi s sinpl e mappin g syste m allow s fo r  conple x mappings .  Fo r  exair5)le ,  a 
larg e stripe d triangl e abov e a  re d circle ,  whic h i s t o th e lef t  o f  a  smal l 
stripe d square ,  woul d b e denote d b y th e string , 

triangle large striped circle te red te square small striped left-of above 

The subjects are never trained on isolated sequences; rather, they are 
expose d t o unidirectiona l  mappin g task s v^ic h naturall y reflec t  th e norma l 
use s fo r  symbo l  systems ,  conprehensio n an d production .  I n al l  conditions , 
s\±»ject s ar e pre-traine d i n mappin g isolate d symbols ,  t o becom e familia r  wit h 
usin g th e computer-controlle d printin g an d drawin g techniques . 

We ran groups of 10 subjects, balanced for such varie±)les as SAT 
scores ,  se x an d age ,  i n eac h o f  thre e paradigms :  1 )  'perception' :  o n eac h 
trial ,  subject s ar e give n a  symbo l  sequenc e an d aske d t o construc t  th e 
correspondin g visua l  pattern ;  2 )  'production' :  o n eac h trial ,  sxibject s ar e 
give n th e visua l  patter n an d aske d t o construc t  a  correspondin g symbo l 
sequence ;  an d 3 )  'mixed' ;  trial s alternat e betwee n 'perception '  an d 
'production' .  Ther e wer e 4 8 trials ,  selecte d t o balanc e fo r  variou s 
complexit y variable s i n eac h 1/ 8 o f  th e experimenta l  session .  Afte r  ever y 6 
trials ,  siobject s wer e presente d wit h a  tes t  o f  thei r  knowledg e o f  th e 
structur e o f  well-forme d sequences .  Subject s judge d v^ic h member  o f  eac h o f 
si x pair s o f  sequence s i s structurall y correct .  Followin g previou s research , 
th e correc t  sequenc e i n eac h pai r  wa s mate d t o a n incorrec t  sequenc e v^ic h 
violate d on e o f  si x kind s o f  structura l  propertie s characteristi c o f  th e 
system . 

FIGURE 1 
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Ttier e ar e tw o measure s o f  performance :  th e acquisitio n o f  structura l 
knowledge ,  an d th e acquisitio n o f  th e unidirectiona l  mappin g skills .  Figur e 
1 show s ho w th e structura l  knowledg e increase d wit h trainin g i n th e thre e 
differen t  trainin g conditions .  Trainin g i n productio n resulte d i n slightl y 
faste r  acquisitio n o f  structura l  knowledg e tha n di d trainin g i n perception , 
bu t  th e differenc e i s no t  significant .  Mos t  strikin g i s th e fac t  tha t  th e 
mixe d conditio n resulte d i n superio r  master y o f  th e structur e o f  th e symbo l 
syste m (p<.025 ,  b y Fishe r  exac t  tes t  o n subjects ,  bot h comparin g mixe d 
agains t  perceptio n alon e an d agains t  productio n alon e (p<.0 3 b y a  wilcoxo n 
matched-pair s signed-rank s acros s trials) .  Thi s findin g i s no t  obvious :  fo r 
exan:5)le ,  on e migh t  hav e predicte d tha t  structura l  learnin g i n th e mixe d 
conditio n woul d b e th e averag e o f  tha t  i n th e tw o separat e conditions . 
Furthermore ,  correlation s o f  subjects '  performanc e o n th e secon d hal f  o f  th e 
sessio n show s tha t  structura l  knowledg e correlate d strongl y wit h productio n 
and perceptio n i n th e mixe d condition ,  bu t  les s strongl y wit h productio n o r 
perceptio n alon e (se e Tabl e 1 ,  below) .  I t  seem s clea r  tha t  th e mixe d 
conditio n elicite d a  mor e unifie d representatio n o f  th e structur e wit h th e 
behaviora l  skill . 

TABLE 1 

Correlations across subjects between mapping skill and well-formedness 
judgment s (secon d hal f  o f  sessions) . 

Productio n alon e X  judgmen t 
Productio n mixe d X  judgmen t 
Perceptio n alon e X  judgmen t 
Perceptio n mixe d X  judgmen t 

.6 4 (p<.02 ) 

.9 3 (p<.001 ) 

.6 1 (p<.03 ) 

.8 0 (p<.001 ) 
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Figure 2 presents the acquisition of just the mapping skills in the 
differen t  conditions .  Productio n alon e i s clearl y mor e difficul t  t o maste r 
tha n perceptio n alone ;  bu t  productio n i n th e mixe d conditio n i s almos t  a s 
eas y a s perceptio n (w e too k performanc e o n th e las t  1 2 trial s a s a  measure : 
on this ,  productio n alon e wa s mor e difficul t  tha n eac h o f  th e othe r  thre e 
conditions ,  p<.025 ,  b y a  Fishe r  exac t  tes t  acros s subjects ;  p<.0 2 b y a 
Wilcoxo n matched-pair s signed-rank s tes t  o n trials) .  Finally ,  perceptio n i n 
th e mixe d conditio n i s n o easie r  tha n perceptio n alone .  Severa l  aspect s o f 
th e result s sugges t  tha t  th e acquisitio n o f  productio n i s mor e directl y 
relate d t o th e abilit y  t o mak e structura l  judgment s tha n th e acquisitio n o f 
perception .  First ,  th e correlatio n acros s subject s betwee n mappin g 
performanc e an d structura l  judgment s i s highe r  fo r  productio n tha n perceptio n 
i n th e mixe d condition ;  second ,  th e correlatio n acros s structura l  propertie s 
i n structura l  judgemen t  i s highe r  fo r  productio n an d mixed ,  tha n fo r 
perceptio n an d mixed .  Thes e trend s wer e no t  statisticall y significan t  give n 
th e curren t  nxjmbe r  o f  subject s an d constraints ,  bu t  the y ar e suggestiv e a s 
th e basi s fo r  furthe r  research . 

The initial findings from this study have a number of inplications. 
First ,  th e fac t  tha t  structura l  knowledg e i s arrive d a t  muc h mor e quickl y 
when learnin g t o ma p i n bot h direction s suggest s tha t  structura l  knowledg e 
may b e discovere d a s a n integrate d solutio n t o multipl e representationa l 
constraints .  Thi s follow s a s a  specia l  cas e o f  ou r  origina l  hypothesi s tha t 
structur e inductio n i s facilitate d i f  i t  provide s a  framewor k fo r 
incompatibl e system s o f  representatio n -  clearly ,  perceptio n an d productio n 
i n ou r  paradig m involv e distinc t  input/outpu t  relations .  Thi s contras t  i s 
emphasize d b y th e fac t  tha t  structura l  propertie s tha t  ar e har d t o maste r  i n 
one mod e ten d t o b e easie r  i n th e other .  Th e mixe d conditio n ma y b e 
effectiv e fo r  independen t  reasons ,  fo r  example ,  becaus e th e conflictin g 
generalization s ar e i n differen t  modalities .  Th e stud y o f  thi s ha s excitin g 
inplication s fo r  theorie s o f  th e inductio n o f  structur e no t  jus t  o f  to y rul e 
systems ,  bu t  o f  suc h menta l  abstraction s a s causa l  reasoning ,  an d suc h 
concret e object s a s corrple x machines ,  compute r  algorithm s an d s o on . 
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T R A N S I T O RY S T A G ES I N T H E D E V E L O P M E NT O F M E D I C A L EXPERTISE : 

T HE " I N T E R M E D I A T E EFFECT "  I N CLINICA L C A S E R E P R E S E N T A T I ON STUDIE S 1 

Henk G. Schmidt, Henny P. A. Boshuizen & Pie P. M. Hobus 

University of Limburg, Maastricht, The Netherlands 

One o f  th e best-establishe d empirica l  phenomen a i n researc h o n th e developmen t  o f  expertis e i n 
medicine ,  i s th e "intermediat e effec t  "  i n clinica l  cas e representatio n studies .  Th e experimenta l 

paradig m whic h produce s thi s phenomeno n i s describe d a s follows :  Subject s differin g i n leve l  o f 

expertis e ar e requested  t o study ,  fo r  abou t  tw o o r  thre e minutes ,  hal f  a  pag e o f  tex t  describin g a 

patient' s history ,  presentin g complaint s an d som e additiona l  findings-result s o f  laborator y test s 
and/o r  physica l  examination .  Th e tex t  i s removed ,  an d th e subject s ar e aske d t o recall  everythin g 

the y ca n remember from  th e text̂ .  I n addition ,  the y ar e require d t o stat e a  mos t  likel y diagnosi s fo r 

th e case .  Subject s wit h intermediat e level s o f  expertis e consistentl y produc e mor e extensiv e recalls 

tha n eithe r  expert s -e.g .  experience d physicians — o r  novice s (Pate l  &  Groen ,  1986a) . 

Thi s phenomeno n ha s bee n demonstrate d unde r  variou s conditions ,  wit h differen t  case s an d i n 

differen t  populations .  I n a  stud y usin g a  cardiovascula r  respiratio n case ,  Muzzin ,  Norman , 
Feightner ,  &  T u g w e U (1983 )  foun d tha t  internist s recalle d significantl y fewe r  item s fro m th e cas e 

tha n di d residents  o r  pre-residenc y medica l  students .  Claesse n &  Boshuize n (1985 )  presente d 

typica l  an d atypica l  case s o f  pancreatiti s  an d prostatiti s  t o famil y physician s an d student s a t  thre e 

level s o f  expertise .  Th e resident s participatin g i n th e experimen t  showe d superio r  recall  o n al l  case s 

as compare d wit h bot h th e famil y physician s an d th e pre-clinica l  students .  Pate l  &  Medley-Mar k 

(1985 )  demonstrate d th e sam e phenomeno n i n fina l  yea r  medica l  student s a s compare d wit h bot h 

intemist s an d novices ,  usin g a n acut e bacteria l  endocarditi s  cas e an d a  stomac h cance r  case .  Th e 

intermediat e effec t  has ,  i n addition ,  bee n demonstrate d i n expertise-relate d task s othe r  tha n tex t 

processin g (Gran t  &  Marsden ,  1988 ;  Patel ,  Evans ,  &  Kaufinan ,  1988) .  I n al l  studie s reviewe d 

however ,  diagnosti c accurac y o f  th e mos t  experience d grou p exceede d tha t  o f  th e othe r  level s o f 

expertise ,  suggestin g tha t  th e intermediat e effec t  canno t  b e explaine d awa y b y assumin g lac k o f 

ecologica l  validit y o f  th e experimenta l  tasks . 

These results appear to be counterintuitive. Research into the way in which subjects with different 
level s o f  prio r  knowledg e proces s tex t  ha s show n tha t  th e riche r  th e knowledg e bas e use d i n th e 

interpretatio n o f  n e w information ,  th e bette r  recal l  o f  tha t  information .  Spilich ,  Vesonde r  &  Vos s 

(1979) ,  fo r  instance ,  foun d tha t  subject s wit h hig h knowledg e o f  basebal l  remembered  more ,  an d 

mor e relevant  informatio n from a  report  o f  a  basebal l  gam e tha n low-knowledg e individuals .  I n th e 

domai n o f  chess ,  grandmaster s wer e abl e t o recall  position s o f  piece s o n th e boar d mor e accuratel y 

tha n player s wit h les s experienc e (D e Groot ,  1946) .  I t  i s generall y assume d tha t  prio r  knowledg e 

provide s scaffoldin g fo r  th e n e w informatio n t o b e encode d an d retrieved.  I n othe r  words :  Instea d 

of  th e invertedl y U-shape d curv e commonl y foun d i n developmenta l  studie s i n medicine ,  on e woul d 

expec t  a  monotonou s increas e o f  recall  a s a  functio n o f  increasin g expertise . 

*  Preparatio n o f  thi s pape r  wa s enable d b y gran t  #  626 6 o f  th e Dutc h Foundatio n fo r  Educationa l  Researc h (SVO )  t o 
H.  G.  Schmid t  an d H.P.A .  Boshuizen .  Th e author s lik e t o acknowledg e th e contribution s o f  Stev e Forste r  an d 
Loreoc e Coughlin . 

^The resultin g recall  protoco l  i s  segmente d int o propositions .  Th e proposition s recalled,  an d thei r  interrelations ,  ar e 
considere d th e subject' s menta l  representation  o f  th e patient' s problem ,  a  representation  o n whic h hi s diagnosi s o f  th e 
underlyin g patholog y i s based .  On e simpl e wa y t o dea l  wit h a  recall  protoco l  i s  t o coun t  th e numbe r  o f  proposition s 
conectl y recalle d 
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Based on an extensive review of the literature, Schmidt & Norman (1988) suggest that the 
intermediat e effec t  ma y resul t  from  th e fac t  tha t  expert s an d intermediate s appl y differen t  knowledg e 
i n th e representation  o f  a  clinica l  case .  I n thei r  view ,  th e developmen t  o f  expertis e i n medicin e 
progresse s throug h severa l  transitor y stages ,  eac h o f  whic h i s characterize d b y functionall y differen t 
knowledg e stmcture s underlyin g performance .  Whe n applie d t o th e understandin g o f  clinica l  cases , 
thes e structure s produc e quit e differen t  effects .  Novices ,  b y thei r  nature ,  hav e litd c mor e tha n a  lay -
person' s ide a o f  illness .  Thei r  knowledg e i s limite d an d consist s mainl y o f  a n understandin g o f 
basi c biologica l  processe s an d structures ,  withou t  muc h reference  t o th e consequence s o f  diseas e a s 
excnplifie d i n a  clinica l  case .  Student s however ,  wh o ente r  residency,  hav e alread y develope d ric h 
and elaborate d causa l  network s explainin g th e sign s an d syir^tom s associate d wit h a  diseas e i n 
term s o f  underlyin g pathophysiologica l  processes ,  principle s o r  mechanisms .  Since ,  b y tha t  time , 
thei r  exposur e t o "real "  patient s stil l  ha s bee n limited ,  the y hav e t o proces s informatio n extracte d 
from  a  ne w cas e consciousl y an d elaborately ,  reasonin g throug h th e causa l  pathophysiologica l 
network s availabl e t o them ,  i n orde r  t o arriv e a t  a n understandin g o f  tha t  case .  Thi s reasonin g 
proces s ma y tak e (considerable )  time . 
For  experience d physician s however ,  causa l  pathophysiologica l  knowledg e ha s becom e compile d 
int o diagnosti c label s o r  simplifie d causa l  model s explainin g sign s an d symptoms ,  a s a  result  o f 
extensiv e use .  Compile d knowledg e is ,  b y it s  nature ,  automaticall y an d effortlessl y activate d b y 
relevant  cue s i n a  case ,  becaus e repeated  activatio n i n respons e t o thes e sam e cue s ha s cause d it s 
compilatio n (Anderson ,  1983) .  TTier e i s som e evidenc e supportin g th e ide a o f  th e limite d us e o f 
elaborat e pathophysiologica l  explanatio n b y experience d clinicians .  Boshuizen ,  Schmid t  & 
Coughli n (1987) ,  usin g a  think-alou d methodology ,  showe d tha t  genera l  practitioner s onl y rarel y 
refer  t o pathophysiolog y whil e reasoning  abou t  a  sequentiall y  presente d case .  Wherea s student s 
use pathophysiologica l  concept s extensivel y whe n explainin g th e informatio n presente d t o them . 
Patel ,  Evan s &  Groe n (1988) ,  reviewing  research  o n pathophysiologica l  explanatio n o f  clinica l 
case s b y subject s o f  differen t  expertise ,  als o conclud e tha t  expert s appea r  t o rely  les s o n causa l 
biomedica l  knowledg e whil e diagnosin g a  case .  Thes e finding s suppor t  th e ide a tha t  th e 
developmen t  o f  expertis e involve s extensiv e compilatio n o f  knowledg e acquire d durin g training . 
However ,  Schmid t  &  Norma n postulat e that ,  i n additio n t o th e proces s o f  compilation ,  anothe r 
proces s take s plac e a s a  result  o f  frequen t  exposur e t o patients .  Experienc e add s somethin g t o th e 
knowledg e bas e o f  physician s tha t  i s  onl y superficiall y  taugh t  i n medica l  schoo l  bu t  ̂jpear s t o b e 
most  relevant  whil e diagnosin g a  patient :  Th e constraint s unde r  whic h diseas e occur s i n humans . 
Ther e i s som e evidenc e tha t  exper t  behavio r  i s  determine d i n particula r  b y th e exten t  t o whic h rich 
and elaborate d knowledg e abou t  thes e constraint s i s acquire d (Schmidt ,  Hobus ,  Patel ,  & 
Boshuizen ,  1987) .  T o accommodat e thi s poin t  o f  view ,  Feltovic h &  Barrow s (1984 )  hav e 
suggeste d tha t  i n th e cours e o f  year s o f  practice ,  physician s develo p cognitiv e structure s o f  variou s 
disease s whic h the y cal l  "illnes s scripts" .  Thes e illnes s script s contai n th e physician' s idiosyncrati c 
and compile d knowledg e o f  th e diseas e an d it s consequences ,  i n additio n t o knowledg e o f  th e 
constraint s unde r  whic h a  diseas e occurs .  ("Enablin g conditions "  i s th e ter m the y us e t o refer  t o 
tfiese  constraints. )  Illnes s script s ar e frame -  o r  list-lik e structures ,  containin g prototypica l 
informatio n abou t  a  disease ,  which ,  whe n activated ,  guid e a  clinicia n throug h a  cas e an d suppor t 
hi m i n lookin g fo r  cue s tha t  ar e relevant . 

This theory allows for a number of predictions about the nature of differences between subjects of 
variou s level s o f  expertise .  O f  these ,  th e followin g ar e relevan t  t o th e experimen t  describe d here : 
1.  Assumin g tha t  consciou s applicatio n o f  causa l  pathophysiologica l  knowledg e i n explainin g al l 
th e informatio n embedde d i n a  cas e ca n b e considere d mor e extensiv e tha n jus t  lookin g fo r  relevan t 
cues i n orde r  t o matc h a n applicabl e illnes s script ,  i t  ma y b e expecte d tha t  th e recall  o f  tha t  cas e b y 
intermediate s wil l  b e superio r  t o th e experts '  recall .  Thi s woul d explai n th e sourc e o f  th e 
intermediat e effects . 
2.  Consciou s processing ,  however ,  take s mor e tim e tha n automaticall y activatin g a  relevant  scrip t 
and fillin g i n slots .  Hence ,  i t  i s  predicte d tha t  th e intermediat e effec t  wil l  dis^pea r  whe n 
processin g tim e i s restricted .  Th e experts '  recal l  performanc e however ,  wil l  b e les s affecte d b y a 
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decrease in the time available to process the case, simply because experts need less time to match the 

symptom s t o a  relevan t  script .  Th e scrip t  i n tum ,  wil l  facilitat e subsequen t  retrieva l  o f  case-relate d 

information . 

3.  I f  intermediate s usuall y proces s a  cas e activatin g elaborat e pathophysiologica l  knowledge , 

wherea s th e expert s onl y appl y compile d knowledge ,  i t  i s  predicte d tha t  post-ho c 

pathophysiologica l  explanation s provide d b y intermediate s wil l  b e mor e extensiv e tha n thos e 

provide d b y experts . 

4.  Predictio n 3  wil l  onl y appl y t o thos e circumstance s i n whic h subject s hav e enoug h tim e t o jqspl y 

causa l  knowledge .  Thus ,  a  decreas e i n processin g tim e availabl e wil l  als o affec t  th e elaboratenes s 

of  th e post-ho c pathophysiologica l  explanation s provide d b y intermediates .  Th e amoun t  o f 

explanatio n provide d b y th e expert s however ,  wU l  no t  b e influence d b y manipulatio n o f  th e 

processin g time ,  sinc e tfieir  knowledg e i s compile d an d easil y available ,  eve n unde r  highl y 

restricte d processin g conditions . 

5.  Limitatio n o f  processin g tim e wil l  probabl y affec t  th e accurac y o f  th e diagnosti c hypothese s 

offere d b y al l  groups .  However ,  th e exper t  grou p wil l  displa y smalle r  losse s i n accurac y fo r  th e 

same reason s a s state d before :  Expert s reaso n les s an d therefore ,  hav e mor e tim e availabl e t o sca n 

briefl y th e cas e i n searc h o f  a  solution . 

In order to test these hypotheses, subjects having different levels of expertise were requested to 

stud y a  cas e histor y unde r  varyin g tim e constraints ,  recal l  th e information ,  provid e a  diagnosi s an d 

produc e a  pathophysiologica l  explanation . 

MEmOD 
Subject s 
Subject s wer e 12 0 student s an d physician s o f  th e Universit y o f  Limburg :  2 4 firs t  yea r  allie d healt h 

science s students ,  7 2 medica l  student s (2 4 second- ,  2 4 fourth -  an d 2 4 sixth-yea r  undergraduat e 

students )  an d 2 4 internist s wit h a t  leas t  tw o year s o f  experience .  Eac h grou p o f  2 4 wa s randoml y 

subdivide d i n thre e group s o f  eigh t  w h o studie d th e clinica l  cas e unde r  differen t  tim e constraints . 

Subject s receive d a  smal l  compensatio n fo r  thei r  participation . 

Material 

The material s consiste d o f  a  bookle t  containin g a  270-wor d descriptio n o f  a  clinica l  cas e an d thre e 

blan k respons e sheets .  Th e cas e wa s a  Dutc h translatio n o f  th e acut e bacteria l  endocarditi s  cas e use d 

by Pate l  &  Groe n (1986b )  an d consiste d o f  7 1 propositions . 

Procedure 
First ,  subject s wer e requeste d t o stud y th e cas e carefully .  Dependen t  upo n th e experimenta l 

condition ,  the y wer e give n th e opportunit y t o stud y th e cas e fo r  3  minute s an d 3 0 second s (3 '  30") , 

whic h wa s th e amoun t  o f  tim e allotte d t o subject s i n th e origina l  Pate l  studies ,  1  minut e 1 5 seconds , 

or  3 0 seconds^ .  Afte r  readin g th e tex t  fo r  th e duratio n o f  tim e allowed ,  th e experimente r  aske d 

the m t o tu m t o th e nex t  page .  Thi s pag e containe d th e followin g instruction :  "Woul d yo u b e s o 

kin d a s t o writ e d o w n everythin g yo u recal l  fro m th e case ? Writ e complet e sentence s an d avoi d 

abbreviations" .  Sufficien t  spac e wa s give n t o produc e a  free  recal l  protocol .  O n th e nex t  page , 

subject s wer e requeste d t o provid e a  diagnosi s fo r  th e patient .  Th e las t  pag e containe d thi s 

instruction :  "Describ e th e pathophysiolog y which ,  i n you r  opinion ,  underlie s th e case .  Writ e 

conplet e sentence s an d avoi d abbreviations .  Onl y us e schemati c representation s i f  strictl y 

necessary" .  Subject s wer e fre e t o us e a s m u c h tim e a s the y neede d fo r  th e assignments . 

P̂recedin g th e processin g o f  th e case ,  subject s i n th e 30 "  conditio n wer e give n th e opportunit y t o read  a n unrelate d 
tex t  o f  exactl y th e sam e lengt h t o provid e the m wit h som e experienc e i n scannin g a  tex t  i n a  ver y shor t  lime .  Thi s 
was don e i n orde r  t o minimiz e variabilit y  i n th e wa y subject s woul d undertak e th e experimenta l  task . 
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Accurac y scor e 

-Q-  3'30 " 
-• -  ri5 " 
•  SO-

NS 2n d y r  4t h y r  6t h y r  internist s 

Level of expertise 

Figur e 1 .  Averag e accurac y o f  diagnose s a s a  functio n o f  expertis e an d processin g tim e 

Subsequently, the free recall and pathophysiology protocols were segmented into propositions, 
ĵ jplyin g a  techniqu e adapte d from  Frcderikse n (1975) .  Th e numbe r  o f  proposition s correctl y 
recalle d wa s recorded .  I n addition ,  th e tota l  numbe r  o f  proposition s i n th e pathophysiolog y 
protocol s wa s established .  Th e accurac y o f  th e diagnosi s wa s determine d attachin g weight s t o eac h 
of  th e elements .  I f  th e diagnosi s containe d th e ter m "endocarditis "  2  point s wer e given .  Th e 
presenc e o f  "acute" ,  "bacterial "  an d "embolisms "  eac h contribute d 1  j)oint .  So ,  a  maximu m scor e 
of  5  coul d b e obtained . 
I n addition ,  extensiv e qualitativ e analyse s wer e carrie d ou t  whic h ar e beyon d th e scop e o f  thi s pape r 
and whos e result s wil l  no t  b e discusse d here . 

RESULTS and DISCUSSION 
Diagnosti c accurac y 
Figur e 1  show s th e averag e accurac y o f  th e diagnose s propose d b y th e subjects .  I n lin e wit h othe r 
studies ,  th e numbe r  o f  accurat e diagnose s significantl y covarie s wit h expertise ,  resultin g i n th e 
classica l  monotonicall y increasin g performanc e curve .  TTies e dat a sugges t  tha t  th e cas e 
representatio n tas k i s ecologicall y valid ,  becaus e expertise-relate d difference s t o b e expecte d ar c 
actuall y found . 
Processin g time ,  however ,  doe s no t  hav e a  significan t  effec t  o n diagnosti c performance .  Thi s 
conclusio n applie s t o al l  level s o f  expertise ,  includin g exper t  performance :  F  (2 ,  21) = 2.62 ,  p < 
.10 .  Thes e results  ar e somewha t  a t  varianc e wit h th e expectatio n that ,  i n particular ,  performanc e o f 
subject s wit h les s experienc e woul d suffe r  from  th e constrainin g o f  tim e availabl e fo r  processing . 
However ,  sinc e th e averag e score s o f  thes e group s ar e extremel y lo w unde r  al l  conditions ,  failur e t o 
fin d significan t  difference s ma y b e du e t o th e overal l  difficult y o f  th e case . 

Recall data 
Figur e 2  show s th e results  o f  th e analyse s o f  th e fre e recal l  protocols .  Th e numbe r  o f  proposition s 
recalled  i s displaye d a s a  functio n o f  expertis e an d processin g time .  Overal l  difference s betwee n 
level s o f  exf)ertise ,  an d withi n differen t  processin g tim e conditions ,  ar e statisticall y significan t  (p < 
.001) .  A n exceptio n i s th e performanc e o f  th e differen t  group s unde r  th e intermediat e -1 '  15" -
processin g tim e constraint ;  F  (4 ,  35) = 2.33 ,  p < .07 .  Pairwis e comparison s withi n condition s 
sho w th e followin g pattern :  Unde r  th e 3 '  30 "  processin g tim e condition ,  th e internist s an d th e 
healt h science s student s produc e significantl y les s proposition s tha n th e thre e intermediat e level s o f 
expertis e (p < .001) ,  nicel y illustratin g th e existenc e o f  a n intermediat e effec t  i n thes e data .  Amon g 
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Number  o f  proposition s 

/ 

•B-  3'30 " 
-• -  1'15 " 
-o -  30 " 

2nd y r  4t h y r  6t h y r  internist s 

Leve l  o f  expertis e 

Figur e 2 .  Numbe r  o f  proposition s recalle d from  th e acut e bacteria l  endocarditi s  cas e 
as a  functio n o f  expertis e an d processin g time . 

the groups that were required to process the case within 1 minute and 15 seconds, only the fourth-
and sixth-yea r  student s produc e significantl y mor e recall ,  indicatin g tha t  th e intermediat e effect , 
althoug h stil l  traceable ,  i s  vanishing .  Unde r  th e shortes t  processin g condition ,  th e tw o highes t 
level s o f  expertis e diffe r  significantl y from  th e othe r  groups ,  bu t  no t  from  eac h other . 
I n summary ,  a s predicte d b y Schmid t  &  Norma n (1988) ,  di e emergenc e o f  th e intermediat e effec t 
appear s t o b e dependen t  o n th e amoun t  o f  tim e availabl e fo r  processin g clinica l  information .  Give n 
a sufficientl y shor t  perio d o f  time ,  th e phenomeno n disappears ,  an d i s replace d b y a n increas e i n 
performanc e a s a  functio n o f  expertise .  I t  i s  interestin g t o not e tha t  difference s withi n level s o f 
exj)ertis e a s a  resul t  o f  difference s i n processin g tim e ar e highl y significan t  (al l  sho w p-value s 
smalle r  tha n .0001) ,  wit h th e exceptio n o f  th e internists ;  F  (2 ,  21) = 1.04 ,  p < .37 .  Thes e dat a 
sugges t  tha t  i n contras t  t o student s o f  al l  level s o f  expertise ,  th e performanc e o f  experience d 
physician s i s relativel y insensitiv e t o manipulation s o f  time ,  a t  leas t  withi n th e limit s o f  th e presen t 
experiment . 

Pathophysiological protocols 
The hypothesi s wa s tha t  intermediate s an d expert s us e functionall y differen t  knowledg e whil e 
representin g a  clinica l  case .  Accordin g t o Schmid t  &  Norma n (1988) ,  intermediate s consciousl y 
proces s th e informatio n applyin g a  ric h bas e o f  causa l  pathophysiologica l  knowledge ,  wherea s 
expert s almos t  automaticall y activat e compile d knowledg e directl y relevan t  t o th e case .  Thus ,  post -
hoc pathophysiologica l  explanation s provide d b y th e intemiediate s wil l  b e mor e extensiv e tha n 
thos e provide d b y th e experts .  However ,  i f  intermediate s ar e hindere d i n unfoldin g thei r 
knowledge ,  b y restrictin g tim e neede d t o activat e an d reaso n from  relevan t  pathophysiologica l 
networks ,  informatio n from  th e cas e canno t  properl y b e processed .  Unde r  th e latte r  condition ,  th e 
elaboratenes s o f  post-ho c explanatio n b y intermediate s i s expecte d t o decrease ,  wherea s 
pathophysiologica l  explanatio n provide d b y th e expert s -althoug h compile d an d therefor e les s 
extensive -  wil l  remai n constant . 
Figur e 3  contain s quantitativ e informatio n concernin g thi s issue .  Again ,  overal l  difference s ar e 
highl y reliable ,  bot h withi n level s o f  th e experimenta l  treatmen t  an d withi n eac h o f  th e level s o f 
expertise .  Exception s ar e th e 6t h yea r  students ;  F  (2 ,  2 1 ) = 2.28 ,  p < .13 ;  an d th e internists ;  F  (2 , 
2I) = .40 ,  p < .67 .  Amon g students ,  a  decreas e i n processin g tim e generall y cause s a  decreas e i n th e 
number  o f  proposition s produce d i n th e pathophysiologica l  protocols ,  suggestin g tha t  les s extensiv e 
processin g o f  pathophysiologica l  knowledg e ha s take n plac e whil e tryin g t o understan d th e case . 
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Figur e 3 .  N u m b e r  o f  proposition s foun d i n th e pathophysiologica l  protocol s 

as a  functio n o f  expertis e an d processin g tim e 

In many ways, these data resemble those of Figiu^e 2. An intermediate effect is present, and 

processin g tim e seem s t o hav e th e sam e effec t  o n pathophysiologica l  reasonin g a s i t  ha s o n recall . 

Thes e similaritie s indee d sugges t  tha t  th e intermediat e effec t  i n fre e recal l  i s  th e resul t  o f  extensiv e 

and consciou s processin g o f  pathophysiologica l  knowledg e i n th e cours e o f  understandin g th e case . 

(Althoug h th e averag e within-grou p product-momen t  correlatio n betwee n number s o f  proposition s 

produce d i n fre e recal l  an d pathophysiolog y protocol s i s no t  impressive :  r = .34 ,  p < .001 ;  largel y 

du e t o th e presenc e o f  zer o correlation s i n tw o lowes t  expertis e levels )  Again ,  th e performanc e o f 

th e physician s appear s t o b e a  separat e issue .  Thei r  outpu t  i s smal l  an d quit e stable ,  irrespectiv e o f 

th e constraints .  Qualitativ e analysi s show s tha t  thei r  protocol s contai n highl y relevan t  hig h leve l 

explanator y concept s an d compile d causa l  reasonin g abou t  th e case .  I n addition ,  the y incorporat e i n 

thei r  explanation s t o a  large r  exten t  condition s tha t  enable d th e acut e bacteria l  endocarditi s  t o emerg e 

(Boshuizen ,  1988) . 

GENERAL DISCUSSION 
The theor y outline d rathe r  simpl y explain s a  numbe r  o f  hithert o unexplaine d empirica l  phenomena , 
notabl y th e intermediat e effec t  repeatedl y demonstrate d i n recal l  studie s (Pate l  &  Groen ,  1986a ; 
Muzzin ,  e t  al. ,  1983 )  an d th e relativ e absenc e o f  pathophysiologica l  reasonin g b y exjiert-clinician s 
i n think-alou d experiment s (Boshuizen ,  e t  al ,  1987 ;  Patel ,  e t  al.,1988) . 
The dat a presente d generall y appea r  t o suppor t  th e notio n propose d b y Schmid t  &  Norma n (1988 ) 
tha t  student s an d experience d physician s represen t  clinica l  case s i n differen t  ways ,  becaus e i n th e 
proces s o f  understandin g th e text ,  bot h group s us e functionall y differen t  knowledge .  Provide d the y 
hav e sufficien t  time ,  medica l  student s consciousl y proces s causa l  pathophysiologica l  knowledg e 
activate d b y cue s embedde d i n th e text .  Physicians ,  however ,  onl y pic k u p informatio n tha t  i s 
directl y relevan t  t o th e solutio n o f  th e problem ,  becaus e thei r  knowledg e o f  disease ,  it s  enablin g 
conditions ,  cause s an d consequences ,  ha s bee n etche d b y continuou s exposur e t o thousand s o f 
patients .  Th e resultan t  structure s ar e highl y compile d i n orde r  t o mee t  th e demand s o f  thei r 
profession . 
Of  course ,  th e dat a presente d onl y sugges t  a  cause-effec t  relationshi p betwee n th e kin d o f 
knowledg e use d an d recal l  performance .  Furthe r  researc h i s neede d t o establis h th e causa l  chai n 
betwee n th e two .  A  particularl y attractiv e optio n i n thi s respec t  seem s t o b e th e experimenta l 
manipulatio n o f  prio r  knowledg e o f  group s havin g differen t  level s o f  expertise ,  i n orde r  t o 
investigat e effect s o f  knowledg e activatio n o n th e representatio n o f  clinica l  informatio n i n memory . 
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Abstract 

This paper discusses the problem of selecting the correct knowledge structures in parsing natural 

languag e text s whic h ar e conceptuall y an d structurall y ambiguou s an d requir e dynami c rein -

terpretation .  A n approac h t o thi s proble m i s p-esente d whic h represent s al l  knowledg e struc -
ture s i n a  unifor m manne r  an d whic h use s a  constraine d marke r  passin g mechanis m augmente d 

wit h element s o f  connectionis t  models .  Thi s approac h i s show n t o hav e th e advantag e o f  com -
pletel y integratin g al l  parsin g processes ,  whil e maintainin g a  simple ,  domain-independen t  pro -
cessin g mechanism . 

1. Introduction 

A major problem in parsing natural language texts is the selection of the correct knowledge structures from the 

larg e numbe r  o f  inappropriat e one s i n memory .  Thi s proble m i s especiall y difficul t  i n th e cas e o f  text s whic h ar e 

highl y ambiguou s an d whic h requir e th e reade r  t o cwrec t  a n initiall y  mistake n interpretation ,  sinc e structure s 

whic h ar e onl y potentiall y  relevan t  mus t  als o b e found .  Consider ,  fo r  example ,  th e followin g sentence :  SI .  Joh n 

pu t  th e po t  o n th e stove .  Thi s seem s t o indicat e tha t  Joh n i s preparin g t o us e a  containe r  fo r  cookin g o n a  stove . 

However ,  afte r  readin g th e nex t  sentence :  S2 .  H e picke d i t  u p an d smoke d it ,  i t  appear s tha t  Joh n wa s actuall y 

usin g th e stov e a s a  supporte r  (o r  lighter )  fo r  a  marijuan a cigarett e (no t  a  cookin g pot) .  I n additio n not e tha t  S I  an d 

S2 ar e potentiall y  ambiguou s a t  th e structura l  level ,  e.g .  < X picke d i t  up > coul d mea n < X learne d ne w informa -
tion> ,  whil e < X pu t  objec t  on > coul d mea n < X wea r  object> . 

Previous approaches to parsing natural language texts have largely been unsuccessful at handling ambiguous sen-

tence s suc h a s thos e presente d above .  Thes e approache s ca n generall y b e divide d int o fou r  groups :  (1 ) 

Expectation-base d conceptua l  analyzer s (CAs) ,  suc h a s [Dyer,1983] ,  associat e eac h wor d wit h on e o r  mor e 

knowledg e structures ,  whic h hav e rule s attache d indicatin g h o w the y ca n b e connecte d t o othe r  structures .  Thi s 

approac h ha s bee n successfu l  fo r  parsin g larg e piece s o f  connecte d text .  However ,  th e processin g mechanis m i s 

overl y complex ,  sinc e eac h typ e o f  knowledg e structur e generall y require s it s o w n se t  o f  rules .  Parsin g highl y am -

biguou s sentence s suc h a s S I  an d 8 2 abov e i s particularl y problemati c sinc e sophisticate d back-u p an d recover y 

rule s ar e needed .  (2 )  PDF/Connectionis t  systems ,  example s o f  whic h includ e [Walt z an d Pollack ,  1985] ,  [Cottrel l 

and Small,1985] ,  [McClellan d an d Kawamoto,1986] ,  hav e emerge d a s a n alternativ e t o suc h rule-base d ap -

proaches .  Thes e system s us e onl y simpl e rule s fo r  spreadin g an d combinin g activatio n (an d i n som e case s inhibi -

tion) .  Sinc e the y ar e highl y paralle l  an d emplo y scala r  activations ,  complicate d backtrackin g rule s ar e no t  needed . 

Unfortunately ,  thes e model s currentl y lac k operation s whic h ar e fundamenta l  i n highe r  leve l  N L P systems , 

specifically :  variables ,  rol e bindings ,  instantiations ,  an d inheritance .  (3 )  Ma rke r  passin g system s [Char -

niak,1986] ,  [Grange r  et .  al ,  1986 ]  an d [Norvig ,  1987] ,  whic h find  connection s betwee n concept s b y propagatin g 

marker s ove r  a  loca l  semanti c network ,  ar e a  simila r  approac h whic h provide s thes e high-leve l  operations .  Suc h 

system s however ,  generat e to o man y inappropriat e connection s an d typicall y emplo y a  filter  mechanis m wit h it s 

o wn se t  o f  inferenc e rule s t o wee d the m out .  Th e complexit y o f  thi s mechanis m negate s th e simplicit y tha t  i s th e 

*Thi s researc h i s supporte d i n par t  unde r  a  contrac t  t o th e secon d tw o author s b y th e JT F progra m o f  th e D o D , 

monitore d b y JP L an d b y a n IT A Foundatio n gran t  t o th e secon d author . 
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advantage of the marker passing approach. (4) Definite Clause Grammars (DCGs), such as [McCord, 1982], 

unlik e th e abov e approaches ,  focu s primanl y o n th e syntacti c an d structura l  feature s o f  natura l  languag e texts , 

suc h a s conjuncts ,  quantifier s an d agreement .  Thes e system s vie w parsin g a s a  tw o ste p proces s whic h first  con -

struct s a  syntacti c pars e tre e throug h unificatio n an d the n perform s semanti c processing .  Th e strengt h o f  thes e 

system s i s thei r  abilit y  t o analyz e comple x linguisti c constructs .  However ,  the y lac k th e conceptua l  informatio n 

necessar y t o analyz e text s a t  deepe r  conceptua l  levels . 

This paper presents CAIN (Conceptual Analyzer for multiple re-INterpretations), which parses highly ambiguous 

text s whil e avoidin g th e problem s o f  th e abov e approaches .  C A I N overcome s thes e problem s by :  (1 )  representin g 

al l  knowledg e (bot h conceptua l  an d structural )  i n a  unifor m manne r  i n a  loca l  semanti c network ,  (2 )  usin g con -

straine d marke r  passin g fo r  al l  parsin g processes ,  an d (3 )  usin g lin k weights ,  activatio n values ,  an d threshold s 

fro m connectionis t  model s fo r  indicatin g relativ e strength s o f  activation s betwee n concepts .  Rep-esentin g al l 

knowledg e a t  th e symboli c leve l  p-ovide s highe r  leve l  symboli c operation s an d allow s al l  parsin g processe s t o b e 
integrated .  Th e marke r  passin g mechanis m depend s onl y upo n knowledg e o f  th e differen t  lin k an d marke r  type s 
used ,  s o th e processin g mechanis m i s simpl e an d independen t  o f  th e conten t  o f  memory .  Also ,  sinc e onl y certai n 

type s o f  marke r  intersection s ar e considere d importan t  an d sinc e element s o f  connectionis t  model s ar e employed , 
th e proble m o f  spuriou s connection s i s avoided .  C A I N i s implemente d i n T  [Slade ,  1987] ,  a  Scheme-base d dialec t 

of  Lisp ,  an d ca n pars e sentence s S 1 an d S 2 above . 

2. Parsing Using Constrained Marker Passing 

The parsing process can be divided into 4 steps: (1) from the input, mark the lexical items and their associated 

conceptualizations ,  (2 )  find  th e knowledg e structure s whic h connec t  th e marke d node s together ,  (3 )  bin d th e role s 
of  thes e structures ,  an d (4 )  refin e the m t o b e a s specifi c  a s possible . 

The following sections describe how memory is organized and how the above processes are realized using a con-
straine d marke r  passin g an d activatio n mechanism . 

2.1 Memory Organization 

All knowledge in the system, whether conceptual or structural, is represented using a semantic network, such as 

tha t  show n i n figure  1 *  below : 

smoke 

phys-ob ) 

stcr/ t Figur e 1 

*  D u e t o spac e limitations ,  th e figures  i n thi s pape r  h a v e b e e n simplifie d a n d onl y s h o w th e smal l  portio n o f  th e 
ne two r k w h i c h i s activate d b y parsin g S I . 
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This figure shows the representation for putting a cooking container on a stove and for lighting a marijuana 

cigarette .  Is- a links ,  whic h connec t  a  nod e t o it s parents ,  ar e represente d b y th e arrow s i n th e figure,  an d has- a 

links ,  whic h connec t  a  nod e t o it s  roles ,  ar e represente d b y straigh t  hnes .  Fo r  example ,  t o indicat e tha t  lightin g a 

marijuan a cigarett e i s a  sub-ac t  o f  smoking ,  th e nod e fo r  S M O KE i s connecte d b y a  has- a lin k t o th e nod e fo r 

sub-act ,  an d b y a n is- a lin k t o th e nod e representin g th e lightin g action .  Not e tha t  th e component s o f  a  singl e ac t 

ar e represente d i n th e sam e manner .  T o indicat e tha t  th e objec t  o f  th e transpor t  actio n i s a  physica l  object , 

T R A N S P O R T - O B J E CT i s connecte d b y a  has- a lin k t o it s objec t  role ,  whic h i s i n tur n connecte d b y a n is- a lin k t o 

P H Y S - O B J.  Structura l  informatio n i s represente d i n th e sam e manne r  an d usin g th e sam e lin k types ,  a s illustrate d 

i n Figur e 2* ,  whic h show s th e representatio n fo r  th e phras e cperso n pu t  O B J 1  o n 0BJ2> ,  use d i n parsin g SI : 

(̂ p-phf̂ ^ 

direa-ob j 
locaov e 

ammaiej  C  phys-ob j 

human 
name-np 

siov e 

Figur e 2 

The arrows labeled M (for meaning) in the figure indicate the link between structural and conceptual information. 

2.2 Marking the Input Concepts 

As the input is read, the occurence of each word and its conceptualizations is indicated by placing an activation 

marke r  ( A M )  o n th e appropriat e node .  Fo r  example ,  i n figure  2 ,  readin g th e wor d "pot "  result s i n th e placemen t  o f 

A Ms o n th e lexica l  nod e "pot "  an d o n th e node s representin g th e concept s cook-container ,  plant-containe r  an d 

marijuana .  Markin g th e occurenc e o f  a  concep t  als o result s i n th e markin g o f  it s ancestors ,  t o indicat e thei r  impli -

ci t  occurence .  Th e A M whic h i s place d o n C O O K - C O N T A I N E R,  fo r  example ,  i s  als o place d o n th e node s fo r 

containe r  an d phys-obj .  Th e rule s fo r  markin g concept s fro m th e inpu t  ar e therefore : 

R-1: When a word is read, an AM is placed on its corresponding lexical node. 

R-2 :  W h e n a  lexica l  o r  phrasa l  nod e receive s a n A M o f  sufficien t  strength ,  a n 

A M i s passe d acros s a n M lin k t o it s associate d conceptualizations . 

R-3 :  W h e n a  nod e receive s a n A M ,  a n A M i s passe d t o it s parents . 

Thi s representatio n i s base d primaril y upo n [Gasser ,  1988 ]  an d [Jacobs ,  1985] . 
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AMs which are passed to ancestor nodes contain information indicating the descendant that was the source of the 

marker .  I n addition ,  A M s fro m lexica l  node s als o maintai n informatio n indicatin g thei r  meaning(s) .  Thi s infor -

matio n wil l  late r  b e use d t o perfor m rol e bindings .  Th e reaso n fo r  th e strengt h constrain t  o n rul e R- 2 wil l  becom e 

clea r  i n subsequen t  sections . 

2 J Connecting the Input Concepts 

How can the correct knowledge structures, connecting the input concepts, be selected? Each node which was ac-

tivate d (receive d a n A M )  fro m th e inpu t  suggest s potentiall y  relevan t  structure s base d o n th e variou s role s tha t  i t 
plays .  Thi s i s tru e fo r  bot h syntacti c an d semanti c information .  Fo r  example ,  sinc e a  stov e play s th e rol e o f  a n in -

strumen t  i n th e cookin g schema ,  activatin g S T O V E suggest s tha t  C O O K m a y b e applicable .  Similiarly ,  activatin g 

th e nod e fo r  determine r  indicate s tha t  B A S I C - N P m a y b e appropriate .  Searc h Marker s (SMs )  ar e use d t o indicat e 

knowledg e structure s whic h ar e suggeste d i n thi s fashion .  S M s ar e propagate d accordin g t o th e followin g rule : 

R-4: SMs are passed from an activated node, down is-a links to all of its descendants 

tha t  ar e rol e nodes ,  an d acros s has- a link s t o th e owner s o f  th e roles . 

Applying the above rule will result in the marking of the correct knowledge structures. However, a large number 
of  inappropriat e structure s wil l  als o receiv e S M s .  Fo r  example ,  whe n th e lexica l  nod e fo r  "put "  i s  activate d i n sen -

tenc e SI ,  th e abov e rul e wil l  mar k th e node s fcf f  othe r  phrase s involvin g "put" ,  suc h a s <person-put-up-with -
person > an d <person-put-on-clothing> ,  i n additio n t o markin g th e nod e fo r  th e desire d put-phras e show n i n figure 

2.  Th e solutio n t o thi s proble m i s t o utiliz e element s o f  connectionis t  models ,  specificall y lin k weights ,  activatio n 

value s an d thresholds .  Eac h S M i s assigne d a  strengt h valu e whic h depend s upo n th e weight s o f  th e link s ove r 
whic h i t  i s  propagated .  I n general ,  node s representin g mor e specifi c  concept s wil l  pas s stronge r  S M s tha n thei r 
ancestors .  Thus ,  th e S M tha t  C O O K - C O N T A I N ER passe s t o P T R A N S - T O - S T O VE i n figure  1  wil l  b e muc h 
stronge r  tha n th e S M tha t  P H Y S - O B J passe s t o T R A N S P O R T - O B . r E C T.  W h e n a n S M i s propagate d t o a  nod e 

representin g a  knowledg e structure ,  it s  strengt h valu e i s adde d t o tha t  o f  th e othe r  S M s o n th e node .  I f  thei r  com -

bine d strength s excee d th e node' s threshol d level ,  the n ther e i s stron g evidenc e tha t  th e structur e i s applicable ,  an d 
i t  therefor e attempt s t o bin d it s  roles .  Usin g activatio n value s an d threshold s allow s a  larg e numbe r  o f  structure s 

t o b e suggested ,  whil e onl y a  fe w ar e activel y pursued . 

2.4 Role Binding 

Binding a role of a structure involves determining whether its filler is activated. If so, then the concept which ac-

tivate d th e filler  i s  boun d t o th e role .  T o bin d th e subjec t  rol e o f  P U T - P H R A S E i n figure  2 ,  fo r  example ,  th e N P 

nod e i s checke d t o determine  whethe r  i t  wa s previousl y activated .  I f  i t  was ,  th e descendan t  whic h activate d i t  i s 
the n boun d t o th e subjec t  role.  Th e chec k fo r  whethe r  th e filler  ha s a n A M i s mad e usin g a  Rol e marke r  ( R M ) , 

whic h i s propagate d accordin g t o th e followin g rule : 

R-5: When a node's threshold is exceeded, RMs are passed across has-a links to 

eac h o f  it s  roles ,  an d u p is- a link s t o th e fillers  o f  thos e role s 

Note that RMs may be used to indicate roles which should aheady have been filled or which are expected to be-

come filled.  I n th e latte r  sense ,  R M s ar e ver y simila r  t o th e predictio n marke r  use d i n D M A P [Riesbec k an d Mar -

tin ,  1986] .  Rol e bindin g i s performe d b y th e rule : 

R-6: When an AM and an RM of sufficient strength intersect"*, 

an A M i s place d o n th e rol e nod e 

*  I f  i t  i s  possibl e t o bin d mor e tha n on e rol e o f  a  structur e t o a  singl e concept ,  the n sequencin g information , 
indicatin g th e orde r  i n whic h th e role s normall y occur ,  i s  use d t o determin e whic h bindin g i s appropriate . 
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Since an AM maintains information indicating the descendant that was its source, merely placing it on the role has 

th e effec t  o f  bindin g it . 

Our confidence in a structure's relevance to the input increases as its roles are bound. For example, as sentence SI 
i s rea d an d eac h c o m p o n e n t  o f  th e put-jphras e i n figure  2  i s  recognized ,  i t  b e c o m e s apparen t  tha t  i t  correctl y 
represent s th e inpu t  T h u s ,  bindin g th e subjec t  rol e shoul d activat e th e put-phras e node ,  bindin g th e hea d rol e in -

crease s it s activatio n level ,  an d similarl y fo r  th e remainin g roles .  T h e a m o u n t  o f  th e increas e depend s upo n h o w 

importan t  th e rol e i s  t o th e structure .  Rol e importanc e i s reflecte d i n th e strengt h o f  th e connectio n betwee n th e 

structur e an d it s role s an d therefor e i n th e strengt h o f  th e R M whic h i s passe d b y rul e R-5 .  T h e rul e fo r  activatin g 
a structur e is : 

R-7: When an RM and an AM intersect, activate the source of the RM 

b y placin g o n i t  a  n e w A M i f  on e (representin g thi s instance )  i s no t  alread y present , 

o r  b y increasin g th e activatio n leve l  o f  th e A M whic h i s alread y ther e 

Syntacti c informatio n ca n b e use d t o hel p bin d role s i n semanti c structure s usin g rul e R-2 .  Fo r  example ,  w h e n 

P U T - P H R A SE i s  sufficientl y activate d b y rul e R - 7 .  th e acto r  rol e o f  T R A N S P O R T - O B J E CT receive s a n A M 

(whic h ha s Joh n a s it s mean ing )  firom  S U B J E C T .  Figur e 3  s h o w s th e A M s wh ic h ar e place d o n th e structure s 

s h o w n i n figure  2 ,  a s a  resul t  o f  readin g S i . 

<j«-piBMr ^ 

AM 
90uru : 

tnnspoit-objec t 

AM 
meaning : 

John 

AM 
meaning : 

3 'poc'meaning s 

AM 
meaning : 

siov e 

pul-ptm e 

dmct-ob j 

aouxx :  p u 

subje a 
AM 
source :  name-n p 
meaning :  Joh n 

A M 
source :  banc-n p 
meaning : 

3 "poi "  meaning s 

A M 
source : 

on-phras e 
meaning : 

stov e 

A M 
source :  name-n p 
meaning : 

Joh n 

A MI  A M 2 
source :  basc-n p souite :  lasic-ii p 
meaning :  meaning :  ]U>v e 

3 'poi'meaning s 

C 5 > 
AM 
source :  "John " 
meanuig : 

Joh n 

A MI  A M 2 
source :  "the "  source :  "the " 

AM 
source :  on-phns e 
meaning :  stov e 

A MI  A M 2 
source :  "pol "  so«« :  "stove " 
meaning :  meaning :  stov e 

3 'pot *  meaning s 
Figures 

AM 
source :  "on " 

on-np j 
AM 
source :  basic-n p 
meaning : 

stov e 

2 S Concep t  Refinemen t 

The most specific structures possible must be found in order for the input to be completely parsed. A node which 

i s activate d b y rule s R- 2 o r  R- 7 ma y nee d t o b e refine d t o a  mor e specifi c on e usin g contextua l  infcHtnatio n sup -

plie d fro m th e input .  Refinemen t  involve s searchin g fo r  a  descendan t  whos e equivalen t  role s hav e mor e specific , 

activate d fillers.  Fo r  example ,  whe n th e put-phras e i s recognize d an d T R A N S P O R T - O B J E CT i s activate d b y R-2 , 

i t  ca n b e refine d t o P T R A N S - T O - S T O VE a s show n i n figure  1 .  Th e searc h proces s i s performe d usin g a  descen -

dant  marke r  ( D M )  whic h i s sprea d b y th e rule : 

DM-1: When a node is sufficiently activated by rules R-2 or R-7, a DM is passed down 

is- a link s t o eac h o f  it s descendant s 
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How is a descendant with mwe specific fillers found? Recall thai each concept which was activated from the in-

put  supplie s contextua l  informatio n i n th e for m o f  SMs ,  whos e strength s ar e combine d whe n the y intersect .  A 

descendan t  whos e fillers  ar e mor e specifi c  wil l  hav e SMs wit h a  stronge r  combine d strength .  Fo r  example , 

PTRANS-TO-STOVE i n figure  1  wUl  receiv e SMs fro m H U M A N,  COOK-CONTAINER,  an d S T O V E whil e 

TRANSPORT-OBJECT wi U receiv e SMs from  ANIMATE ,  PHYS-OBJ ,  an d PHYS-OBJ .  Sinc e th e connectio n 

fro m th e roles  o f  PTRANS-TO-STOVE wil l  b e muc h stronge r  tha n fo r  TRANSPORT-OBJECT,  th e forme r  wil l 

have a  muc h greate r  S M strength .  Thus ,  TRANSPORT-OBJECT shoul d b e refine d t o PTRANS-TO-STOVE.  Th e 

rul e whic h implement s concep t  refinement ,  then ,  is : 

DM-2: When a DM is placed on a node whose combined SM level is greater than that 

of  th e sourc e o f  th e D M,  the n bin d it s role s usin g th e procedur e describe d 

i n sectio n 2. 4 

Note that after reading SI, TRANSPORT-OBJECT in figure 1 can be refined to either PTRANS-TO-STOVE or 
LIGHT,  s o bot h wil l  b e activated .  However ,  sinc e th e concep t  stov e suggest s cookin g muc h mor e strongl y tha n 
HEAT-SOURCE suggest s lightin g a  marijuan a cigarette .  PTRANS-TO-STOVE wil l  b e muc h mor e strongl y ac -

tivated .  Therefore ,  i t  represent s th e resul t  o f  th e parse .  When sentenc e S 2 i s read ,  however ,  i t  i s recognize d a s 
anothe r  sub-ac t  o f  S M O K E.  S M O KE wil l  therefor e b e mor e strongl y activate d tha n C O O K,  sinc e i t  receives  SMs 

fro m tw o o f  it s sub-ac t  roles ,  whil e C O OK i s unrelate d t o 82 .  Thi s cause s S I  t o b e reinterf»-ete d a s lightin g a 
marijuan a cigarette . 

2.6 Marker Removal 

As with connectionist systems, markers are removed using a decay process. DMs decay very quickly since they do 

not  hav e t o wai t  fo r  othe r  node s t o becom e activate d an d therefor e d o no t  nee d t o remai n betwee n sentences .  Thi s 
i s  no t  tru e fo r  th e othe r  type s o f  markers ,  s o the y deca y muc h mor e slowly . 

3. Related Work 

The work presented here was inspired by direct memory access parsing, particularly DMAP [Riesbeck and Mar-

tin ,  1986] .  D M AP attempt s t o find  th e mos t  specifi c  knowledg e structure s tha t  connec t  th e inpu t  concepts ,  usin g a 
marke r  passin g algorith m base d o n recognizin g concep t  sequences .  Despit e th e similarit y betwee n DMAP' s 

marker s an d ours ,  ther e ar e majo r  operationa l  differences .  Th e bigges t  differenc e i s tha t  D M AP i s onl y abl e t o 

recogniz e structure s whos e role s ar e encountere d i n th e correc t  sequence ,  beginnin g wit h th e first  item .  Whil e thi s 

work s wel l  fo r  syntacti c structure s whic h ar e typicall y encountere d i n thei r  entiret y an d i n th e correc t  order ,  i t  i s 

not  wel l  suite d t o recognizin g highe r  leve l  conceptua l  structure s suc h a s MOPs [Schank ,  1982] .  Fo r  example , 

D M AP woul d no t  b e abl e t o recogniz e tha t  th e C O OK contex t  i s  appropriat e afte r  parsin g sentenc e SI ,  sinc e th e 
iniia l  act ,  PTRANS-FOOD-TO-CONTAINER,  wa s no t  encountered .  Ou r  wor k als o extend s direc t  memor y ac -

cess parsin g (1 )  t o handl e ambiguities ,  reinterpretations ,  an d role  bindings ,  (2 )  t o includ e mor e informatio n abou t 

syntax ,  an d (3 )  t o represen t  relativ e strength s o f  activation s betwee n concepts . 

We believe that learning (i.e. adding new nodes and links to the network) will be facilitated by the simplicity of 
our  memor y representation .  Thi s contrast s t o approache s whic h simplif y  th e processin g mechanis m b y addin g ex -

tr a lin k type s t o th e networ k (fo r  example ,  D M AP use s a  specia l  concep t  refinemen t  link) .  Ou r  approac h i s t o us e 

onl y thos e lin k type s whic h ar e necessar y fo r  th e representatio n itsel f  an d ad d extr a marker s wher e necessary . 

Sinc e marker s ar e dynamicall y create d durin g processing-an d deca y wit h time ,  addin g ne w one s ha s n o effec t  o n 
th e complexit y o f  th e learnin g mechanism .  Similarly ,  lin k weight s i n ou r  mode l  onl y represen t  relativ e strength s 

of  connection s betwee n concept s an d (unlik e connectionis t  systems )  ar e no t  use d t o contro l  processing . 

This work also bears some similarity to SCISOR [Rau, 1987], a system for conceptual information retrieval. The 

proces s presente d i n sectio n 2. 3 (fo r  finding  th e correc t  structure s i n memor y connecte d t o inpu t  concepts )  i s  simi -
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lar  to the priming rules used in SCISOR. However, SCISOR only addresses the problem of finding episodes in 

memory,  an d use s a  separat e modul e fo r  parsing .  I n ou r  work ,  parsin g an d memor y searc h ar e completel y in -

tegrated .  Thus ,  th e memor y searc h proces s describe d her e i s mor e genera l  sinc e SMs ca n b e use d t o retriev e dif -

feren t  type s o f  knowledg e structure s (suc h a s syntacti c information )  i n additio n t o retrievin g episodes . 

4. Conclusions 

In this paper, we have presented an approach to parsing natural language texts which integrates a constrained 

marke r  passin g mechanis m wit h propertie s o f  connectionis t  systems :  lin k weights ,  activatio n value s an d thres -

holds .  Thi s approac h i s particularl y attractiv e fo r  thre e reasons.  First ,  i t  i s  capabl e o f  parsin g text s whic h hav e 

prove d t o b e difficul t  fo r  previou s parsin g systems ,  specificall y thos e whic h ar e highl y ambiguou s an d requir e th e 

reade r  t o correc t  a n initiall y  mistake n interpretation .  Second ,  i t  use s a  simpl e processin g mechanis m whos e rule s 

ar e independen t  o f  th e actua l  conten t  o f  memory .  Thus ,  ne w knowledg e structure s ca n b e adde d withou t  changin g 

th e processin g mechanism .  Finally ,  i t  completel y integrate s al l  parsin g processes ,  suc h a s memor y search ,  disam -

biguatio n an d inferencing . 

References 

Chamiak, £., A Neat Theory of Marker Passing. Proceedings of the National Conference on Artificial Intelligence 

(AAAI-86) ,  Philadelphia ,  PA ,  1986 . 

Cottrell ,  G .  an d Smal l  S .  A  connectionis t  schem e fo r  modelin g word-sens e disambiguation .  Cognitio n an d Brai n 

r/zeory .  7.89-120.1985 . 

Dyer ,  M.G .  I n Dept h Understanding .  Cambridge .  M A :  Th e MI T Press .  1983 . 

Gasser ,  M. .  A  Connectionis t  Mode l  o f  Sentenc e Generatio n i n a  Firs t  an d Secon d Language .  U C L A PhD .  Thesis . 

forthcoming . 

Granger ,  R.H. ,  Eiselt .  K P .  an d Holbrook .  J.K. .  Parsin g wit h Parallelism :  A  Spreadin g Activatio n Mode l  o f  Infer -

ence Processin g Durin g Tex t  Understanding .  I n J .  Kolodne r  an d C .  Riesbec k (Eds.) ,  Experience , 

Memory,  an d Reasoning .  Hillsdale ,  NJ :  Lawrenc e Erlbaum ,  1986 . 

Jacobs ,  P .  A  Knowledge-Base d Approac h t o Languag e Production .  U C Berkele y PhD .  Thesis .  1985 .  Compute r 
Scienc e Divisio n Repor t  UCB/CSD86/254 . 

McCord .  M.C .  Usin g slot s an d modifier s i n logi c grammar s fo r  natura l  language .  Artificia l  Intelligence ,  1 8 
(1982) ,  327-367 . 

McClelland ,  JL. ,  Kawamoto .  A.H .  Mechanism s o f  Sentenc e Processing :  Assignin g Role s t o Constituent s o f  Sen -

tences .  I n McClellan d &  Rumelhar t  (eds. )  Paralle l  Distribute d Processing: .  Vo l  2 .  Cambridge .  MA : 

The MI T Press .  1986 . 

Norvig ,  P. ,  Inferenc e i n Tex t  Understanding ,  Proceeding s o f  th e Nationa l  Conferenc e o n Artificia l  Intelligenc e 

(AAAI-87) ,  Seattle ,  W A,  1987 . 

Rau,  L.F. ,  Spontaneou s Retrieva l  i n a  Conceptua l  Informatio n System .  Proceeding s o f  th e Nint h Annua l  Confer -

ence o f  th e Cognitiv e Scienc e Society ,  Seatde ,  W A,  1987 . 

Riesbeck ,  C.K .  an d Martin ,  C E .  Direc t  Memor y Acces s Parsing .  I n J .  Kolodne r  an d C .  Riesbec k (Eds.) ,  Experi -

ence ,  Memory ,  an d Reasoning .  Hillsdale ,  NJ :  Lawrenc e Erlbaum .  1986 . 

Schank ,  R.C .  Dynami c Memory :  A  theor y o f  Remindin g an d Learnin g i n Computer s an d People .  NY :  Cambridg e 

Universit y Press .  1982 . 

Slade .  S .  Th e T  Programmin g Language ,  Englewoo d Cliffs .  NJ :  Prentice-Hall .  1987 . 

Waltz ,  D .  an d Pollack ,  J .  Massivel y Paralle l  Parsing :  A  strongl y interactiv e mode l  o f  natura l  languag e interpreta -

tion .  Cognitiv e Science ,  9  (1985) .  51-74 . 

152 



Learnin g Subgoal s an d Method s fo r  Solvin g Problem s 
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In prior studies (Catrambone & Holyoak, 1987) we demonstrated that subjects studying 
example s dealin g wit h th e Poisso n distributio n tende d t o lear n a  serie s o f  step s fo r  solvin g 
problem s rathe r  tha n learnin g meaningfu l  chunks .  W e argue d tha t  thes e chunk s shoul d consis t  o f 
relevan t  subgoal s an d method s fo r  achievin g thos e subgoals .  I f  a  perso n learn s subgoal s an d 
method s fo r  a  particula r  proble m domain ,  the n the y shoul d b e bette r  abl e t o solv e nove l  problem s i n 
tha t  domain .  Nove l  problem s ar e define d a s 1 )  havin g a  subgoa l  orde r  tha t  i s  differen t  fro m 
previousl y studie d problem s and/o r  2 )  requirin g modification s o f  ol d method s fo r  achievin g on e o r 
more subgoals . 

One encouraging finding from our earlier experiments, from a pedagogic point of view, was that 
i f  subject s studie d example s tha t  demonstrate d tw o differen t  solutio n procedures ,  the n the y wer e 
more likel y t o lear n som e o f  th e subgoal s i n th e proble m space .  However ,  subject s stil l  ha d 
difficult y modifyin g ol d methods .  T w o limitation s wit h th e earlie r  experiment s wer e tha t  subject s 
onl y studie d fou r  example s an d th e procedure s differe d fro m eac h othe r  i n severa l  ways .  Th e firs t 
limitatio n mad e transfe r  mor e difficul t  t o achiev e an d th e secon d limitatio n mad e comparison s 
among group s les s straightforwar d tha t  w e woul d hav e liked .  Th e purpos e o f  th e presen t  pape r  i s 
t o describ e a n experimen t  tha t  gav e subject s mor e extensiv e trainin g an d carefull y manipulate d jus t 
th e method s subject s learne d fo r  findin g subgoals .  W e wishe d t o examin e whethe r  mor e extensiv e 
trainin g wit h tw o o r  mor e method s fo r  findin g a  subgoa l  woul d hel p learner s t o figur e ou t  ho w t o 
modif y thos e method s i n ne w problems . 

Our work has suggested that people's procedural knowledge for a domain such as solving 
probabilit y  problem s ca n b e represente d i n term s o f  subgoal s an d methods .  Thes e subgoal s an d 
method s ma y b e base d o n th e "true "  subgoal s an d method s i n th e domain ,  o r  the y ma y correspon d 
t o superficia l  feature s o f  exampl e problems .  Ther e ma y b e n o agreemen t  ove r  wha t  ar e th e "true " 
structura l  feature s fo r  a  proble m domain ,  bu t  ther e i s certainl y mor e agreemen t  amon g expert s tha n 
novice s i n a  domai n abou t  th e domain' s relevan t  feature s (e.g. ,  Adelson ,  1981 ;  McKeithe n & , 
Reitman ,  1981) . 

Related Work 

Various researchers have shown that learners focus on superficial features of examples and need 
t o b e guide d t o focu s o n th e deepe r  aspects .  Anderso n an d hi s colleague s (Anderson ,  Farrell ,  & 
Sauers ,  1984 ;  PiroU i  &  Anderson ,  1985 )  demonstrate d tha t  student s learnin g ho w t o writ e 
recursiv e function s i n th e LIS P programmin g languag e relie d heavil y o n th e syntacti c element s o f 
example s i n orde r  t o creat e thei r  firs t  fe w functions .  Thes e student s essentiall y  mappe d eac h par t  o f 
th e curren t  proble m ont o a n example .  Thi s approac h worke d becaus e th e earl y targe t  problem s 
wer e designe d t o b e isomorphi c wit h th e examples .  However ,  student s mus t  eventuall y b e weane d 
fro m heav y relianc e o n pur e exampl e mappin g an d induce d t o focu s o n subgoal s an d method s i n 
orde r  t o b e abl e t o solv e mor e difficul t  o r  nove l  problem s i n a  domain . 

McKendree (1986) found that geometry students performed best on new problems when they 
receive d erro r  feedbac k o n example s tha t  focuse d o n subgoal s rathe r  tha n feedbac k tha t  simpl y tol d 
th e studen t  tha t  h e o r  sh e ha d mad e a n error .  I n addition ,  a n earlie r  protoco l  stud y o f  tutor s 
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indicated that a very important role of feedback was to make the novice's goals explicit and to help 
kee p trac k o f  thes e goal s durin g th e tas k (McKendree ,  Reiser ,  &  Anderson ,  1984) . 

Chamey and Reder (1986) showed that diverse examples are important in helping people learn 
procedure s an d whe n t o appl y the m (i.e. ,  t o lear n selectio n rules) .  Thei r  subject s studie d example s 
i n orde r  t o lear n variou s command s o n a  persona l  computer .  Chame y an d Rede r  foun d tha t  varie d 
examples ,  whic h demonstrate d a  rang e o f  situation s i n whic h a  comman d coul d b e used ,  helpe d 
ne w user s gras p th e utilit y  an d applicabiUt y o f  th e command . 

The studies cited above suggest that people learning information in a new domain need to be 
directe d t o focu s o n th e relevan t  aspect s o f  trainin g materials .  Example s mus t  b e carefull y chose n 
t o hel p th e use r  gai n a  functiona l  understandin g o f  th e subgoals ,  methods ,  an d whe n t o appl y th e 
method s (Charne y &  Reder ,  1986 ;  VanLehn ,  1982 ,  1985) .  I n addition ,  learner s mus t  b e abl e t o 
modif y method s i n ne w situations .  Thi s las t  issu e wa s a n importan t  focu s i n th e curren t  experimen t 
whic h deal t  wit h subject s leamin g ho w t o solv e problem s dealin g wit h th e Poisso n distribution . 

The Poisson Distribution and Some Examples 

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

occu r  wit h som e smal l  probabilit y fi.  Th e Poisso n equatio n is :  P(X=x)=[e'^^]/x! ,  wher e X  i s th e 
expecte d value-th e average-o f  th e rando m variabl e X .  On e us e o f  th e Poisso n distributio n i s 
illustrate d i n Tabl e 1 . 

The subgoals and methods (in parentheses) for this "quarry" problem could be listed as 
follows : 

1) find X (find total frequency of event and divide by total number of trials) 
2)  find  expecte d probabilit y  fo r  eac h X  (plu g eac h X  int o th e Poisso n equation ) 
3)  find  expecte d frequenc y fo r  eac h X  (multipl y eac h P(X )  b y th e tota l  numbe r  o f  trials) . 

In prior experiments (Catrambone & Holyoak, 1987) we found that subjects could study a 
proble m suc h a s th e on e i n Tabl e 1  an d the n solv e a n isomorphi c proble m suc h a s on e dealin g wit h 
th e numbe r  o f  error s mad e pe r  gam e b y a  basebal l  team' s infielders .  However ,  thes e subject s ha d 
grea t  difficult y solvin g th e "birthday "  proble m i n Tabl e 2  tha t  ha d a  differen t  subgoa l  orde r  an d 

require d a  modifie d metho d t o find  k . 

In the birthday problem the solver must realize that \ is simply the frequency of the event 

(numbe r  o f  peopl e i n th e room )  divide d b y th e numbe r  o f  trial s (day s o f  th e year) .  Onc e X  i s found , 
the n i t  ca n b e pu t  int o th e Poisso n equatio n alon g wit h th e valu e o f  X  tha t  i s  desire d i n orde r  t o find 

th e expecte d probabilit y  fo r  tha t  valu e o f  X .  Mos t  subject s di d no t  reaUz e tha t  X  wa s a  subgoa l  tha t 
coul d b e foun d usin g a  modificatio n o f  th e metho d use d i n th e "quarry "  proble m (wher e th e even t 
frequenc y wa s no t  give n directly) .  I n addition ,  fe w subject s eve n realize d the y coul d find  th e 
expecte d probabiUt y fo r  a  particula r  valu e o f  X .  Th e protocol s o f  mos t  o f  th e subject s indicate d tha t 
al l  the y reall y kne w ho w t o d o wa s appl y a  serie s o f  step s the y ha d learne d fro m th e "quarry " 
problem .  The y typicall y di d no t  differentiat e th e step s int o method s fo r  reachin g particula r 
subgoals . 
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Table 1 
"Quarry "  Proble m Usin g th e Poisso n Distributio n 

A horizontal quarry surface was divided into 30 squares about 1 meter on a side. In each square 
th e numbe r  o f  specimen s o f  th e extinc t  mammal  Ditoleste s motissimu s wa s counted .  Th e result s ar e 
give n i n th e tabl e below .  Fi t  a  Poisso n distributio n t o x ,  tha t  is ,  giv e th e expecte d frequencie s fo r 
th e differen t  value s o f  x  base d o n th e Poisso n model . 

Number  o f  Specimen s pe r  Squar e 
0 
1 
2 
3 
4 o r  mor e 
Tota l 

SOLUTION: 

E(X )  =  [0(16)+l(9)+2(3)+3(l)+4(l)]/3 0 =  22/3 0 =  .73 3 =  X 
=averag e numbe r  o f  specimen s foun d i n eac h squar e 

P(X=x) = [(e--'733)(.733X)]/x! = [(.48)(.733)^]/x! 

Fitted Poisson Distribution: 
X 
0 
1 
2 
3 
4 o r  mor e 

Observe d Frequenc y 
16 
9 
3 
1 
1 

30 

Expecte d Frequenc y 
.4 8 *  3 0 =  1 4 
.352*30=1 1 
.1289*3 0 =  4 
.0315*30= 1 
.005 8 *  3 0 =  0 

Tabl e 2 
"Birthday "  Proble m Usin g th e Poisso n Distributio n 

Suppose you took a random sample of 500 people and found out their birthdays. A "success" is 
recorde d eac h tim e a  person' s birthda y tum s ou t  t o b e Januar y 1st .  Assum e ther e ar e 36 5 day s i n a 
year ,  eac h equall y likel y t o b e a  randoml y chose n person' s birthday .  Fi t  a  Poisso n distributio n t o x 
(th e numbe r  o f  peopl e bo m o n Januar y 1st )  an d fm d th e predicte d likelihoo d tha t  exactl y 3  peopl e 
fro m th e sampl e ar e bor n o n Januar y 1st . 

SOLUTION: 

X =  500/36 5 =  1.3 7 =  averag e numbe r  o f  peopl e bor n o n an y give n da y 

P(X=3) = [(e-l-3'7)(1.373)]/3! 
=[(.254)(2.57)]/ 6 

=.10 9 
=likelihoo d o f  exactl y thre e peopl e bein g bo m o n Januar y 1s t 
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P(X=0 ) Observe d 
Frequenc y Tabl e 

Frequenc y 
(X=0 ) 

Number 
of 

Trial s 

Tota l  Even t 
Frequenc y 

P(X=x ) 

/  Expecte d \ 
I  Frequenc y ) 
V Tabl e / 

Figur e 1 
Proble m Spac e fo r  Poisso n Distributio n Problem s 

Figur e 1  show s th e proble m spac e fo r  Poisso n distributio n problems .  Th e circle s represen t 
possibl e subgoal s (o r  givens )  an d th e arrow s indicat e whic h subgoal s ca n b e reache d fro m othe r 

subgoals .  Th e figur e show s tha t  X  ca n b e reache d i n a  fe w ways . 

In our earlier experiments (Catrambone & Holyoak, 1987) we found that subjects who studied 

problem s onl y o f  th e quarr y typ e recognize d th e subgoa l  o f  findin g k  i n th e birthda y proble m abou t 
3 0 % o f  th e tim e an d th e subgoa l  o f  findin g P(X=x )  abou t  3 5 % o f  th e time .  I n addition ,  w e foun d 
tha t  subject s w h o studie d problem s o f  th e quarr y typ e an d anothe r  typ e (i n whic h P(X=0 )  wa s 

give n an d th e proble m aske d fo r  th e valu e o f  X )  recognize d th e subgoa l  o f  findin g X  abou t  5 0 % o f 
th e tim e an d findin g P(X=x )  9 8 % o f  th e time .  Thi s suggest s tha t  studyin g multipl e solutio n 

procedure s helpe d mak e subgoal s (suc h a s findin g k )  mor e apparen t  t o learners .  However ,  on e 

thin g thes e subject s coul d no t  d o ver y wel l  wa s figur e ou t  ho w t o fin d X.  Hal f  o f  th e subject s kne w 

tha t  X  neede d t o b e foun d bu t  di d no t  kno w ho w t o ge t  i t  othe r  tha n t o us e th e frequenc y tabl e 
metho d demonstrate d i n th e quarr y problem .  The y wer e no t  abl e t o modif y thi s method . 

Current Experiment 

In the current experiment, we solicited paid volunteers from an upper-level probability course at 
th e Universit y o f  Michigan .  Thes e student s ha d bee n taugh t  abou t  rando m variable s an d wer e i n 
th e proces s o f  learnin g th e binomia l  distribution .  Student s participate d i n th e presen t  experiment , 
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which dealt with the Poisson distribution, while learning the binomial distribution but before 

learnin g th e Poisson .  W e sough t  t o manipulat e mor e systematicall y th e method s fo r  finding  X  tha t 
subject s studie d an d t o increas e th e numbe r  o f  example s o f  eac h method .  A n extensiv e discussio n 
of  th e desig n o f  th e experimen t  i s i n Catrambon e an d Holyoa k (i n preparation) .  Belo w i s a n outlin e 
of  th e relevan t  aspect s o f  th e design . 

Procedure 

Subjects studied 10 examples which demonstrated, different methods for finding X. Methods for 

findin g X  ar e liste d below .  Som e subject s learne d tw o method s an d othe r  subject s learne d thre e 
methods .  N o subjec t  studie d method s # 4 o r  #5 .  I n th e tes t  phase ,  subject s solve d 1 0 problem s 

usin g al l  fiv e X-methods . 

The five methods for finding X are: 

1) X given directly in the problem 
2)  Calculate d fro m a n observe d frequenc y tabl e 
3)  Calculate d fro m th e Poisso n equatio n i f  P(X=0 )  i s give n 
4)  Calculate d fro m th e Poisso n equatio n i f  th e frequency  o f  X = 0 i s give n an d th e tota l 

number  o f  trial s i s  give n 
5)  Calculate d b y dividin g th e frequency  o f  th e even t  b y th e tota l  numbe r  o f  trial s 

Results and Discussion 

Figure 2 presents the percentage of subjects that used X-methods #4 and #5 correctly in the test 

phas e a s a  functio n o f  th e numbe r  o f  X-method s the y studie d i n th e trainin g phase .  Subject s i n bot h 

group s wer e quit e goo d usin g X-metho d #4 .  Thi s resul t  i s  no t  to o surprisin g sinc e X-metho d # 4 i s 

quit e simila r  t o X-metho d # 3 an d al l  subject s studie d x-metho d #3 .  Th e onl y differenc e i n th e 
method s i s tha t  # 4 require s th e solve r  t o find  P(X=0 )  rathe r  tha n bein g give n i t  directly .  Th e prio r 
studie s ha d indicate d tha t  subject s wer e quit e goo d a t  goin g from a  frequenc y t o a  probabihty .  A 

more interestin g resul t  i s  tha t  subject s use d X-metho d # 5 correctl y abou t  7 5 % o f  th e time .  Thi s 

metho d i s a  simple r  versio n o f  X-metho d #2 .  I n # 2 th e solve r  mus t  find  th e frequency  o f  th e even t 
wherea s i n # 5 th e frequency  i s give n directiy .  I n th e prio r  studies ,  subject s wer e typicall y quit e 

unsuccessfu l  i n adaptin g X-metho d # 2 int o #5 .  Th e highes t  succes s rat e o f  an y o f  th e earlie r  group s 
was 53% .  Th e performanc e o f  subject s i n th e curren t  experimen t  wa s significantl y bette r  tha n tha t 
(75 % v s 53% ,  z  =  2.44 ,  £  <  .02) . 

This would suggest that the more extensive practice with example problems benefitted subjects 
i n th e curren t  experiment .  Th e manipulatio n o f  tw o versu s thre e type s o f  method s di d no t  see m t o 
make a  grea t  dea l  o f  difference .  I t  woul d see m tha t  extensiv e practic e wit h a t  leas t  tw o method s i s 
th e critica l  featur e fo r  bein g abl e t o modif y th e ol d methods .  Th e particula r  method s tha t  ar e learne d 
als o matter s (se e Catrambon e &  Holyoak ,  i n preparation ,  fo r  discussio n o f  thi s issue) . 

The prior experiments combined with the current one suggest that subjects who studied example 
problem s tha t  illustrate d multipl e method s fo r  findin g a  particula r  subgoa l  wer e abl e t o recogniz e 
tha t  subgoa l  mor e successfull y tha n subject s wh o onl y studie d on e procedure .  Ther e ar e severa l 
explanation s fo r  thi s result .  On e explanatio n i s relate d t o th e wor k o f  Swelle r  an d hi s colleague s 
(Mawer  &  Sweller ,  1982 ;  Swelle r  &  Levine ,  1982 ;  Sweller ,  Mawer ,  &  Ward ,  1983 )  tha t  indicate s 
tha t  whe n proble m solver s ar e le d t o focu s o n a  singl e ultimat e goal ,  the y concentrat e o n reducin g 
th e distanc e betwee n th e initia l  stat e an d th e goa l  stat e an d thu s fai l  t o recogniz e subgoal s an d 
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methods in the domain. The one-procedure subjects in the earlier experiments learned a single 
concret e goa l  whe n the y studie d th e exampl e problem s suc h a s takin g a  frequenc y tabl e a s inpu t 
and,  throug h a  stereotype d serie s o f  operations ,  producin g a n expecte d frequenc y tabl e a s output . 

They di d no t  for m intermediat e goal s suc h a s findin g A,  o r  a  singl e P(X) .  Th e multiple-procedur e 

subjects ,  b y virtu e o f  seein g th e sam e unknow n (suc h a s X )  reache d i n mor e tha n on e way ,  wer e 
abl e t o recogniz e tha t  unknow n a s a  subgoal .  Th e extensiv e practic e o n tw o o r  mor e method s b y 
subject s i n th e curren t  experirnen t  helpe d the m t o modif y ol d method s bette r  tha n subject s i n th e 
earlie r  studies . 

Extensive practice with multiple methods appears to be an important component in enabling 
learner s t o recogniz e subgoal s o r  modif y methods ,  a t  leas t  t o som e degree .  Tha t  is ,  learner s ar e 
reasonabl y successfu l  i n alterin g method s i f  the y hav e ha d a  fai r  amoun t  o f  practic e wit h tw o o r 
more .  I t  wil l  b e importan t  t o continu e t o examin e th e relativ e contribution s o f  variet y an d amoun t 
of  practic e o n learners '  abilit y  t o isolat e subgoal s an d method s an d t o modif y th e method s fo r  a 
variet y o f  domains .  I n addition ,  i t  wil l  b e importan t  t o stud y ho w practic e allow s peopl e t o modif y 
methods . 

100 T 

80 • 

Percen t 
Correc t 

60 • 

40 • -

20 • 

Thre e Method s 

Two Method s 

:i:iiiiiil l 
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Figur e 2 

Succes s a t  Usin g N e w ^.-Method s a s a  Functio n o f  th e N u m b e r  o f 
Method s Studie d Durin g Trainin g 

158 



C A T R A M B O N E,  H O L Y O AK 

References 

Adelson, B. (1981). Problem solving and the development of abstract categories in programming 
languages .  Memor y &  Cognition .  9 ,  422-433 . 

Anderson, J.R., Farrell, R., & Sauers, R. (1984). Learning to program in LISP. Cognitive 
Science .  8 .  87-129 . 

Catrambone, R., & Holyoak, K.J. (1987). Transfer in problem solving as a function of the 
procedura l  variet y o f  trainin g examples .  I n Proceeding s o f  th e Nint h Annua l  Conferenc e o f  th e 
Cognitiv e Scienc e Societv .  Hillsdale ,  NJ :  Erlbaum ,  36-49 . 

Catrambone, R., & Holyoak, K.J. (in preparation). The impact of procedural varietv of training 
example s o n problem-solvin g transfer . 

Charney, D.H., & Reder, L.M. (1986). Initial skill learning: An analysis of how elaborations 
facilitat e th e thre e component s (Tech .  Rep .  No .  ONR-86-1) .  Pittsburgh :  Carnegie-Mello n 
University . 

Mawer, R., & Sweller, J. (1982). The effects of subgoal density and location on learning during 
proble m solving .  Journa l  o f  Experimenta l  Psvchologv :  Learning .  Memory ,  an d Cognition .  8 , 
252-259 . 

McKeithen, K.B., & Reitman, J.S. (1981). Knowledge organization and skill differences in 
compute r  programmers .  Cognitiv e Psychology .  13 .  307-325 . 

McKendree, J. (1986). Impact of feedback content during complex skill acquisition. Ph.D. 
Dissertation ,  Carnegie-Mello n University . 

McKendree, J., Reiser, B.J., & Anderson, J.R. (1984). Tutor goals and strategies in the 
instructio n o f  programmin g skills .  I n Proceeding s o f  th e Sixt h Annua l  Conferenc e o f  th e 
Cognitiv e Scienc e Societv .  Boulder ,  C O ,  252-254 . 

Pirolli, P.L., & Anderson, J.R. (1985). The role of learning from examples in the acquisition of 
recursiv e programmin g skill .  Canadia n Journa l  o f  Psvchologv .  39 .  240-272 . 

Sweller, J., & Levine, M. (1982). Effects of goal specificity on means-ends analysis and learning. 
Journa l  o f  Experimenta l  Psvchologv :  Learning .  Memorv .  an d Cognition .  8 ,  463-474 . 

Sweller, J., Mawer, R.F., & Ward, M.R. (1983). Development of expertise in mathematical 
proble m solving .  Journa l  o f  Experimenta l  Psychology :  General .  112 .  639-661 . 

VanLehn, K. (1982). Bugs are not enough: Empirical studies of bugs, impasses, and repairs in 
procedura l  skills .  Th e Journa l  o f  Mathematica l  Behavior .  3 ,  3-71 . 

VanLehn, K. (1985). Arithmetic procedures are induced from examples. (Tech. Report No. 
ISL-12) .  Xero x Pal o Alt o Researc h Center . 

159 



O p p o r t u n i s t i c U s e o f  S c h e m a t a fo r 

M e d i c a l  D i a g n o s i s * 

Roy M. Turner 

Schoo l  o f  IC S 

Georgi a Institut e o f  Technolog y 

Medica l  diagnos b ca n b e considere d a  plannin g 

task .  Thi s i s no t  th e traditionci l  view ,  however .  Fo r 

example ,  G o m e z an d Chandrasekara n (1982 )  an d 

other s vie w diagnosi s a s a  classificatio n task :  a  prob -

lem ,  consistin g o f  a  se t  o f  sign s an d symptoms ,  i s 

classifie d a s bein g a n instanc e o f  a  diseas e o r  se t 

of  diseases .  However ,  thi s viewpoin t  overlook s th e 

fac t  tha t  action s ar e performe d i n orde r  t o classif y 

a disease :  i n othe r  words ,  plannin g an d pla n execu -

tio n mus t  b e don e a s par t  o f  th e classificatio n pro -

cess .  W h e n viewe d a s planning ,  goal s i n diagnosi s 

ar e suc h thing s a s "diagnos e th e patient, "  "interpre t 
a finding,"  an d "evaluat e a  hypothesis. "  Operators , 

at  th e lowes t  level ,  ar e suc h thing s a s askin g ques -

tions ,  requestin g test s b e performed ,  an d makin g 

inference s base d o n informatio n know n abou t  th e 

patien t  an d th e reasoner' s genera l  knowledg e o f  th e 

domain . 

Medica l  diagnosi s i s unlik e m a n y traditiona l  plan -

nin g tzisk s i n tha t  a n initial ,  complet e statemen t  o f 

th e proble m i s  generall y impossible .  Instead ,  th e 

diagnosticia n mus t  gathe r  informatio n abou t  th e 

proble m a s par t  o f  th e proces s o f  performin g diag -

nosis .  T h e resul t  o f  thi s i s  tha t  th e diagnosticia n 

canno t  formulat e a  pla n fo r  diagnosis ,  the n carr y 

i t  out :  th e proble m statemen t  woul d chang e a s th e 

pla n fo r  performin g diagnosi s i s executed .  Th e effec t 

of  executin g on e ste p (e.g. ,  askin g a  question )  woul d 

likel y alte r  th e assumption s upo n whic h late r  step s 

ar e base d (e.g. ,  a  ne w finding  migh t  radicall y alte r 

th e disease s considere d a s diagnoses ,  o r  migh t  sug -

ges t  specialize d method s fo r  interpretin g th e find-

ing) .  Th e proble m fo r  a  diagnostician ,  then ,  i s t o b e 

abl e t o interleav e plannin g an d executio n (cf .  M c -

Dermott ,  1978 )  s o a s t o mak e us e o f  ne w informatio n 

as i t  become s available .  I n othe r  words ,  a  diagnos -

ticia n shoul d b e opportunistic . 

'Thi s researc h ha 8 bee n funde d i n par t  b y NS F Grant s 
IST-83177 1 an d IST-860836 2 an d gran t  D T D 09-25-8 7 fro m 
th e Lockhee d A I  Center . 

Our  approac h t o thi s proble m make s us e o f 

packet s o f  procedura l  informatio n calle d schemata , 

whic h ar e retrieve d fro m m e m o r y i n respons e t o 

goal s arisin g fro m change s i n th e proble m solver' s 

environment :  e.g. ,  ne w findings,  ne w hypotheses , 

etc .  Mos t  schemat a ca n achiev e ver y specifi c  goals , 

suc h a s "interpre t  a  finding"  o r  "evaluat e a  hypothe -

sis" ;  other s contro l  large r  part s o f  th e reasoner' s pro -

cessing ,  suc h a s directin g th e reasone r  i n th e overal l 

consultation .  Schemat a ar e flexible  enoug h t o en -

cod e severa l  variation s o f  ho w t o achiev e thei r  goal ; 

i n addition ,  specialization s o f  schemat a provid e th e 

reasone r  wit h informatio n abou t  h o w t o satisf y spe -

cifi c  goal s o r  goal s arisin g i n specifi c  contexts . 

When a goal arises that can be achieved by a 

schema ,  tha t  schem a i s retrieve d from  m e m o r y an d 

made active .  A s th e reasone r  m a y hav e m a n y goal s 

simultaneously ,  ther e m a y b e m a n y activ e schemat a 

at  an y time .  Th e reasone r  mus t  decid e whic h goa l  t o 

focu s on ,  an d hence ,  whic h schem a t o apply .  I n ou r 

approach ,  th e reasone r  use s informatio n from  tw o 

source s t o hel p i t  focu s it s  attention .  O n e sourc e 

i s fro m m e m o r y structure s representin g generalize d 

consultation s simila r  t o th e curren t  problem .  Infor -

matio n fro m thes e generalize d consultations ,  suc h 

as informatio n abou t  whic h findings  ar e generall y 

importan t  i n thi s context ,  ca n b e use d b y th e rea -

sone r  t o hel p i t  selec t  a  goa l  t o achieve .  Th e sec -

on d sourc e i s fro m packet s o f  procedura l  knowledge , 

calle d strategi c schemata ,  whic h contai n generall y 

usefu l  strategie s i n th e for m o f  goa l  orderings :  e.g. , 

a medica l  reasone r  woul d hav e strategie s fo r  per -

formin g hypothetico-deductiv e reasoning ,  reasonin g 

unde r  tim e pressure ,  etc . 

In this paper, we discuss our approach to oppor-

tunis m i n medica l  diagnosis .  O u r  approac h i s calle d 

schema-base d reasoning .  O u r  idea s ar e bein g teste d 

i n MEDI C (Turner ,  i n press) ,  a  schema-base d diag -

nosti c reasone r  whos e domai n i s pulmonology . 
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O P P O R T U N I SM U S I N G 
S C H E M A TA 

Opportunism involves responding to changes in the 
tas k environmen t  a s the y aris e durin g proble m solv -

ing .  Ther e ar e a t  leas t  thre e capabilitie s a  reasone r 

must  hav e i n orde r  fo r  i t  t o respon d t o changes ;  i t 

must  b e able : 

1. to interleave planning to achieve a goal and ex-

ecutio n o f  tha t  plan ; 

2. to respond immediately to new information ap-

pearin g i n th e environment ;  an d 

3. to select the appropriate goal to pursue at each 

poin t  i n proble m solving—tha t  is ,  i t  mus t  b e 

abl e t o focu s it s attention . 

Traditional planners do not interleave planning 

an d execution .  Instead ,  th e planne r  formulate s a 

plan ,  the n applie s it .  O n th e othe r  hand ,  rule-base d 

proble m solver s an d purel y reactiv e planner s suc h 

as PENGI  (Agr e &  C h a p m a n ,  1987 )  d o no t  reall y 

perfor m plannin g pe r  se .  Th e proble m wit h thes e 

approache s i s tha t  ther e i s  ver y littl e coherenc e i n 

thei r  actions ;  consequently ,  thei r  behavio r  m a y see m 

strang e an d unintuitiv e t o a  user .  Thi s present s 

a problem ,  especiall y i n a  medica l  domain ,  sinc e a 

use r  i s unlikel y t o accep t  a  syste m i f  h e o r  sh e canno t 
understan d it s reasoning . 

A middl e groun d i s  neede d betwee n traditiona l 

planner s an d purel y reactiv e planning .  I n ou r  ap -

proach ,  proble m solvin g i s carrie d ou t  b y retrievin g 

packet s o f  procedura l  knowledg e fro m memory ,  the n 

applyin g them .  Thes e packets ,  o r  schemata ,  ca n b e 

though t  o f  a s smal l  plan s o r  piece s o f  plan s tha t 
achiev e a  goal ;  fo r  instance ,  a  reasone r  m a y hav e 

a schem a whic h ca n interpre t  a  finding  o r  on e tha t 

ca n evaluat e th e likelihoo d o f  a  hypothesi s tha t  a 

particula r  diseas e i s present .  Figur e 1  show s a  sim -
plifie d vie w o f  a  schem a fo r  interpretin g a  finding  o f 
dyspnea. ^  A  schem a contain s step s t o b e performe d 

by th e reasone r  i n orde r  t o satisf y a  particula r  goal . 

Our  approac h i s  mor e flexible  tha n traditiona l 

plannin g fo r  thre e reasons .  First ,  th e orde r  o f  th e 

step s o f  a  schem a i s no t  completel y fixed  ahea d o f 

time ,  bu t  rathe r  depends ,  t o som e extent ,  o n th e sit -

uatio n a t  th e tim e o f  schem a execution .  Fo r  exam -

ple ,  th e ste p labele d "SI "  contain s informatio n tha t 
allow s th e reasone r  t o selec t  th e nex t  ste p base d o n 

th e answe r  t o th e questio n aske d i n Si . 

'Shortnes B o f  breath . 

Goal :  interpre t  a  findint f  o f  dyspne a 
Patient :  an y patien t 
Findings :  dyspne a 
Preconditions :  ther e i s a  findin g o f  dyspne a 
Steps : 

SI :  action :  as k ho w man y stai n patien t  ca n clim b 
goal :  determin e severit y o f  dyspne a 
next : 

i f  pt .  ca n clim b flight  o f  stair s = > S 3 
els e =t .  5 2 

S2:  action :  as k ho w fa r  patien t  ca n wal k 
goal :  determin e severit y o f  dyspne a 
next :  S 3 

S3:  action :  estimat e th e severit y o f  th e dyspne a 
goal :  determin e severit y o f  dyspne a SIO:  action :  postulat e hypothese s o f  pulmonar y disease , 
cardia c diseas e 
goal :  explai n dyspne a 
next :  don e 

Indices : 
patient/PATIENT l  — SCENE2 

Figur e 1:  s c - d y s p n e a — a s c h e m a fo r  inter -

pretin g a  finding  o f  dyspnea . 

T h e secon d sourc e o f  flexibility  i n ou r  approac h 

i s als o du e t o th e natur e o f  a  schema' s steps .  I n ad -

ditio n t o specifyin g action s tha t  shoul d b e t a k e n — 

eithe r  primitiv e action s o r  othe r  schemata— a ste p 

i n a  schem a usuall y specifie s th e goa l  tha t  th e ste p 
i s t o satisfy .  I f  th e ste p fails ,  th e reasone r  ca n at -
temp t  t o find  anothe r  w a y o f  satisfyin g th e ste p a t 

ru n time .  I n addition ,  a  ste p doe s no t  necessaril y 

specif y a n action .  Instead ,  i t  ca n specif y onl y a  goal , 

thu s forcin g th e reasone r  t o attemp t  t o satisf y th e 

goa l  a t  ru n time . 

T h e thir d reaso n ou r  approac h i s flexible  i s  tha t 

a singl e pla n i s no t  formulate d fo r  al l  o f  th e goal s 

i n a  problem ,  the n executed .  Instead ,  individua l 

schemat a ar e retrieve d an d applie d t o satisf y goals . 
As th e situatio n changes ,  whic h schemat a ar e activ e 

wil l  als o change .  Fo r  example ,  a s ne w goal s aris e 

durin g proble m solving ,  ne w schemat a ca n b e foun d 

an d activate d t o satisf y them . 

I n orde r  t o exhibi t  opportunism ,  a  reasone r  mus t 

be abl e t o notic e an d respon d t o ne w informatio n a s 

i t  become s available .  I n th e contex t  o f  a  diagnosi s 

program ,  ne w informatio n come s fro m th e user ;  in -

formatio n m a y b e volunteered ,  o r  i t  m a y com e from 

answer s t o question s aske d b y th e system .  I n eithe r 

case ,  whe n ne w informatio n become s available ,  th e 

reasone r  shoul d interrup t  wha t  i t  i s  doin g an d incor -

porat e th e informatio n int o wha t  i t  knows ;  th e ne w 

informatio n m a y als o caus e th e reasone r  t o alte r  th e 

cours e o f  it s problem-solvin g behavior . 
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I n ou r  approach ,  al l  action s ar e governe d b y in -

formatio n containe d i n schemata ;  thus ,  t o handl e a 

piec e o f  information ,  a  schem a mus t  b e foun d an d 

activated .  W h e n a  ne w ite m o f  informatio n i s en -

countered ,  th e reasone r  interrupt s wha t  i t  i s  doin g 

an d look s fo r  a  schem a tha t  ca n satisf y th e goa l  cre -

ate d b y th e occurrenc e o f  th e information :  e.g. ,  i f 

th e informatio n i s a  finding,  th e goa l  wil l  b e t o in -

terpre t  it .  W h e n a  schem a i s found ,  i t  i s  activated . 

T h e reasone r  ca n the n eithe r  retur n t o wha t  i t  wa s 

doin g (i.e. ,  t o th e schem a i t  wa s applying) ,  o r  i t 

ca n choose ,  base d o n th e altere d stat e o f  th e envi -

ronment ,  t o pursu e a  differen t  goa l  (i.e. ,  t o appl y a 

differen t  schema—perhap s th e on e jus t  activated) . 

Ther e m a y b e m a n y goal s presen t  fo r  a  give n di -

agnosti c problem :  e.g. ,  goal s t o interpre t  findings, 

evaluat e hypotheses ,  an d t o produc e a  diagnosis . 

Eac h o f  thes e wil l  lea d t o on e o r  mor e schemat a 

bein g activated .  I n addition ,  informatio n learne d 

durin g diagnosi s wi U resul t  i n mor e schemat a be -

in g activated ,  a s discusse d above .  Onc e w e allo w 

th e reasone r  t o hav e mor e tha n on e schem a activ e 

at  a  time ,  w e fac e th e nee d fo r  abilit y  (3 )  above : 

th e reasone r  mus t  b e abl e t o selec t  th e appropriat e 

schem a t o appl y a t  eac h poin t  i n proble m solving; ^ 

i.e. ,  th e reasone r  mus t  decid e o n whic h goa l  t o focu s 

it s attention . 

Thi s i s no t  a n eas y task ,  sinc e th e importanc e o f 

a goa l  varie s wit h context .  Fo r  example ,  i n on e sit -

uation ,  a  goa l  t o explai n a  sever e ras h m a y b e quit e 

important ;  however ,  i n anothe r  situatio n involvin g 

bot h a  sever e ras h an d hemoptysis, ^  th e goa l  o f  ex -

plainin g th e hemoptysi s shoul d tak e precedenc e ove r 

th e goa l  o f  explainin g th e rash . 

O ne approac h t o thi s proble m i s t o us e knowl -

edg e abou t  th e typ e o f  consultatio n th e reasone r 

i s performing .  Thi s information ,  i n ou r  approach , 

i s presen t  i n m e m o r y structure s calle d diagnos -

ti c m e m o r y organizatio n packets ,  o r  d x M O P s (cf . 

Schank ,  1982 ;  Kolodner ,  1985 ;  an d th e diagnos -

ti c categorie s o f  Kolodne r  an d Kolodner ,  1987) . 

Thes e structure s participat e i n m e m o r y organiza -

tion ,  an d provid e on e wa y fo r  th e reasone r  t o re -

triev e schemat a fro m m e m o r y (se e (Turner ,  i n press ) 

^We d o no t  allo w schemat a t o b e applie d i n parallel .  Thi s 
i s becaus e w e ar e trying ,  a s fa r  a s possible ,  t o mode l  th e be -
havio r  o f  huma n diagnosticians ,  wh o generall y ac t  a s thoug h 
the y ar e thinkin g o f  on e thin g a t  a  time .  Ther e ar e tw o rea -
sons fo r  modelin g humans :  (1 )  i f  th e reasone r  behave s simi -
larl y t o a  human ,  the n th e use r  i s mor e likel y t o understan d 
it s reasoning ,  an d hence ,  accep t  it ;  an d (2 )  reasonin g i n a 
manner  simila r  t o tha t  o f  a  huma n shoul d mak e explanation s 
easie r  (thoug h w e d o no t  currentl y addres s explanation) . 

^Bloo d i n th e sputum . 

Goal :  diagnos e th e patien t 
Patient :  a n alcoholi c patien t 
Chie f  complaint :  dyspne a 
Finding! : 

anemia :  lo w importance ,  explaine d b y 
alcoholis m 

ataxia :  lo w importance ,  explaine d b y 
alcoholis m 

Hypotheses :  TB ,  sarcoid ,  generalise d pulmonar y o r  hear t 
diseas e 

Schemata : 
Bc-consult :  fo r  goa l  o f  diagnosin g patien t 
sc-finding :  fo r  generi c finding s 
sc-TB :  fo r  evaluatin g T B 

Indices : 
iinding/mass-on-X-ra y —» dxMOPS 

patient/PATIENT 4 — dxMOP2 

FigTir e 2 :  A  d x M O P fo r  consultation s involv -

in g alcoholic s w i t h dyspnea . 

fo r  details) .  Eac h d x M O P represent s a  particu -

la r  clas s o f  consultations ,  an d provide s informatio n 
abou t  goals ,  actions ,  etc. ,  tha t  ca n b e expecte d i n 

suc h a  consultation .  Informatio n fro m a  d x M O P 

ca n b e use d t o decid e whic h goal—an d hence ,  whic h 

schema—t o pursue .  Fo r  example ,  suppos e th e dx -

M OP i s th e on e show n i n Figur e 2 ;  thi s d x M O P 
represent s consultation s involvin g alcoholic s whos e 

chie f  complain t  i s  dyspnea .  A m o n g th e expecte d 

findings  ar e anemi a an d ataxia, ^  whic h ar e bot h ex -

plaine d b y alcoholism .  I f  th e reasone r  discover s tha t 

th e patien t  indee d ha s anemia ,  i t  woul d no t  nee d t o 

follo w i t  up ,  sinc e th e finding  i s anticipate d b y th e 

d x M OP an d marke d wit h a  lo w importance . 

Informatio n containe d i n a  d x M O P ca n hel p th e 
reasone r  orde r  goals ;  bu t  wha t  i f  ther e i s n o suc h 

informatio n presen t  i n th e d x M O P retrieve d from 

memory? O r  wha t  i f  ther e ar e constraint s associ -

ate d wit h th e curren t  proble m tha t  ar e no t  antici -

pate d i n th e d x M O P ,  suc h a s tim e bein g limited ? 

I n orde r  t o focu s th e reasoner' s attentio n i n thi s 

typ e o f  situation ,  w e us e th e ide a o f  meta-reasonin g 

(e.g. ,  Davi s i c Buchanan ,  1984) :  reasonin g tha t 

take s plac e t o guid e planning .  I n ou r  approach , 

meta-reasonin g informatio n i s presen t  i n th e for m 

of  strategi c knowledg e structure s calle d strategi c 

schemata .  A  strategi c schem a i s a  packe t  o f  in -

formatio n whic h represent s a  strateg y fo r  th e rea -

*Poo r  moto r  coordination . 
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Situation :  an y 
Goal  ordering : 

selec t  goal s relate d t o hypothese s 
selec t  goal s relate d t o finding s 
selec t  goal s fo r  gatherin g informatio n 
selec t  goa l  fo r  formin g diagnosi s 

Figure 3: A simple strategy for hypothe-

tico-deductiv e reasonin g style . 

Situation :  tim e i s shor t 
Goal  ordering : 

selec t  goa l  relate d t o chie f  complain t 
selec t  goal s relate d t o hypothese s 
selec t  findin g goa l  onl y i f  ver y importan t 
selec t  goal s o f  formin g diagnosi s 

Figure 4: A simple strategy for reasoning un-

de r  t im e pressure . 

basi n 
loo p foreve r 

Wait  unti l  use r  request s a ,  consultation ; 
Add goa l  o f  diagnosin g patien t  t o short-ter m 

memory; 
Retriev e dxMO P usin g goal ; 
Use strateg y fro m dxMOP,  i f  possible ; 
Selec t  a  schem a fro m th e d x M O P t o satisf y 

goal ,  ad d i t  t o agenda ; 
loo p unti l  done : 

Selec t  a  schem a fro m agend a usin g strategies , 
loca l  informatio n i n th e dxMOP; 

Appl y on e action ; 
i f  ther e wa s a n interruptio n th«n : 

Handl e interruption ; 
fl; 
Specialis e curren t  dxMOP; 
i f  specializatio n succeede d then : 

Set  curren t  d x M O P t o b e th e 
specialization ; 

fl; 
end loop ; 
Accep t  an d proces s feedback ; 
Updat e memory ; 

end loop ; 
end . soner' s behavior ;  sinc e th e reasoner' s behavio r  i s  de -

termine d b y whic h schemat a i t  choose s t o apply ,  a 

strateg y b  equivalen t  t o a n orderin g o f  th e schemat a 

applied .  Strategi c schemat a ar e usefu l  fo r  represent -

in g genera l  strategie s suc h a s hypothetico-deductiv e 
reasonin g o r  reasonin g unde r  tim e pressure .  T h e 
reasone r  ca n the n us e information ,  i f  available ,  fro m 

a d x M O P t o modif y it s us e o f  thes e strategie s fo r  a 

specifi c  situation . 

A simple example of a strategic schema is shown 

i n Figur e 3 .  Thi s schem a provide s a  goa l  order -

in g fo r  th e reasone r  tha t  induce s a  crud e for m o f 

hypothetico-deductiv e reasoning :  selec t  an y goal s 

(i.e. ,  selec t  thei r  correspondin g schemata )  tha t  re -
lat e t o hypothese s first;  i f  ther e ar e none ,  the n selec t 
goal s relate d t o findings  i n th e hop e o f  producin g hy -

potheses ;  i f  none ,  the n selec t  goa l  o f  gatherin g in -

formatio n from  th e user ;  an d finally,  i f  tha t  canno t 

be done ,  selec t  th e goa l  o f  formin g a  diagnosis .  Fig -

ur e 4  show s a  simpl e strategi c schem a fo r  reasonin g 
unde r  tim e pressure :  follo w u p th e chie f  complaint , 

i f  possible ;  evaluat e hypotheses ;  onl y selec t  goal s re -

late d t o findings  i f  th e findings  eir e ver y important ; 

an d finally,  w h e n al l  els e fails ,  for m a  diagnosis . 

The overall algorithm for schema-based reason-
ing ,  includin g opportunism ,  i s  show n i n Figur e 5 . 
Not e tha t  th e reasone r  ca n b e interrupted ;  thes e in -

terruption s ca n includ e interruption s bot h b y th e 

use r  an d b y schem a application ,  a s ne w informatio n 
i s adde d t o S T M . 

Figur e 5 : 
gor i thm . 

Basi c s c h e m a - b a s e d reasonin g al -

M E D I C 

O ur  approac h t o diagnosti c reasonin g i s  bein g im -

plemente d i n th e M E D I C program ,  a  schema-base d 

reasone r  whic h perform s diagnosi s i n th e domai n o f 

pulmonology .  M E D I C consist s o f  thre e majo r  mod -

ules :  a  long-ter m memory ,  whic h i s  organize d a s 

describe d i n (Turner ,  i n press) ;  a  short-ter m m e m-

or y ( S T M ) ;  an d a  schema-base d reasoner ,  whic h i s 
directe d a t  al l  time s b y schemata . 

Conceptually ,  ther e ar e thre e type s o f  schemat a 
i n medic' s memory :  global ,  local ,  an d strategi c 

schemata .  A  globa l  schem a i s on e tha t  direct s a 
majo r  portio n o f  a  consultation ;  a n exampl e i s th e 

schem a whic h contain s informatio n tha t  th e rea -

sone r  ca n us e t o conduc t  th e consultation :  as k fo r  a 

patien t  description ,  as k abou t  th e chie f  complaint , 

gathe r  information ,  the n for m a  diagnosis .  Gath -

erin g informatio n an d formin g a  diagnosi s ar e als o 
directe d b y globa l  schemata .  A  loca l  schem a i s on e 

whic h direct s th e reasone r  i n achievin g ver y specifi c 

goals :  e.g. ,  interpre t  a  finding  o f  dyspne a o r  evaluat e 

th e hypothesi s o f  lun g cancer .  Strategi c schemat a 

represen t  genera l  reasonin g strategie s an d ar e de -
scribe d above . 

Currently ,  M E D I C ca n diagnos e ver y simpl e case s 

of  pulmonar y disease .  M E D I C follow s a n algorith m 

ver y simila r  t o tha t  i n Figiu- e 5 .  Let' s loo k a t  a n 
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Pleas e describ e th e patient . 
:  (patien t  (se x female )  (weigh t  (valu e 204) )  (heigh t 

(valu e 64) )  (rac e white) ) 
Addin g informatio n abou t  patien t  t o STM. 
What  i s th e chie f  complaint ? 
:  (findin g (entit y (dyspne a (duratio n (year s 2) ) 

(characte r  progressive))) ) 
Addin g chie f  complain t  t o STM...addin g finding  o f 

< D Y S P N E A O> t o STM. 
How man y flights  o f  stair s ca n th e patien t  climb ? 
:  (lesB-tha n 1 ) 
How fa r  ca n th e patien t  wal k o n leve l  ground ? 
:  (yard s 20 ) 
I  judg e th e qualitativ e valu e o f  SEVERIT Y o f  <DYSPNEAO> 

t o b e SEVERE. 
.. .  (sam e fo r  cardia c disease). .  . 

...explainin g dyspnea.. . 
Processin g <HYPOTHESIS0> [pulmonar y disease] ; 

relatin g t o othe r  hypotheses.. . 
...generatin g expectation s give n <HYPOTHESIS0>.. . 
...I' m scorin g hypothesi s <HYPOTHESIS0> (<PULM-DZO> ) 
...hypothesi s explains :  (<FINDINGO> )  [dyspnea].. . 
...feule d prediction s fo r  hypothesis :  — 
...hypothesi s doesn' t  explain :  — 
...tryin g t o specialis e th e hypothesi s o f 

<HYPOTHESIS0> (<PULM-DZO>).. . 
...specialire d <HYPOTHESIS0> t o <HYPOTHESISl > 

(<RPE> )  [recurren t  pulmonar y embolism ] 
...generatin g expectation s give n <HYPOTHESISl>.. . 
Is there a finding of <SYNCOPE>7 
:  Ye s 
Enter information (<return> if no more). 

My diagnosi s is :  Recurren t  pulmonar y embolism . 

Figure 6: Part of a consultation with MEDIC. 

example of a consultation with MEDIC, a portion 

of  whic h i s show n i n Figur e 6 .  Suppos e a  use r  re -

quest s a  consultation .  T h e reasone r  look s i n m e m-

or y fo r  a  w a y o f  satisfyin g th e goa l  o f  diagnosin g 

a patien t  an d finds a  d x M O P ,  "dx-consult" ,  repre -

sentin g h o w consultation s ar e generall y conducted . 

T h e reasone r  the n use s thi s d x M O P a s a  contex t  fo r 

diagnosis :  i t  i s  use d a s a  sourc e bot h o f  a  strateg y 

an d o f  schemat a t o satisf y activ e goals .  T h e strat -

egy i t  contain s i s "st-HD-reasoning" ,  th e strategi c 

schem a mentione d abov e whic h provide s a  goa l  or -

derin g t o induc e hypothetico-deductiv e reasoning . 

T h e onl y goa l  activ e i s on e t o diagnos e th e pa -

tient ;  th e schem a t o achiev e thi s i n dx-consul t  i s 

"sc-consult" .  Thi s i s adde d t o th e reasoner' s agend a 

of  activ e schemata . 

T h e reasone r  n o w select s a  schem a fro m it s 

agenda ,  usin g th e goa l  orderin g provide d b y th e cur -

ren t  strategy ;  th e us e o f  specifi c  informatio n fro m 

th e d x M O P i s no t  currentl y implemented .  T h e onl y 

schem a t o selec t  i s  sc-consult ,  s o th e reasone r  select s 

tha t  an d begin s t o appl y it .  T h e use r  i s aske d fo r 

some initia l  informatio n abou t  th e patient ,  includ -

in g a  descriptio n o f  th e patien t  ( a whit e femal e w h o 

i s overweight) ^  an d th e chie f  complain t  (progres -

siv e dyspnea) .  T h e informatio n i s adde d t o S T M . 

Addin g th e chie f  complain t  cause s th e reasone r  t o b e 

interrupted ,  an d i t  searche s m e m o r y fo r  a  schem a t o 

interpre t  th e finding.  Schem a "sc-dyspnea "  i s foun d 

an d activated . 

Not e th e opportunisti c natur e o f  this :  a  piec e o f 

informatio n appear s i n th e reasoner' s environment , 

whic h cause s th e reasone r  t o interrup t  wha t  i t  i s 

doin g i n orde r  t o respond .  T h e respons e involve s 

finding  a  metho d o f  interpretin g th e finding  an d ac -

tivatin g it ,  resultin g i n mor e tha n on e activ e schema . 

T h e nex t  ste p i s t o choos e on e t o apply .  Sinc e th e 

strateg y i n us e dictate s tha t  goal s relate d t o find-

ing s hav e precedenc e over  goal s fo r  gatherin g infor -

matio n o r  formin g a  diagnosis ,  th e ne w schema ,  sc -

dyspnea ,  i s selecte d an d used .  T h e ne w informatio n 

has effectivel y change d th e cours e o f  th e reasoner' s 
problem-solvin g behavior . 

Thi s schema ,  sc-dyspnea ,  i s a  specialize d versio n 

of  a  genera l  schem a t o interpre t  findings;  instea d o f 

askin g genera l  questions ,  th e schem a ca n as k ver y 

specifi c  thing s relate d t o dyspne a (e.g. ,  askin g ho w 

m a ny stair s th e patien t  ca n clim b a s a  measur e o f 

th e severity) .  T h e las t  ste p o f  thi s schem a i s t o ex -

plai n th e finding  b y postulatin g disease s tha t  coul d 

caus e it ;  usin g thi s step ,  th e reasone r  postulate s hy -
pothese s o f  pulmonar y diseas e an d cardia c disease . 

Addin g thes e hypothese s t o S T M agai n interrupt s 

th e reasoner ,  whic h finds  an d add s t o th e agend a 

schemat a t o evaluat e th e hypotheses :  "sc-pulmDz " 

an d "sc-cardiacDz" . 

T h e strateg y order s goal s relate d t o hypothese s 

befor e an y others ;  hence ,  on e o f  th e tw o schemat a 

jus t  adde d i s selected ,  i n thi s case ,  sc-pulmDz .  Th e 

reasone r  use s thi s schem a t o scor e th e hypothesi s 
of  pulmonar y disease, ® an d the n trie s t o specializ e 

th e hypothesi s usin g informatio n tha t  i s i n S T M . 

O ne possibl e specialization ,  base d o n th e fac t  tha t 

th e patien t  i s  overweight ,  i s  recurren t  pulmonar y 

embolism ^  ( R P E ) ;  thi s i s hypothesized ,  resultin g i n 

a schem a ("sc-RPE" )  bein g activate d t o evaluat e it . 

T h e reasone r  the n select s sc-RP E an d begin s t o 

evaluat e th e hypothesi s o f  pulmonar y embolism . 

Eventually ,  i t  wil l  hav e evaluate d al l  th e hypothese s 

tha t  i t  ca n an d wil l  hav e exhauste d th e informatio n 

th e use r  ca n giv e it .  T h e mai n schema ,  sc-consult , 

Înpu t  t o MEDI C i s i n a  versio n o f  Conceptua l  Dependenc y 
(Schan k an d Abelson ,  1977) ;  ther e i s currentl y n o natura l 
languag e interface . 

® Usin g a  scorin g schem e ver y simila r  t o tha t  o f  INTERNIST -
1 (Mille r  efoi ,  1982) . 

^Bloo d clot s occurrin g i n th e lungs . 
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wil l  the n sugges t  th e ste p o f  formin g a  diagnosis , 

whic h wil l  b e attempted. *  I n thi s case ,  th e bes t  hy -

pothesi s i s recurren t  pulmonar y embolism ,  an d tha t 

wil l  b e propose d t o th e user . 

Ther e i s  stil l  muc h wor k t o b e don e o n MEDIC . 

At  th e present ,  th e progra m ha s ver y littl e domai n 

knowledge ,  an d relativel y fe w schemata .  Additiona l 

though t  mus t  als o b e give n t o th e for m an d con -

ten t  o f  th e strategi c schemata ,  whic h ar e currentl y 

quit e simple ;  eventually ,  w e woul d lik e fo r  the m t o 

specif y action s fo r  th e reasone r  t o perfor m i n orde r 

t o selec t  a  goa l  t o pursue ,  makin g the m mor e lik e 

th e reasoner' s othe r  schemata .  MEDI C als o doe s no t 

make us e o f  context-specifi c  informatio n i n d x M O P s 

t o focu s it s attention . 

RELATED WORK 

Opportunistic reasoning has been addressed in 

th e blackboar d approac h t o proble m solvin g o f 

HEARSAY-II  (Erma n e t  al. ,  1980 )  an d O P M (Hayes -

Roth ,  1985) .  Thes e program' s Knowledg e Source s 

(KS's )  ar e atomic ,  rule-lik e specialist s tha t  ar e in -

voke d i n respons e t o som e arbitrar y conditio n oc -

curring .  The y correspon d onl y loosel y t o schemata . 

Schemat a ar e larger-graine d tha n KS's ,  an d capabl e 

of  bein g interrupted .  Schemat a als o serv e t o cluste r 
action s t o b e take n t o achiev e a  goal ;  m a n y KS's ,  o n 
th e othe r  hand ,  m a y b e neede d t o achiev e a  singl e 

goal .  Th e us e o f  schemat a shoul d allo w th e reasone r 

t o behav e i n a  manne r  tha t  a  reasone r  ca n under -

stand :  e.g. ,  question-askin g shoul d b e mor e focused . 

Schemat a shoul d als o facilitat e explanation ,  sinc e 
th e action s take n t o achiev e a  goal ,  thoug h possibl y 

temporall y disjoint ,  ca n stil l  b e explaine d i n relatio n 

t o on e another . 

Th e VISION S Schem a Syste m (Weymouth ,  1986 ) 

use s a n approac h simila r  t o our s fo r  interpretin g vi -

sua l  scenes .  Thei r  schemat a ar e specialist s i n par -

ticula r  visio n task s an d ca n wor k i n paralle l  t o in -

terpre t  a  scene .  Unlik e ou r  schemata ,  their s ar e 
largel y represente d usin g procedure s writte n i n a 

programmin g language ;  i t  i s  therefor e no t  possibl e 

fo r  thei r  progra m t o reaso n abou t  o r  modif y thei r 

schemata ,  a s i s potentiall y  possibl e usin g ou r  repre -

sentatio n o f  schemata .  I n addition ,  paralle l  execu -

tio n o f  schemat a i s no t  feeisibl e i n ou r  domain ,  give n 
th e goal s o f  focuse d question-askin g an d modelin g a 

h u m an diagnostician' s behavior . 

Th e NAS L (McDermott ,  1978 )  progra m concen -

trate d o n th e interactio n o f  plannin g an d execu -

*  Again ,  usin g a  metho d simila r  t o tha t  o f  INTERNIST-1 . 

tion .  I n m a n y respects ,  ou r  schemat a ar e simila r 

t o NASL' s tasks :  bot h ar e hierarchical ,  bottomin g 

out  a t  th e primitiv e actio n o r  primitiv e tas k level . 

However ,  ou r  schemat a ar e somewha t  mor e flexible 

tha n NASL' s tasks ,  an d w e mak e explici t  us e o f  goals ; 

th e latte r  allow s th e potentia l  o f  specifyin g th e goa l 

of  a  tas k withou t  necessaril y  specifyin g th e step s t o 

achiev e it ,  thu s allowin g th e reasone r  t o mak e suc h 

decision s a t  run-time . 

We fac e som e o f  th e sam e problem s a s di d NASL , 

too ,  i n th e chor e o f  selectin g whic h schemat a t o pur -

sue a t  eac h poin t  i n proble m solving .  NAS L m a d e us e 

of  choic e rules ,  whic h containe d th e strategi c knowl -

edge o f  tha t  system .  Ou r  strategi c schemat a ca n b e 

viewe d i n th e curren t  implementatio n a s package s 

of  suc h choic e rules .  However ,  th e ultimat e goa l  i s 

t o mak e the m les s rule-lik e an d mor e schema-like , 

specifyin g step s fo r  th e reasone r  t o perfor m i n orde r 

t o selec t  schemat a t o apply . 

Firb y (1987 )  i s  als o concerne d wit h interleavin g 
plannin g an d executio n i n environment s tha t  chang e 

durin g planning .  Th e behavio r  o f  hi s R A P planne r 

i s quit e simila r  t o tha t  o f  ou r  reasoner .  However , 

RAPs woul d see m t o b e somewha t  mor e simpl e tha n 

our  schemata ,  an d oriente d toward s real-tim e con -
tro l  rathe r  tha n diagnosis .  I n addition ,  w e exten d 

th e ide a o f  usin g packet s o f  contro l  knowledg e t o th e 

meta-leve l  b y usin g strategi c schemat a t o direc t  th e 

reasoner' s attention . 

C O N C L U S I ON 

Medical diagnosis can be fruitfully viewed as a plan-

nin g tas k i n whic h plannin g i s  interleave d wit h di -

agnosis .  N e w informatio n m a y b e discovere d durin g 

diagnosi s whic h shoul d impac t  th e futur e problem -
solvin g behavio r  o f  th e diagnostician .  Th e diagnos -

ticia n mus t  b e opportunisti c i n orde r  t o tak e notic e 

of  an d respon d t o thi s ne w informatio n a s i t  become s 

available . 

Schema-base d reasonin g provide s on e approac h t o 

opportunisti c reasoning .  B y representin g problem -
solvin g knowledg e a s packet s o f  procedura l  informa -

tio n designe d t o achiev e a  goal ,  th e reasone r  ca n ac -

tivat e schemat a a s goal s aris e du e t o change s i n th e 
environment .  W h e n severa l  schemat a ar e active ,  th e 

reasone r  select s th e on e t o appl y base d o n th e rea -
soner' s curren t  focu s o f  attention—i.e. ,  th e goa l  th e 

reasone r  i s tryin g t o achieve .  Goal s ar e selecte d b y 

th e reasone r  base d o n informatio n fro m tw o sources : 

genera l  goal-orderin g information ,  store d i n strate -

gi c schemata ;  an d specifi c  goal-orderin g informa -
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tion ,  store d i n th e d x M O P representin g consulta -

tion s simila r  t o th e curren t  one . 

Schemat a ar e flexible,  an d enhanc e th e reasoner' s 

abilit y  t o respon d t o change s i n th e environmen t  i n 

tw o ways :  (1 )  th e orde r  o f  thei r  step s nee d no t  b e 

completel y determined—thi s allow s th e reasone r  t o 

selec t  th e nex t  ste p o f  a  schem a base d o n th e stat e o f 

th e worl d resultin g fro m th e applicatio n o f  th e pre -

viou s step ;  an d (2 )  step s ma y specif y goals ,  whic h 

th e reasone r  ca n attemp t  t o satisf y a t  run-tim e b y 

retrievin g schem a specifi c  t o th e curren t  situation . 

Thi s flexibDity,  plu s it s opportunisti c character ,  al -

low s schema-base d reasonin g t o b e viewe d a s a  typ e 
of  reactiv e plannin g (e.g. ,  Firby ,  1987) . 

Thoug h thi s researc h addresse s medica l  diagnosis , 

we believ e tha t  schema-base d reasonin g ca n b e use -

full y applie d t o othe r  tasks .  Ou r  approac h shoul d 

be usefu l  fo r  an y tas k i n whic h plannin g an d exe -

cutio n mus t  b e interleaved ,  o r  i n whic h al l  feature s 

of  th e proble m canno t  b e know n a t  th e star t  o f  th e 

problem . 
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Integratin g Case -Base d a n d Causa l  R e a s o n i n g 

PhylUs Koton^ 

Laborator y fo r  Compute r  Scienc e 

Massachusett s Institut e o f  Technolog y 

Introduction 

Much research in artificial intelligence has been directed toward the development of high-

performanc e domain-specifi c  proble m solvin g systems ,  calle d exper t  system s o r  knowledge-base d 

systems .  M a n y curren t  exper t  system s rel y o n associationa l  knowledg e (heuristics ,  empirica l  asso -

ciations ,  "rule s o f  thumb" )  fo r  thei r  reasonin g power .  A n alternativ e approach ,  causa l  reasoning , 

uses a  mode l  o f  th e object s i n th e domai n an d th e operation s tha t  ca n b e performe d o n thos e ob -

jects .  Causa l  model s ca n provid e richly-detaile d knowledg e base s fo r  reasonin g i n man y domains , 

but  model s ar e inefficien t  compare d t o th e associationa l  knowledg e typicall y use d i n exper t  systems . 

H u m an proble m solver s ar e abl e t o us e bot h associationa l  an d causa l  reasoning .  W e recogniz e 

and quickl y solv e c o m m o n problems ,  bu t  ca n us e mor e detaile d causa l  knowledg e whe n face d wit h 

nove l  o r  difficul t  problems .  A n artificia l  reasonin g syste m tha t  combine d bot h type s o f  knowledge , 

usin g associationa l  knowledg e fo r  speed ,  an d reservin g th e abilit y  t o reaso n fro m a  mode l  whe n 

necessary ,  similarly ,  woul d b e highl y desirable .  Case-base d reasonin g technique s [Kolodner ,  1985 ] 

ca n b e use d t o improv e th e performanc e o f  causa l  model-base d systems ,  becaus e th e ac t  o f  retrievin g 

a simila r  cas e an d usin g it s solutio n i s clearl y associational :  feature s o f  a  proble m ar e associate d 

wit h a  solutio n t o tha t  problem .  However ,  case-base d reasonin g technique s hav e no t  bee n widel y 

use d t o enhanc e th e performanc e o f  exper t  systems .  Also ,  case-base d reasonin g system s suffe r  fro m 

lac k o f  a  model .  Ther e i s n o justificatio n (othe r  tha n coincidence )  fo r  believin g tha t  transferrin g 

a solutio n fro m a  previou s cas e t o a  ne w cas e wil l  produc e a  vali d solution .  Th e combinatio n o f 

case-base d reasonin g technique s wit h causa l  reasonin g coul d resul t  i n substantiall y  improve d exper t 

systems . 

Overview of CASEY 

I have developed a program, CASEY, which integrates case-based and causal reasoning. The 

causa l  reasonin g componen t  employ s a  mode l  o f  th e cardiovascula r  syste m develope d fo r  th e Hear t 

Failur e progra m [Long ,  e t  al ,  1986] ,  a n exper t  syste m fo r  managin g patient s wit h hear t  disease . 

The case-base d reasonin g componen t  use s a  self-organizin g memor y syste m [Kolodner ,  1983 ]  t o 

stor e description s o f  al l  patient s th e progra m ha s seen ,  an d generalization s derive d fro m similaritie s 

betwee n th e patients .  Th e patien t  descriptio n i s comprise d o f  features .  Thes e includ e bot h inpu t 

data ,  suc h a s sign s an d symptoms ,  tes t  results ,  histor y an d curren t  therap y information ,  an d 

solutio n data ,  suc h a s th e causa l  explanatio n fo r  th e patient ,  th e diagnosis ,  therap y recommendatio n 

and outcom e information . 

CASEY'S outpu t  i s a  causa l  explanatio n tha t  describe s a  relationshi p betwee n physiologica l 

state s i n th e mode l  an d observabl e feature s o f  th e patient .  Thi s i s produce d usin g a  five-step 

'Th e wor k reporte d her e ha s bee n supporte d (i n part )  b y Nationa l  Institute s o f  Healt h grant s ROl  L M 0449 3 fro m 
th e Nationa l  Librar y o f  Medicin e an d ROl  H L 3304 1 fro m th e Nationa l  Heart ,  Lung ,  an d Bloo d Institute .  Rober t 
Jayes ,  M D kindl y provide d th e exampl e cases .  Willia m Long' s Hear t  Failur e progra m provide d a n excellen t  resourc e 
fo r  thi s work .  Pete r  Szolovits ,  Rames h Patil ,  an d Willia m Lon g gav e muc h helpfu l  advic e i n supervisin g thi s research . 
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process .  First ,  C A S E Y finds a  cas e simila r  t o th e ne w patien t  i n it s cas e memory .  Next ,  i t 

evaluate s th e significanc e o f  an y difference s betwee n th e ne w cas e an d th e retrieve d case .  Durin g 

thi s phas e th e matc h ca n b e invalidate d i f  ther e ar e significan t  differences .  I f  non e o f  th e difference s 

invalidat e th e match ,  C A S E Y adapt s th e solutio n fro m th e retrieve d cas e t o fit  th e ne w case .  I f  a 

matc h i s rule d out ,  o r  i f  n o simila r  previou s cas e i s found ,  C A S E Y use s th e Hear t  Failur e progra m 

t o produc e a  solutio n fo r  th e cas e d e novo .  Th e ne w cas e an d it s solutio n ar e store d i n CASEY' s 

memory fo r  us e i n futur e proble m solving. ^  Finally ,  th e feature s whic h wer e causall y importan t  i n 

th e solutio n o f  thi s proble m ar e note d i n th e memory . 

Retrieving ,  adapting ,  an d storin g case s ar e standar d procedure s o f  a  case-base d reasoner .  Be -

caus e th e matc h betwee n a  ne w proble m an d a  previousl y solve d proble m usuall y i s onl y partial , 

ther e m a y b e difference s betwee n th e tw o case s tha t  preclud e usin g eve n a  modifie d versio n o f  a 

retrieve d solutio n fo r  a  ne w problem .  Th e justificatio n ste p ensure s tha t  a  retrieve d solutio n ca n 

be supporte d b y th e dat a i n th e ne w problem .  Evaluatin g th e feature s o f  th e ne w proble m t o 

determin e whic h wer e importan t  t o th e solutio n help s th e progra m mak e bette r  matche s i n th e 

future ,  becaus e i t  allow s th e progra m t o distinguis h betwee n rando m feature s an d importan t  ones . 

C A S EY differ s fro m previou s case-base d reasonin g system s becaus e i t  use s informatio n fro m it s 

causa l  mode l  t o effec t  thes e steps .  Durin g retrieval ,  causa l  knowledg e i s use d t o selec t  importan t 

feature s o f  th e ne w cas e fo r  matching .  Durin g justification ,  causa l  reasonin g i s use d t o judg e th e 

significanc e o f  difference s betwee n th e ne w an d previou s cases .  I n repairin g a  retrieve d solution , 

th e causa l  mode l  determine s wha t  change s shoul d b e mad e i n th e retrieve d solutio n s o tha t  i t  fits 

th e presen t  case .  Featur e evaluatio n use s th e causa l  explanatio n o f  th e ne w cas e t o determin e it s 

importan t  features . 

Matching and Retrieval 

Most case-based reasoners use a similarity metric to gauge the similarity of two problems, and 

t o choos e th e bes t  matc h fo r  th e curren t  problem .  Similarit y metric s us e a  combinatio n o f  th e 

number  o f  feature s i n c o m m o n an d th e relativ e importanc e o f  thos e features .  I n man y case-base d 

reasonin g systems ,  th e relativ e importanc e o f  feature s fo r  matchin g i s predetermine d b y th e syste m 

designe r  (fo r  example ,  [Simpson ,  1985] ,  [Hammond ,  1986] ,  [Bain ,  1986]) .  Anothe r  approac h i s t o 

determin e th e importan t  feature s base d o n a  program' s experienc e o f  wha t  wa s importan t  i n solvin g 

simila r  problems . 

C A S EY matche s a  ne w cas e agains t  case s i n it s memor y usin g ever y featur e i n th e patien t 

description .  However ,  no t  al l  th e feature s ar e equall y importan t  i n matchin g a  cas e t o a  previou s 

case .  Furthermore ,  th e importan t  feature s fo r  matchin g ma y var y fro m cas e t o case .  Therefore , 

C A S EY determine s th e importan t  feature s fo r  matchin g dynamicall y fo r  eac h ne w cas e presente d 

t o th e system ,  an d give s thes e feature s greate r  weigh t  fo r  matching .  Importan t  feature s ar e define d 

as thos e tha t  playe d a  rol e i n th e causa l  explanatio n o f  previou s simila r  cases . 

Figur e 1  show s a  sampl e patien t  presente d t o C A S E Y ,  Oprah .  Th e retrieve d cas e fo r  Oprah , 

a patien t  name d Mary ,  i s  show n i n Figur e 2." '  Th e feature s marke d wit h a n asteris k i n Mary' s 

descriptio n eir e thos e tha t  wer e use d i n th e solutio n t o he r  case .  Opra h ha s some ,  bu t  no t  all ,  o f  th e 

feature s tha t  wer e importan t  i n th e cas e o f  Mary .  Th e tw o case s als o shar e som e feature s tha t  wer e 

*Th e use r  ha s th e optio n o f  rejectin g CASEY' s solution ,  i n whic h cjis e Hear t  Failur e progra m i s use d t o produc e 
a causa l  explanation ,  whic h wil l  b e store d i n memory . 

•'Th e patien t  description s i n thes e illustration s hav e bee n simplifie d t o conserv e spac e b y excludin g feature s wit h 
normal  values .  A  patien t  descriptio n typicall y consist s o f  abou t  4 0 features . 

168 



K O T ON 

(DEFPATIEI T "Oprah " 
HISTORY 

(AGE .  77 ) 

(SEX FEMALE) 

(DYSPIE A OI-EXERTIOI ) 

(CHEST-PAI I  AIGIHAL ) 

(AHGIIA L UISTABLE ) 

VITAL-SIGI S 

(BLOOD-PRESSURE 14 7 89 ) 

(HEART-RATE .  84 ) 
(RESP .  14 ) 

(TEMP .  98.6 ) 

PHYSICAL-EXAM 
(APPEARAMCE lO-APPAREIT-DISTRESS ) 

(PULSE SLOW-RISE) 

(AUSCULTATIOI  MURMUR S2 ) 

(MURMUR SYSTOLIC-EJECTIOI-MURMUR) 

(S 2 S0FT-A2 ) 

(APEX-IMPULSE SUSTAIIED ) 

LABORATORY-FIVDIIGS 

(EXG LV H lORMAL-SIVUS ) 

(CXR CAROIOMEGALY) 

(CARDIOMEGALY LV) ) 

Figur e 1 :  Descriptio n o f  patien t  Oprah . 

(DEFPATIEI T "Mary " 

HISTORY 

(AGE .  67 ) 

(SEX FEMALE) 
(DYSPIE A OI-EXERTIOI* ) 

(CHEST-PAI I  AIGIIAL ) 

(AIGIIA L UISTABLE *  EXPERIEICIIG* ) 

VITAL-SIGI S 

(BLOOD-PRESSURE 14 8 90 ) 

(HEART-RATE .  99 ) 
(RESP .  14 ) 

(TEMP .  98.7 ) 

PHYSICAL-EXAM 

(APPEARAICE DIAPHORETIC*  AIXIOUS* ) 

(PULSE lORMAL ) 
(AUSCULTATIOI  MURMUR S2 ) 

(MURMUR SYSTOLIC-EJECTIOI-MURMUR* ) 

(S 2 SIIGLE* ) 

(APEX-IMPULSE SUSTAIIED* ) 

LABORATORY-FIIDIIG S 
(EKG lORMAL-SIIU S LV-STRAII* ) 

(CXR CARDIOMEGALY) 

(CARDIOMEGALY GEIERALIZED*) ) 

Figur e 2 :  Descriptio n o f  patien t  Mary . 

not used in the solution of Mary's case. CASEY matched Oprah to Mary using the similarities 

betwee n th e tw o cases .  I t  no w calculate s th e difference s betwee n th e tw o cjise s (show n i n Figur e 3 ) 

and passe s thi s informatio n t o th e justifier ,  alon g wit h th e solutio n retrieve d fro m Mary' s case . 

Justification and Adaptation 

Two CcLses might have many similar features yet have one critical difference that invalidates the 

match .  Th e critica l  questio n i s whethe r  differen t  value s o f  feature s i n th e proble m descriptio n sti U 

suppor t  th e sam e solution .  I n CASEY' s domain ,  thi s manifest s itsel f  a s whethe r  differen t  patien t 

symptom s stil l  suppor t  th e sam e causa l  explanation .  C A S E Y therefor e use s a  se t  o f  evidenc e 

principle s t o evaluat e difference s betwee n th e ne w cas e an d a  retrieve d cas e b y examinin g th e 

relationship s betwee n evidenc e an d physiologica l  state s i n th e Hear t  Failur e model .  Thes e principle s 

rel y o n suc h concept s a s alternat e line s o f  evidenc e fo r  states ,  additiona l  supportin g evidenc e fo r 

states ,  an d inconsisten t  evidence .  Th e modul e i n C A S E Y tha t  perform s thi s evaluatio n i s calle d 

th e justifier . 

A differenc e i s insignifican t  i f  i t  doe s no t  affec t  th e retrieve d causa l  explanation .  Fo r  example ,  th e 

differenc e betwee n Mary' s an d Oprah' s temperatur e i s insignifican t  becaus e bot h temperature s ar e 

normal .  A  differenc e i s sai d t o b e repairabl e i f  th e feature s o f  th e ne w cas e ca n b e fi t  t o th e retrieve d 

causa l  explanation .  Consider ,  fo r  example ,  th e fragmen t  o f  Mary' s causa l  explanatio n show n i n 
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Featur e nam e 

age 

angina l 

blood-pressur e 

heart-rat e 

tem p 98. 7 

appearanc e 

puls e 

s2 

ekg 

Valu e fo r  M w y 

67 

unstable *  experiencing * 

148/9 0 

99 

98. 6 

diaphoretic *  anxious * 

norma l 

single * 

Iv-strain * 

Valu e fo r  Opra h 

77 

unstabl e 

147/8 9 

84 

norma l 

slow-ris e 

soft-a 2 

Iv h 

cardiomegal y generalized * I v 

Figur e 3 :  Difference s betwee n patient s Mar y an d Oprah . 

Figur e 4 .  Th e featur e EKG:  L V STRAI N i s evidenc e supportin g th e stat e L V H Y P E R T R O P H Y. 

Opra h doe s no t  hav e I v strai n o n he r  EKG .  C A S E Y look s i n th e causa l  mode l  fo r  othe r  feature s 

tha t  ar e evidenc e o f  L V H Y P E R T R O P H Y,  an d determine s whethe r  Opra h ha s an y o f  thos e features . 

I n fact ,  Opra h ha s tw o suc h findings:  EKG:  LV H an d L V CARDIOMEGALY.  Therefore ,  C A S E Y ca n 

justif y keepin g thi s stat e i n Oprah' s causa l  explanation .  I f  a U difference s betwee n th e ne w cas e an d 

th e retrieve d cas e ar e insignifican t  o r  repairable ,  the n th e transfe r  o f  solution s fro m th e preceden t 

t o th e curren t  cas e proceeds . 

I n case-base d reasonin g system s withou t  causa l  models ,  th e proble m solve r  finds  th e bes t  match , 

transfer s it s solutio n t o th e ne w case ,  an d hope s fo r  th e best .  Sometime s a  retrieve d cas e lead s th e 

proble m solve r  dow n th e wron g path .  Evaluatin g difference s b y us e o f  a  causa l  mode l  improve s th e 

likelihoo d tha t  th e retrieve d solutio n applie s t o th e ne w case .  Whe n C A S E Y justifie s th e matc h 

betwee n th e ol d cas e an d th e ne w case ,  i t  demonstrate s tha t  althoug h ther e ar e difference s betwee n 

th e cases ,  th e causa l  mode l  sti U support s th e retrieve d solution . 

Modification s t o th e solutio n ar e necessar y fo r  partia l  matche s betwee n cases .  Repai r  strategie s 

ar e invoke d b y th e justifie r  whe n i t  discover s a  repairabl e differenc e betwee n th e ne w cas e an d th e 

retrieve d case .  Repai r  strategie s adap t  a  previou s solutio n t o a  ne w cas e b y addin g o r  removin g 

node s an d link s o n a  cop y o f  th e retrieve d causa l  explanation .  I n th e exampl e o f  Mar y an d Oprah , 

th e justifie r  woul d invok e causa l  repai r  strategie s t o remov e th e evidenc e EKG:  L V strai n fro m th e 

stat e L V H Y P E R T R O P H Y,  an d ad d th e evidenc e EKG:  LV H an d L V CARDIOMEGALY t o th e lis t  o f 

evidenc e supportin g tha t  state .  Repaire d solution s d o no t  hav e t o b e teste d (a s i s require d in ,  e.g. , 

[Hammond,  1986] ,  [Simmon s &  Davis ,  1987] )  becaus e th e validatio n o f  th e solutio n b y th e causa l 

model  ha s alread y take n plac e i n th e justificatio n phase . 

HIGH L V PRESS CHRONIC LV HYPERTROPHY 

ekg:l v strai n 

Figure 4: A fragment of Mary's causal explanation. 
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Storag e 

The use of causal reasoning influences the way a new case is stored in the case memory. A cases 

i s indexe d bot h b y th e inpu t  feature s tha t  describ e th e cas e an d th e causa l  explanatio n tha t  wa s 

derive d fo r  th e case .  C A S E Y als o make s generalization s abou t  th e case s i t  ha s solve d b y finding 

similaritie s betwee n th e ne w cas e an d case s alread y i n it s memory . 

Generalizin g th e patien t  description s allow s C A S E Y t o mak e prediction s abou t  patient s wh o 

shar e feature s [Kolodner ,  1985 ]  b y recognizin g co-occurrences .  C A S E Y generalize s al l  th e feature s 

i n th e patien t  description ,  no t  jus t  th e causally-relate d features .  Th e Hear t  Failur e mode l  i s incom -

plete ,  s o i t  i s  possibl e tha t  certai n non-causa l  feature s ar e relate d t o (an d therefor e ca n predict ) 

some caus e no t  represente d i n th e model .  Th e se x o f  th e patien t  i s  a n example :  n o stat e i n th e 

causa l  mode l  use s th e se x o f  th e patien t  a s evidence ,  ye t  ther e ar e causa l  relationship s betwee n gen -

der  an d hear t  disease .  Th e ag e o f  th e patien t  i s  anothe r  example .  Th e us e o f  case-base d reasonin g 

therefor e allow s C A S E Y t o improv e o n th e performanc e o f  th e Hear t  Failur e syste m b y learnin g 

ne w association s betwee n feature s an d solutions .  A t  th e sam e time ,  makin g generalization s abou t 

group s o f  simila r  patient s reduce s th e effec t  o f  nois e (random ,  unimportan t  feature s i n th e patien t 

description )  o n th e performanc e o f  th e program .  Thi s i s becaus e spuriou s feature s ar e likel y t o oc -

cur  randomly ,  wherea s importan t  feature s wil l  ten d t o recu r  wit h som e regularit y i n case s presente d 

t o th e program . 

Generalizin g th e explanation s produce s partia l  explanation s tha t  explai n th e feature s tha t  th e 

ne w cas e an d retrieve d cas e hav e i n common .  Thi s allow s C A S E Y t o produc e a  partia l  solutio n 

fo r  a  simila r  proble m i n th e futur e eve n i n th e absenc e o f  enoug h informatio n t o explai n th e whol e 

problem . 

Feature Evaluation 

The use of a causal model is essential to CASEY's feature evaluation step. After producing 

th e causa l  explanatio n fo r  a  ne w case ,  C A S E Y determine s th e importan t  feature s o f  th e ne w cas e 

(thos e feature s whic h wer e use d a s evidenc e i n th e causa l  explanation )  an d increment s th e weight s 

of  thes e feature s i n th e cas e memory .  Fo r  example ,  afte r  th e cas e o f  Opra h i s solved ,  th e feature s 

ekg :  lv h an d l v card iomegal y ar e give n extr a weigh t  i n th e memor y becaus e th e causa l  mode l 

say s tha t  thes e feature s wil l  b e usefu l  i n identifyin g futur e patient s wit h L V H Y P E R T R O P H Y, 

i.e .  thes e feature s predicte d a  par t  o f  th e solution .  Determinin g th e importanc e o f  feature s b y 

experienc e i s reasonabl e becaus e th e usefulnes s o f  a  featur e canno t  alway s b e determine d i n ad -

vance .  Thi s als o allow s th e proble m solve r  t o adap t  t o change s ove r  tim e i n th e type s o f  problem s 

i s i s presented .  Givin g extr a weigh t  t o causally-relate d feature s i s reasonabl e becaus e becaus e 

causalit y ofte n indicate s whic h feature s ar e importan t  i n th e cas e fo r  matchin g [Winston ,  1981] , 

Schank ,  1986] . 

C A S EY als o identifie s th e state s i n th e causa l  explanatio n o f  th e ne w cas e tha t  ar e directl y 

linke d t o findings,  an d store s th e ne w cas e i n memor y usin g thes e state s a s indices .  Futur e case s 

tha t  contai n evidenc e t o suppor t  thes e state s wi U retriev e Oprah' s cas e a s a  match . 

Related Work 

CHEF [Hammond, 1986] combines case-based reasoning with a simple causal model. Therefore 

it s causa l  reasonin g ca n consis t  solel y o f  chainin g rule s backwar d fro m a n observe d failur e t o a 
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cause .  Thi s woul d no t  scal e u p t o a  reasonabl y size d domain .  Recen t  wor k b y Resnic k an d Davi s 

Resnic k &  Davis ,  1988 ]  combine s a  memor y o f  pas t  case s wit h explanation-base d generalizatio n 

of  a  causa l  mode l  t o produc e a  generalize d descriptio n o f  a  hardwar e fault ,  bu t  thei r  techniqu e 

require s a n exac t  matc h betwee n th e ne w proble m an d th e ol d problem .  I V Y [Hunter ,  1987] ,  lik e 

C A S E Y,  use s informatio n o f  wha t  wa s importan t  t o it s reasonin g tas k t o selec t  importan t  feature s 

of  th e proble m fo r  storage .  IVY ,  however ,  simplifie s th e selectio n proble m b y usin g heuristic s t o 

dispens e wit h mos t  o f  th e feature s presente d t o th e program . 

Othe r  system s hav e combine d reasonin g fro m a  causa l  mode l  an d associationa l  reasoning .  A B E L 

[Patil ,  1981 ]  maintaine d a  descriptio n o f  th e patien t  a t  five  level s o f  detail .  I t  di d no t  hav e a  learnin g 

component .  Th e Generate ,  Tes t  an d Debu g metho d [Simmon s &  Davis ,  1987 ]  alway s use s it s causa l 

model  t o tes t  propose d hypotheses ,  an d alway s generate s the m usin g associationa l  rules .  C A S E Y 

decide s whe n t o us e associationa l  o r  causa l  knowledge .  I t  determine s whethe r  th e ne w cas e i s 

sufficientl y simila r  t o one s i t  ha s alread y solve d t o us e th e associationally-derive d solution .  I f  not , 

i t  resort s t o causa l  reasoning . 

Discussion and Conclusions 

CASEY integrates causal and case-based reasoning techniques in a program which is efficient, 

ca n lear n fro m it s experiences ,  an d solve s commonly-see n problem s quickly ,  whil e maintainin g th e 

abilit y  t o reaso n usin g a  detaile d knowledg e o f  th e domai n whe n necessary .  Th e causa l  componen t 

i s enhance d b y th e abilit y  o f  th e case-base d componen t  t o lear n ne w association s an d compil e 

detaile d reasonin g structure s int o simpl e eissociation s betwee n feature s an d solutions .  Th e case -

base d componen t  i s improve d b y th e us e o f  a  causa l  mode l  becaus e th e mode l  ca n demonstrat e tha t 

a retrieve d solutio n wil l  b e helpfu l  fo r  a  ne w case ,  an d th e mode l  ca n b e use d t o identif y importan t 

feature s fo r  matching . 

Sinc e determinatio n o f  importan t  feature s i s base d o n informatio n i n th e causa l  model ,  i t  i s 

reasonabl e t o as k wh y th e Hear t  Failur e mode l  i s no t  simpl y "compiled "  t o produc e al l  thi s infor -

matio n i n th e for m o f  associationa l  rule s relatin g importan t  symptom s an d physiologica l  states .  I n 

fact ,  tha t  i s  exactl y wha t  C A S E Y i s doing ,  bu t  i t  i s  compilin g th e knowledg e incrementally ,  associ -

atin g feature s o f  problem s wit h solution s fo r  th e case s i t  ha s seen .  Also ,  th e Hear t  Failur e progra m 

ca n generat e solution s involvin g multipl e diagnoses ,  it s mode l  provide s th e relativ e importanc e o f 

feature s onl y fo r  singl e diagnoses .  T o compil e al l  o f  th e Hear t  Failur e program' s knowledg e takin g 

int o accoun t  multipl e diagnose s woul d b e computationall y intractable .  Becaus e C A S E Y als o make s 

generalization s abou t  patient s wh o hav e multipl e diagnoses ,  i t  ca n creat e associationa l  knowledg e 

relatin g feature s t o solution s involvin g multipl e diseases . 

CASEY ' S mos t  seriou s limitation s i s tha t  i t  assume s tha t  ther e i s ver y limite d interactio n 

betwee n entitie s i n th e underlyin g causa l  model .  Fo r  example ,  i t  ha s n o concep t  o f  tw o state s jointl y 

causin g a  third .  Thi s weaknes s i s du e t o th e fac t  tha t  n o suc h interaction s ar e represente d i n th e 

Hear t  Failur e model .  Thi s limit s th e generalit y o f  CASEY ' s reasonin g technique s t o othe r  system s 

whic h als o mak e thi s cissumption .  CASEY ' s evidenc e principle s currentl y ax e bein g extende d t o 

handl e mor e comple x interactions . 

Eve n i f  C A S E Y canno t  solv e a  ne w proble m completel y becaus e i t  lack s sufficien t  inpu t  infor -

mation ,  i t  ca n ofte n giv e a  partia l  solution .  Similarly ,  whe n C A S E Y i s give n a  proble m a t  th e 

boundar y o f  it s  expertise ,  i t  ca n produc e a  partia l  solutio n fo r  feature s tha t  ar e handle d b y it s 

causa l  model ,  an d leav e th e remainin g feature s unexplained .  Therefore ,  technique s suc h a s ar e 

use d i n C A S E Y migh t  b e usefu l  i n integratin g severa l  causa l  model s fo r  differen t  domains .  Eac h 
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model  migh t  us e thos e feature s whic h i t  coul d explain ,  leavin g th e othe r  feature s fo r  othe r  models . 

Thi s i s a  topi c fo r  futur e work . 
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Modelin g Softwar e Desig n 
Withi n a  Problem-Spac e Architectur e 

Bet h Adelso n 

Tuft s Universit y 

Introductio n 

In this paper^ we describe research on modeling software design skills within the Soar problem-solving 

architectur e (Laird ,  Newel l  &  Rosenbloom ,  1987) .  W e focu s o n a n analysi s o f  softwar e designer s designin g 

an electroni c mai l  system .  Th e researc h addresse s th e issue s of :  1 .  Guidin g menta l  simulation s o f  a  design-in -

progres s usin g learne d schemas .  2 .  Th e interactio n o f  genera l  knowledg e o f  desig n wit h domai n knowledg e 

abou t  th e syste m bein g designed .  3 .  Progressiv e deepenin g o f  proble m representation s durin g problem -

solvin g (Newel l  &  Simon ,  1972 ;  deGroot ,  1965) . 

Belo w w e describ e Soar ,  th e theor y whic h underlie s th e theoretica l  perspectiv e o f  th e researc h describe d here . 
We the n discus s ou r  protoco l  dat a o n softwar e design .  Thi s i s followe d b y a  descriptio n o f  th e Soar-base d 

syste m suggeste d b y th e data . 

Soar: A General Architecture for Cognition 

Ultimately, the Soar architecture is intended to embody a unified theory of cognition; capable of accounting 

fo r  a  rang e o f  cognitiv e problem s o r  "tasks" .  Additionally ,  i t  i s  expecte d t o b e abl e t o d o s o b y relyin g o n 

th e mechanism s o f  recursiv e sub-goalin g an d chunking . 

Currently ,  Soa r  ca n solv e a  wid e rang e o f  standar d A I  problems .  I t  ca n solv e mos t  o f  th e "toy "  problem s 

suc h a s eigh t  puzzl e an d towe r  o f  Hano i  (Lair d &  Newell ,  1983 )  whic h requir e goal-oriente d action ,  withou t 
requirin g knowledg e abou t  th e proble m domain .  I t  ca n als o solv e knowledge-intensive ,  exper t  syste m tasks , 

suc h a s thos e solve d b y R l  an d Neomycin .  A  variet y o f  searc h strategie s hav e bee n implemente d a s wel l 

as wea k metho d problem-solvin g strategie s suc h a s generat e an d tes t  an d means-end s analysis .  Soa r  als o 

exhibit s learnin g learnin g wit h practice ,  transfe r  acros s task s an d generalization . 

I n term s o f  accountin g fo r  task s tha t  ar e centra l  fo r  a  theor y o f  cognition ,  researc h i s no w bein g conducte d 
t o loo k a t  learnin g b y analog y an d reasonin g wit h menta l  model s (Golding,1988 ;  Polk ,  1988 ;  Steie r  &  Kant , 

1985 ;  Steie r  fc  Newell ,  1988) .  Th e researc h presente d her e i s intende d t o b e par t  o f  thi s effor t  t o exten d th e 

rang e o f  Soar' s performanc e t o comple x cognitiv e tasks . 

T h e Natur e o f  Problem-Solvin g i n Soa r 

I n Soa r  problem-solvin g i s characterize d a s movemen t  throug h successiv e state s o f  knowledg e i n a  proble m 

spac e i n orde r  t o achiev e a  goa l  (Newell ,  Shaw ,  &  Simon ,  1960 ;  Newel l  &  Simon ,  1972 ;  Card ,  Mora n <k 

Newell ,  1980 ;  Newell ,  1980) .  Th e problem-solve r  start s ou t  i n a n initia l  stat e whic h contain s a n incomplet e 

representatio n o f  th e proble m solutio n an d a  descriptio n o f  wha t  woul d constitut e a  sufficien t  solution . 

The descriptio n o f  th e solutio n coul d be ,  fo r  example ,  th e desire d behavio r  fo r  th e electroni c mai l  syste m 

designe d here ,  wherea s th e solutio n itsel f  woul d b e a  pseudocod e specificatio n o f  th e mechanis m producin g 

th e behavior . 

The proble m solver' s relevan t  knowledg e i s the n brough t  t o bea r  an d th e initia l  representatio n o f  th e proble m 

i s transforme d i n a  wa y tha t  bring s i t  close r  t o th e goa l  stat e representation ;  th e proble m solution .  Relevan t 

knowledg e ma y consis t  o f  specifi c  informatio n abou t  th e proble m domai n a s wel l  a s genera l  problem-solvin g 

strategies . 

1 We ar e gratefu l  t o Davi d Steie r  fo r  hi s continuin g generou s help .  Thi s wor k w«i s supporte d b y grant s fro m th e Design , 
Manufacturin g an d Engineerin g Progreu n an d th e Knowledg e an d Dat a Bas e System s Progra m a t  NSF. 

174 



Adelso n 

1 

7 

T\  3 

[6 _ 4 

T ]  5 

2 

1 

7 

8 

b" 

6 

3 

4 

5 

1 

8 

7 

2 

b 

6 

3 

4 

5 

Figur e 1 :  Startin g Stat e (left) ,  Secon d Stat e (center )  an d Goa l  Stat e (right )  fo r  th e Eigh t  Puzzle .  (Th e "b " 

represent s th e blan k cell. ) 

Elements of the Architecture 

To mode l  problem-solvin g a s i t  i s  frame d abov e w e nee d t o b e abl e t o provid e account s of :  th e representatio n 

of  th e curren t  proble m solutio n a t  varyin g stage s o f  completion ;  th e representatio n o f  whateve r  i s know n 

abou t  th e desire d proble m solution ;  an d knowledg e abou t  ho w t o asses s an d transfor m th e partia l  solutio n 

wit h regar d t o th e desire d solution . 

The abov e ar e realize d usin g th e followin g element s o f  th e Soa r  architecture : 

• Production Memory (PM). This encodes the long-term knowledge that is needed during problem-

solving .  Thi s ca n includ e factua l  knowledg e abou t  th e proble m bein g solved ,  strategi c knowledg e 

abou t  ho w t o procee d i n problem s lik e th e curren t  on e an d operationa l  knowledg e abou t  specifi c 

problem-solvin g move s t o b e mad e i n a  give n situation .  I t  i s  th e us e o f  thi s operationa l  knowledg e 

tha t  transform s th e proble m solutio n fro m a n inita l  versio n int o a  goa l  stat e version .  Th e production s 

tha t  contai n thi s typ e o f  operationa l  knowledg e plac e operator s int o workin g memory .  Whe n thes e 

operator s ar e applie d the y transfor m th e solution-in-progres s (Sectio n ) . 

• Working Memory (WM). This holds the representations of the current and desired problem solution. 
WM als o hold s lon g ter m knowledg e tha t  ha s bee n identifie d a s relevant . 

• The Decision Cycle. This brings the appropriate knowledge in production memory to bear given the 
stat e o f  thing s i n workin g memory .  Th e differenc e betwee n th e startin g an d goa l  state s i s reduce d 
throug h th e decisio n cycle .  Th e decisio n cycl e i s mad e u p o f  tw o phases : 

1. An elaboration phase that causes already known information in production memory to be added to 

workin g memory .  Informatio n i n productio n memor y i s adde d t o workin g memor y i f  i t  i s  relevan t 
t o wha t  presentl y i s i n workin g memory .  Elaboratio n i s acheive d b y a  matchin g process .  Th e 

antecedent s o f  al l  production s i n P M ar e matche d agains t  th e content s o f  W M;  al l  production s 

tha t  d o matc h "fire "  causin g th e object s describe d i n th e productions '  consequent s t o b e place d 
i n W M. 

2.  A  decisio n phas e tha t  make s problem-solvin g decision s base d o n th e informatio n i n workin g mem-

ory .  Th e decisio n proces s begin s onc e th e elaboratio n proces s ha s adde d al l  tha t  i t  currentl y ca n 

t o workin g memory . 

Using the Architecture: An Example of Problem-Solving in Soar 

Belo w w e presen t  a  descriptio n o f  Soa r  solvin g th e eigh t  puzzl e (Figur e 1) .  Th e exampl e illustrate s ho w 

th e element s o f  th e architectur e functio n i n orde r  t o mov e th e problem-solve r  throug h th e proble m spac e 
toward s th e goa l  state .  Th e eigh t  puzzl e i s chose n her e no t  a s a  representativ e cognitiv e task ,  bu t  becaus e 

it s simplicit y allow s u s t o focu s o n th e Soa r  architecture . 

Soar  begin s b y movin g th e 6  dow n int o it s desire d spot .  Thi s occur s becaus e o f  th e elaboratio n an d decisio n 
processe s actin g i n turn .  First ,  durin g elaboration ,  production s fire  an d down ,  righ t  an d lef t  ar e place d 
i n W M an d marke d a s acceptabl e candidat e operators .  Additionally ,  a  means-end s analysi s productio n fire s 
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marking down as best, because it moves the 6 into its desired place. Next, during the decision cycle 6 is 

chose n a s th e bes t  move .  Thi s allow s th e mov e t o actuall y b e mad e durin g th e followin g cycles . 

Next ,  whil e tryin g t o mak e th e secon d move ,  down ,  righ t  an d lef t  ar e al l  place d i n W M an d al l  marke d a s 

acceptabl e cauididat e operators .  Thi s cause s th e decisio n proces s t o reac h a  "ti e impasse" .  Th e informatio n 

i n productio n memor y abou t  thi s proble m spac e i s incomplete ;  i t  canno t  resolv e th e tie .  However ,  her e i s 

wher e th e notio n o f  sub-goal s an d proble m space s come s int o play . 

Sub-goalin g t o resolv e impasse s 

W h en a n impass e i s reache d th e Soa r  architectur e set s u p a  sub-goa l  t o resolv e th e impasse .  Her e w e se e a 

ti e impasse ,  however ,  no-change ,  conflic t  an d rejectio n impasse s ar e als o possible . 

For  a  ti e impass e i n th e eigh t  puzzl e th e sub-goa l  i s  t o "Select "  a n operato r  fro m th e se t  o f  possibl e ones .  Thi s 

i s achieve d b y movin g int o th e selectio n proble m space .  A  furthe r  sub-goa l  result s i n whic h th e candidat e 

operator s ar e actuall y trie d ou t  an d th e stat e tha t  wil l  resul t  fro m eac h on e i s evaluated .  Fo r  thi s example , 

down i s foun d t o b e bes t  becaus e i t  move s th e 6  int o plac e wherea s lef t  an d righ t  mov e th e 5  an d 7  ou t  o f 

thei r  desire d spots . 

Thre e point s ar e importan t  here :  1 .  Th e detectio n o f  th e impass e an d th e settin g u p o f  th e appropriat e 

typ e o f  sub-goa l  i s  no t  don e b y th e tas k specifi c  eigh t  puzzl e productions ;  i t  i s  don e b y th e architecture .  2 . 

Once a  sub-goa l  i s  establishe d i t  i s  pursue d an d resolve d i n th e sam e wa y a s a  highe r  leve l  goal .  A  proble m 

spac e i s selected ;  a  curren t  an d goa l  stat e ar e defined ;  an d operator s ar e the n applie d t o th e curren t  stat e i n 

orde r  t o transfor m i t  int o th e goa l  state .  3 .  Thi s sub-goalin g ca n occu r  t o a n arbitrar y depth .  Thes e thre e 

point s lea d t o som e o f  th e appea l  tha t  Soa r  ha s a s a  theory .  B y bein g abl e t o detec t  impeisse s an d se t  u p 

appropriat e sub-goals ,  th e architecture ,  th e par t  o f  Soa r  whic h i s specifie d i n advanc e an d remain s constan t 

acros s tasks ,  doe s a  goo d dea l  o f  th e problem-solving .  Additionally ,  th e abilit y  t o solv e problem s i n thi s 

unifor m wa y (b y recursiv e sub-goaling )  allow s Soa r  t o provid e a  parsimoniou s accoun t  o f  comple x proble m 

solving . 

Turnin g t o softwar e desig n w e wil l  se e tha t  organizin g th e problem-solvin g int o proble m space s continue s t o 

be useful .  W e wil l  als o loo k a t  th e wa y i n whic h th e proble m space s ar e relate d an d ho w informatio n fro m 

one proble m spac e ca n furthe r  problem-solvin g i n another . 

Modeling Software Design within Soar 

Method 

Below we present our data on software design. 

Subjects .  Thre e exper t  softwar e designer s serve d a s subjects . 

Procedure .  W e presente d eac h o f  th e designer s wit h th e followin g desig n tas k t o wor k on . 

Design an electronic mail system around the following commands: 

READ,  REPLY.  SEND,  DELETE,  SAVE,  EDIT ,  an d LIST-HEADERS . 

The goa l  i s  t o ge t  t o th e leve l  o f  pseudocod e tha t  coul d b e use d b y professiona l  programmer s t o 

produc e a  runnin g program .  Th e mai l  syste m wil l  ru n o n a  ver y large ,  fas t  machin e s o hardwar e 

consideration s ar e no t  a n issue . 

An£ilysis of the Protocol Data 

Generally protocol data can be seen as a series of episodes, with each episode reflecting the single, current 

focu s o f  th e subject' s attention . 

Pair s o f  episode s 

One strikin g asp̂ 'c t  o f  th e protoco l  discusse d her e i s tha t  th e episode s forme d relate d pairs .  Th e first  episod e 
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Episode 1. View the system as a set of functions. 
Episod e 2 .  Simulat e th e behavio r  o f  th e system' s functions .  Th e command s prepare ,  sen d receiv e an d stor e mus t  b e include d i n speci -
fyin g th e mailer' s functionality .  Discove r  tha t  erro r  recover y mus t  b e handle d gracefull y throughou t  th e system . 

Episode 3. View the system as a set of data objects. 
Episod e 4 .  Elaborat e th e feature s o f  th e dat a object s .  I n th e maile r  message s ar e th e dat a objects .  Message s hav e destination s o f 
sender s an d receivers .  Additionally ,  message s ar e groupe d togethe r  i n stores .  Th e store s ca n hav e variou s function s Fo r  exampl e th e 
mai l  syste m need s a  stor e fo r  message s tha t  th e use r  ha s receive d bu t  no t  ye t  read ,  a a wel l  a s a  stor e fo r  message s tha t  hav e bee n resi d 
but  no t  ye t  save d o r  deleted . 

Episode 5. View the system aa a set of concurrent functions 
Episod e 6 .  Simulat e th e behavio r  o f  a  syste m i n whic h ther e ar e concurren t  sender s an d receiver s Discove r  tha t  th e desig n need s t o 
specif y whe n user s shoul d b e notifie d tha t  ne w mai l  ha s arrive d (a s i t  arrives ,  onl y a t  lo g on ,  etc) .  Als o discove r  that ,  sinc e mai l  i s 
bot h bein g sen t  an d received ,  mor e tha n on e typ e o f  processin g mus t  b e handle d an d therefor e a  "dispatc h demon "  i s neede d t o handl e 
th e flow  o f  messages . 

Episode 7. View the system as a state meichine for the states of a user. 
Episod e 8 .  Simulat e th e behavio r  o f  th e syste m a s a  scenari o i n whic h th e use r  log s o n an d issue s a  sequenc e o f  mai l  commands .  H e i s 
notifie d tha t  h e ha s mail ,  h e list s th e headers ,  h e read s a  message ,  h e make s som e dispositio n o f  th e messag e an d the n i s abl e t o begi n 
agai n (listin g headers ,  etc.) .  Th e designe r  discover s tha t  th e post-condition s o f  th e command s nee d t o b e enumerate d bot h t o refin e 
th e comman d definition s an d t o understan d th e potentia l  interaction s betwee n commands .  Fo r  example ,  i f  R E A D include s a n implici t 
and immediat e D E L E T E i t  wil l  preven t  th e use r  fro m bein g abl e t o sav e o r  forwar d th e message . 
Episode 9. View the system as a state machine for the states of messages. 
Episod e 10 .  Simulat e th e behavio r  o f  th e syste m i n term s o f  th e state s o f  th e messages .  A  messag e i s created ,  sent ,  received ,  rea d an d 
dispose d of .  Thes e action s describe d a t  th e leve l  o f  file s an d location s withi n file s ar e sufficien t  t o generat e pseudocode . 

Table 1: Description of Episodes 1 through 10. 

in a pair appears to take place in a general design space and the second episode appears to take place in 

a spac e containin g knowledg e abou t  mai l  systems .  T h e first  tw o episode s f ro m S I  illustrat e thi s p h e n o m e n o n . 

Episode 1: S: "....I'm going to start working here, functions of an electronic mail." 

{write s 'Functions '  an d 'Data '  i n tw o separat e co lumns } 

Episod e 2 :  " W e m u s t  b e abl e to :  Prepare ,  Send ,  Receive.. . 

{write s prepare ,  send ,  receiv e unde r  th e headin g 'Functions' } 
...th e syste m m u s t  b e abl e t o stor e them , 
th e syste m mus t  b e abl e t o handl e abnormalitie s throughou t  it. " 

In episode 1 SI decides to view the system as a set of functions. In episode 2 he goes on to enumerate what 
thos e function s woul d be . 

I n Tabl e 1  w e presen t  a  s u m m a r y o f  episod e pair s fo r  th e first  1 0 episode s o f  Si' s  protocol .  T h e first  episod e 

i n eac h pai r  establishe s th e goa l  o f  viewin g th e sy te m f ro m a  particula r  perspective .  T h e secon d episod e 
instantiate s th e vie w a s a  simulation . 

S c h e m as 

T h e desig n proces s seem s drive n b y a n experience-base d schem a fo r  tw o reasons :  First ,  successiv e episode s 
d o no t  appea r  t o aris e f ro m th e contex t  tha t  immediatel y precede s them ;  i n episode s 3  an d 4  th e syste m 

i s viewe d a s a  se t  o f  dat a object s an d the n i n episode s 5  an d 6  a s a  se t  o f  concurren t  processes .  Second , 

th e particula r  view s chosen ,  suc h a s dealin g wit h concurrenc y issues ,  woul d b e one s t o develo p give n thes e 

designers '  experienc e wit h communicat ion s systems . 

T h e structur e o f  th e s c h e m a i s als o interesting ;  take n i n orde r  th e five  view s compris e a  se t  tha t  woul d 

b e effectiv e i n uncoverin g mos t  o f  th e aspect s o f  th e syste m tha t  nee d refinement .  T h e first  vie w look s a t 
th e c o m m a n d s o f  th e mailer ,  th e secon d vie w a t  th e message s themselves .  O n c e th e c o m m a n d s hav e bee n 
specifie d i t  become s possibl e t o loo k a t  th e interaction s produce d w h e n the y ar e use d i n sequence .  Thi s i s 
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uncovered by the fourth view which looks at the system as a state machine from the user's perspective. It 

als o become s possibl e t o loo k a t  thei r  concurren t  functionin g (vie w 3) .  Th e fifth  vie w look s a t  th e interactio n 

of  command s an d messages ;  i t  therefore ,  i s  dependen t  upo n havin g specifie d th e command s an d message s i n 

th e first  an d secon d views .  Bot h th e pairin g an d th e orderin g o f  th e episode s i s explaine d b y th e us e o f  a n 

underlyin g schema . 

Interactio n o f  Domai n an d Genera l  Knowledg e 

I n designin g a  larg e softwar e syste m th e designer s emplo y thre e type s o f  knowledge ;  genera l  knowledg e o f 

design ,  knowledg e fo r  representin g system s a s piece s o f  pseudocod e an d domai n specifi c  knowledg e o f  ho w a 

mai l  syste m behaves .  Fro m ou r  perspective ,  thes e bodie s o f  knowledg e ca n b e see n a s thre e proble m spaces ; 

a desig n space ,  a  pseudocod e spac e an d a  mat/space .  I n simulatin g view s o f  th e system' s behavio r  ther e ha s 

t o b e a  mappin g betwee n th e designer' s high-leve l  proble m spac e fo r  design ,  i n whic h th e schem a reside s an d 

th e domai n spac e wher e knowledg e abou t  th e behavio r  o f  mailer s resides ;  i t  i s  i n thi s domai n spac e tha t  th e 

vie w i s instantiated ,  run ,  an d evaluated .  Fo r  example ,  i n episod e 7  th e designe r  choose s t o vie w th e syste m 

as a  stat e machin e i n whic h th e use r  goe s throug h a  sequenc e o f  stat e transitions .  Thi s give s ris e t o episod e 

8,  i n whic h th e designe r  instantiate s thi s stat e machin e b y constructin g a  simulatio n i n whic h th e use r  log s 

on,  i s  notifie d tha t  h e ha s mail ,  list s th e headers ,  read s an d save s a  messag e an d the n begin s again .  Thi s 

means tha t  th e user' s stat e transition s nee d t o b e pu t  int o correspondenc e wit h th e issuin g o f  command s 

suc h a s READ o r  SAVE.  Additonally ,  dat a object s mus t  b e understoo d t o correspon d wit h messages . 

I n th e domai n spac e ther e need s t o b e enoug h knowledg e abou t  th e behavio r  o f  th e mai l  command s t o propos e 

and simulat e candidat e version s o f  them .  Th e candidat e version s the n hav e t o b e evaluate d b y comparin g 

thei r  behavio r  t o som e representatio n o f  th e idea l  behavior .  Th e candidate s ca n the n b e modifie d i n accor d 

wit h th e result s o f  th e evaluation .  Th e abilit y  t o modif y a  representatio n o f  a  comman d i n pseudocod e spac e 

base d o n th e result s o f  a  simulatio n i n mai l  spac e implie s a  mappin g betwee n mai l  spac e an d pseudocod e 

space . 

Progressiv e deepenin g 

Progressiv e deepenin g i s th e retracin g o f  step s alon g a  previousl y take n problem-solvin g pat h (Newel l  k 

Simon ,  1972 ;  deGroot ,  1965) .  Th e retracin g i s don e becaus e th e first  tri p dow n th e pat h wa s no t  sufficient ; 

and new ,  relevan t  informatio n ha s bee n acquired . 

I n episode s 2  throug h 1 0 (Tabl e 1 )  w e se e th e progressiv e deepenin g o f  th e mailer' s commands .  I n episod e 2 

th e command s ar e jus t  liste d a s a  se t  o f  function s t o b e specified .  I n episod e 8  th e designe r  simulate s thes e 

same command s usin g eac h one' s outpu t  a s inpu t  t o th e nex t  an d discoverin g tha t  th e side-efl!"ect s o f  eac h 

hav e t o b e elaborated .  Fo r  example ,  h e decide s tha t  a  use r  shoul d b e abl e t o lis t  al l  th e messag e header s 

withou t  bein g committe d t o the n readin g them .  I n episod e 1 0 th e designe r  finally  simulate s th e command s 

at  a  leve l  sufficien t  t o generat e pseudocode .  Her e h e use s languag e tha t  refer s t o readin g fro m an d writin g 

t o files. 

Simulatio n an d progressiv e deepenin g aris e naturall y withi n a  Soa r  architecture .  Ther e ar e tw o reason s wh y 

simulatio n occur s withi n Soar .  Th e first  reaso n ha s t o d o wit h seein g comple x proble m solvin g a s occurin g 

i n a  se t  o f  relate d proble m spaces .  Problem-solver s hav e differen t  type s o f  representation s o f  th e proble m 

solutio n i n differen t  proble m spaces .  Additionally ,  th e informatio n containe d i n on e typ e o f  representatio n 

may contribut e t o th e developmen t  o f  another .  I n design ,  simulation s aris e becaus e detaile d informatio n 
abou t  th e behavio r  o f  a  mai l  command ,  obtaine d fro m a  simulatio n i n mai l  space ,  ca n hel p i n developin g 

th e representatio n o f  th e comman d i n pseudocod e space . 

The secon d reaso n fo r  simulatio n ha s t o d o wit h comparin g curren t  an d goa l  states .  I n designin g th e mai l 

system ,  th e goa l  stat e i s describe d i n term s o f  th e desire d behavio r  o i  th e mai l  system .  However ,  th e proble m 

solutio n i s a  pseudocod e descriptio n o f  th e mailer .  I n orde r  t o compar e thi s pseudocod e representatio n t o 
th e goa l  th e pseudocod e mus t  b e simulated . 

The simulation s don e b y th e designer s nee d t o g o throug h progressiv e deepening ;  a t  th e beginnin g o f  th e 

desig n sessio n th e designers '  representatio n o f  th e maile r  i s  i n term s o f  th e hig h leve l  behavio r  o f  th e system . 
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Design Space Operators: 
The operator s causin g differin g view s o f  th e syste m t o b e taken . 

1. Design the system as a set of functions. 

2.  Desig n th e syste m a s a  se t  o f  dat a objects . 

3.  Desig n th e syste m a s set s o f  concurren t  functions . 

4 Desig n a  stat e machin e o f  th e state s a  use r  goe s through . 
(Resultin g i n a  focu s o f  attentio n o n interaction s betwee n functions. ) 

5 Desig n a  stat e machin e o f  th e state s a  messag e goe s through . 
(Resultin g i n a  focu s o f  attentio n o n interaction s betwee n functio n an d data. ) 

Pseudocode & Mail Space Operators: 
The operator s t o generate ,  ru n an d evaluat e candidat e version s o f  th e functions '  mechanism s i n pseudocod e spac e an d th e functions ' 
behavio r  i n mai l  space . 

1. Prepare. 

2.  Send . 

3.  Receive . 

4.  List-Headers . 

5.  Read . 

6.  Store . 

7.  Delete . 

Table 2: Operators in the Design and Mail Spaces 

This is the representation that would be likely for a person who had used, but not actually designed such 
a system .  T h e representatio n o f  th e behavio r  need s t o b e refine d t o a  degre e tha t  allow s tha t  behavio r 

t o b e expresse d a s pseudocode .  Bu t  i n a  tas k tha t  ha s a  comple x solutio n ther e ar e m a n y aspect s t o th e 
refinement .  T h e us e o f  repeate d simulations ,  fro m differen t  perspectives ,  allow s th e designe r  t o atten d t o 

differen t  aspect s o f  th e refinemen t  i n a  systemati c way .  Thi s allow s th e designe r  t o brin g hi s understandin g 

t o th e require d degre e o f  specificit y withou t  overloadin g workin g memory . 

Sketch of the Mail Designer-Soar System 

In the context of Soar, problem solving is characterized as movement through successive states of knowledge 
i n orde r  t o achiev e a  goal .  Th e state s o f  knowledg e contai n representation s o f  th e proble m a t  variou s point s 
i n th e problem-solvin g process .  Additionally ,  th e differen t  aspect s o f  th e proble m ar e regarde d a s differen t 

proble m space s i n whic h different ,  appropriate ,  kind s o f  knowledg e ar e brough t  t o bear . 

I n orde r  t o mode l  th e desig n proces s withi n th e Soa r  framewor k w e nee d t o provid e account s of :  1 .  Th e 

initia l  an d goa l  stat e representation s whic h for m th e system' s inpu t  an d output :  I n th e initia l  stat e ther e 
i s a  descriptio n o f  th e desire d behavio r  o f  th e mailer .  Th e goa l  stat e woul d b e a  pseudocod e representatio n 
of  th e mailer' s commands .  2 .  Th e proble m space s wit h thei r  appropriat e operator s (Tabl e 2) :  Th e proble m 

solvin g consist s o f  tryin g first  t o appl y existin g knowledg e relevan t  t o a  pseudocod e proble m spac e i n orde r 

t o represen t  th e desig n a s piece s o f  pseudocode .  I f  existin g knowledg e i s no t  sufficien t  t o directl y represen t 
th e desig n i n term s o f  pseudocod e th e behavio r  o f  th e maile r  i s  simulate d i n mai l  space .  Th e simulation s 
ar e repeated ,  fro m varyin g perspective s an d i n increasin g detai l  unti l  th e designe r  understand s th e system' s 
behavio r  a t  a  leve l  tha t  allow s i t  t o b e expresse d a s pseudocode .  Th e se t  o f  perspective s use d i n th e 

simulation s i n pseudocod e an d mai l  spac e ar e generate d b y th e strategi c knowledg e i n th e desig n proble m 

space .  Tabl e 2  list s th e operator s tha t  appl y i n th e "design" ,  th e "pseudocode "  an d th e "mail "  proble m 
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spaces. 

Conclusions 

We have described modeling software design within a Soar framework. Using this framework we are able to 

provid e account s for : 

1.  T h e rol e o f  schema s i n bringin g genera l  knowledg e t o bea r  o n knowledg e abou t  a  domain :  I n th e dat a 

presente d th e designe r  use s a  high-leve l  schem a i n orde r  t o creat e a n ordere d se t  o f  pair s o f  episode s i n whic h 

a variet y o f  inter-dependen t  aspect s o f  th e maile r  ar e considere d an d refined . 

2.  T h e rol e o f  simulation :  Simulatio n support s th e desig n proces s i n tw o ways .  I t  allow s th e compariso n o f 

curren t  an d goa l  state s whe n th e curren t  stat e i s represente d a s a  mechanis m an d th e goa l  stat e i s represente d 

as behavior .  Additionally ,  simulatio n support s th e developmen t  o f  a  representatio n o f  th e mechanis m o f  th e 

syste m bein g designe d whe n th e system' s behavior s ar e simulate d a t  a  leve l  o f  detai l  tha t  allow s th e behavior s 

t o b e expresse d a s mechanisms . 

3.  T h e rol e o f  progressiv e deepening :  Becaus e a  se t  o f  simulation s fro m a  variet y o f  perspective s ar e neede d 

t o complet e th e desig n w e find  tha t  th e sam e se t  o f  command s i s simulate d repeatedl y a t  increasin g level s 

of  refinement . 

We ar e optimisti c tha t  a  Soa r  framewor k wil l  continu e t o suppor t  detaile d account s o f  th e mechanism s tha t 

underli e cognitv e problem-solvin g skills . 
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M o d e l i n g H u m a n Syllogisti c 

R e a s o n i n g i n S o a r 

Thad A. Polk and Allen Newell 

Departmen t  o f  Compute r  Science , 

Carnegi e Mello n Universit y 

Soar  i s a n architectur e fo r  genera l  intelligence ,  whic h ha s bee n show n t o b e capabl e o f  supportin g a 

wid e variet y o f  intelligen t  behavio r  involvin g problem-solving ,  learning ,  designing ,  planning ,  etc .  (Laird , 

Newel l  &  Rosenbloom ,  1987 ,  Steier ,  et .  al. ,  1987) .  Soa r  ha s als o bee n pu t  fort h a s a  unifie d theor y o f 

human cognitio n (Newell ,  1987) .  W e provid e suppor t  fo r  thi s b y presentin g a  theor y o f  syllogisti c 

reasonin g base d o n Soa r  an d som e assumption s abou t  subjects '  knowledg e an d representation .  Th e 

resultin g theor y (an d system ,  Syl-Soar/S88 )  i s plausibl e i n it s  detail s an d account s fo r  existin g dat a quit e 

well . 

The Task 

Syllogisms are reasoning tasks consisting of two premises and a conclusion (Figure 1, left). Each 

premis e relate s tw o set s o f  object s ( x an d y )  i n on e o f  fou r  way s (Figur e 1 ,  middle) ,  an d the y refe r  t o a 

common se t  (bowlers) .  A  conclusio n state s a  relatio n betwee n th e tw o set s o f  object s tha t  ar e no t 

common (archer s an d canoeists )  o r  tha t  n o vali d conclusio n exists .  Th e thre e term s x,y, z ca n occu r  i n 

fou r  differen t  arrangements ,  called^z^Mre ^  (Figur e 1 ,  right) ,  producin g 6 4 distinc t  syllogisms . 

Premis e 1 :  N o archer s ar e bowler s A :  Al l  x  ar e y  I  P I  x y I  P I  y x I 

Premis e 2 :  Som e bowler s ar e canoeist s I :  Som e x  ar e y  I  P 2 y z I  P 2 y z I 

Conclusion :  Som e canoeist s ar e no t  archer s E :  N o x  ar e y  I  P I  x y I  P I  y x I 

O:  Som e x  ar e no t  y  I  P 2 z y I  P 2 z y I 

Figur e 1 :  Syllogis m task . 

Syllogisms have been much studied (see Johnson-Laird 1983 for review). The essential problem has 

been t o understan d wh y som e syllogism s ar e s o har d whil e other s ar e s o easy .  However ,  th e are a i s als o 

usefu l  a s a  testbe d fo r  cognitiv e theories . 

The Soar Theory of Syllogisms 

The Soar architecture has the following features: 

1.  Proble m spaces .  Al l  tasks ,  routin e o r  difficult ,  ar c formulate d a s searc h i n proble m spaces . 

Behavio r  i s  alway s occurrin g i n som e proble m space . 

2.  Recognitio n memory .  Al l  long-ter m knowledg e i s hel d i n a n associativ e recognitio n 

memory,  realize d a s a  productio n system . 

3.  Decisio n cycle .  Al l  availabl e knowledg e i s accumulate d abou t  th e acceptabilit y  an d 

desirabilit y  o f  proble m spaces ,  state s an d operator s fo r  th e curren t  tota l  context ,  an d th e bes t 

alternativ e i s chose n amon g thos e tha t  ar e acceptable . 

4.  Impass e drive n subgoals .  Incomplet e o r  conflictin g knowledg e a t  a  decisio n cycl e 
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produces an impasse. The architecture creates a subgoal to resolve the impasse. Cascaded 

impasse s creat e a  subgoa l  hierarchy . 

5.  Chunking .  Th e experienc e i n resolving  impasse s continuall y become s ne w knowledg e i n 

recognitio n memory ,  b y mean s o f  constructe d production s (chunks) . 

6.  Annotate d models . 

cognition) . 
State s ar e represented  a s annotate d model s (t o mode l  huma n 

Figur e 2  indicate s th e structur e o f  th e system :  th e collectio n o f  proble m space s (triangles )  wit h 

operator s an d states .  Subspace s aris e fro m impasses ,  usuall y  reflecting  th e nee d t o implemen t  operator s 

or  satisf y operato r  preconditions .  Th e tas k dat a strucmre s occu r  i n workin g memor y an d ar e continuall y 

viewe d b y th e recognitio n memory ,  whic h contain s al l  task-implementatio n an d search-contro l 

knowledge .  Relevan t  knowledg e accumulate s fro m thi s memory ,  peraiittin g step s t o b e take n i n th e 

curren t  spac e or ,  upo n impasses ,  creatin g subgoal s t o b e solve d i n subspaces ,  etc .  Th e micromechanic s 

ar e beneat h th e leve l  o f  detai l  o f  thi s paper ,  bu t  driv e th e entir e system ,  includin g learning . 

L O N G - T E RM R E C O G N I T I O N M E M O RY 

(Productions ) 

\ 7 i ; \ 7 

W O R K I NG M E M O RY 

Comprehend 
Space <"Df^>a—• a 

Syllogis m 
Space 

Build-conclusio n 
Space 

Opr.  imp L 
subgoa l 

Opr.  impl. * 
subgoa l 

Opr.  i m 
subgoa l Opr.  imid . 

subgoa l Prop-to -  pro p 
Spac e 

No operato r 
choice s impass e 

Model-to-pro p 
Space 

Prop-to-mode l 
Space 

•Operato r  implementatio n 

F igur e 2 :  T h e structur e o f  Soar . 

A key assumption, developed strongly by Johnson-Laird (1983), is that humans represent the situations 

presente d i n syllogism s a s models .  A  pu r e m o d e l  i s  a  representation  tha t  satisfie s th e structur e 

correspondenc e condition :  specifie d part s an d relations  o f  th e representatio n dat a structur e correspon d t o 

part s an d relations  o f  th e situation ,  withou t  completenes s (se e als o Levesque ,  1986) .  A  pur e m o d e l 

admit s highl y efficien t  match-lik e processing ,  bu t  i s limite d i n it s representational  power .  A n annotate d 
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model is a representation that makes principled exceptions to a pure model, which increase its 

representational  power ,  whil e preservin g essentia l  match-lik e processing .  A n annotatio n attache s t o a 

data-structur e part ,  assertin g a  varian t  interpretatio n fo r  th e par t  (e.g. ,  no t  assert s tha t  th e par t  i s  no t  t o b e 

foun d i n th e situatio n w h e r e th e correspondenc e m a p p i n g w o u l d otherwis e locat e it) .  T h e armotation s 

use d fo r  syllogism s ar e not ,  optional ,  m a n y ,  targe t  an d source .  Annotat ion s ca n quantify ,  bu t  ar e loca l 

an d d o no t  admi t  u n b o i m d e d processing .  Figur e 3  Geft )  indicate s th e m o d e l s tha t  m igh t  b e buil t  f r o m t w o 

premises .  T h e lin e throug h th e bowl in g pi n indicate s a  no t  annotation . 

Inpu t  premises : 

Pi  Som e archer s ar e no t  bowler s 
P2 Al l  canoeist s ar e bowler s Model  o f  situatio n 

m 

6 
PI  /sub j  :  uche n 

bowle n 

bowle n 

potiav e 

SyUogls m Spac e read-premise ,  build-conclusio n 

Comprehen d Spac e all.some.no.are.not ,  an d on e fo r 
eac h generi c nou n 

Representatio n o f  premise s 

Build-coDclusio a 

Prop-to-prop 

Model-to-prop 

Prop-to-model 

generate-quantifier , 
generate-predicate , 
generat e subjec t 

attend-to-prop, copy-subject, 
copy-object , 
copy-sign ,  copy-quantifier , 
create-auxiliai y 

attend-to-object, 
augment-propositio n 

attend-to-prop, augment-model 

F i g u r e 3 :  Annotate d mode l s ,  p rob le m space s an d operator s fo r  syllogism s 

Reasoning occurs by generating models to correspond to situations, inspecting the models for the 

propertie s o f  th e situation ,  an d formin g n e w proposition s t o asser t  th e result.  Inspectio n i s a  p o w e r  o f  th e 

recognition  m e m o r y (productio n ma tch ) .  Sinc e m o d e l s ar e limited ,  s o m e situation s ca n b e represented 

onl y b y a  disjunctiv e se t  o f  mode l s ;  reasoning  the n include s generatin g set s o f  m o d e l s t o tes t  conjunctiv e 

properties .  Reason in g wit h multipl e m o d e l s occur s i n h u m a n s an d ha s bee n centra l  t o model -base d 

theorie s o f  syllogisti c reasoning  (Johnson-Laird ,  1983 ,  Inder ,  1986) ,  bu t  th e presen t  theor y include s onl y 

reasoning  wit h a  singl e m o d e l . 

Six problem spaces are used in syllogistic reasoning (Figure 3 lists them, with operators, Figure 2 

s h o w s h o w the y lin k together) .  C o m p r e h e n d ,  Syl logis m an d Build-conclusio n fo r m th e top-leve l  pat h 

be twee n th e presente d premise s an d th e response.  T h e k n o w l e d g e t o fo r m t h e m c o m e s f r o m th e 

definitio n o f  th e task ,  plu s genera l  skill s i n reading  an d writing .  C o m p r e h e n d i s a n expectation-base d 

s c h e m e tha t  associate s bot h syntacti c an d semant ic~knowledg e wit h individua l  words .  I t  construct s a n 

initia l  (possibl y incomplete )  m o d e l ;  i t  als o leave s a s a  byproduc t  a  m o d e l  o f  eac h premis e a s a 

proposition ,  wit h part s subject ,  objec t  an d sig n (th e predicate) ,  an d quantifier .  P rop- to -p rop , 

Mode l - t o -p rop ,  an d P rop - to -mode l  h a v e operator s required  t o manipulat e m o d e l s o f  situation s an d 

m o d e l s o f  propositions ,  a s w e U a s attentio n operator s t o instantiat e th e manipulations . 
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The Behavior of the System 

Figure 4 illustrates the system's behavior. (1) It starts in Syllogism and applies read-premise, 

imp lemen te d i n C o m p r e h e n d ,  t o th e first  an d the n th e secon d premise .  (2 )  Th i s results  i n a n initia l 

m o d e l ,  plu s th e t w o intema l  propositions .  Thi s encodin g onl y extract s informatio n abou t  th e subjec t  o f 

th e premise .  (3 )  Sinc e th e overal l  tas k i s t o produc e a  conclusion ,  build-conclusio n i s applied .  It s spac e 

(Bui ld-conclusion )  put s togethe r  lega l  propositions .  T h e tas k d e c o m p o s e s int o discoverin g th e subject , 

predicat e an d quantifie r  o f  th e conclusion .  T a s k k n o w l e d g e permit s detemiinin g s o m e part s withou t  othe r 

part s bein g specified .  Incomplet e o r  incorrec t  k n o w l e d g e leadsj o c o m p o s i n g invali d conclusions . 

0 
Syllogis m 
Space 

Initia l  Sut e eaiche n 
ar e no t  bowle n 

premise ) 

Impass e 

(rea d 
premise ) 

C o ™ p r e h « , < . | - , ^ n  + 

Impass e 

Comprehend 
Spac e 

canoeis t 
bowle n 

Some 
arche n ar e 
canoeist s 

(buU d v 3 j .  •— , 
conclusion )  ̂ :̂̂ / |  |  + 

Impasse 

Build -  ^ 4 ^ 
conclusio n n n ,  V f ^ , 
Spac e L J (̂ ubicct ) 

Impass e 

K n- i  0  _KI- 1 ©  .^l- l  ^ -
f > | _ J (predicate )  = ^ L J (quantifier )  = = ^ \  I  •rcher s 
"^An^.. ^  Archer s •  canoei s 

Impass e | 

Arcfae n 

Impass e 

Some 
ar e 

canoeist s 

canoeist s 
Prop-to-pro p 
Spac e 

© 

quantifier ) 

0 ® 
Mod̂-eo-pro p • ( V ^ . ^ ^ Q •  •  i^l^=^n  + 
Impasse 

© 

8 )  flO) 
Prop-t-ode .  Q(.^, j  n  n  -  D + 

Impass e 
Spac e 

P n , . » . p „ p • , . . = , d , = j > D < x , = > n + 

© 
Prop-to-pro p Q ( ^ :reat e 
Space 

s u b j e c t ) — ! ^ ' — '  •  — ' -  "«*^ ' ^ ) 

F i g u r e 4 :  Behav io r  o n S o m e archer s ar e no t  bowlers ,  Al l  canoeist s ar e bowlers . 

(4) Generating the subject is tried first, which uses Prop-to-prop because the propositions, not the 

m o d e l ,  distinguis h b e t w e e n subject s an d objects .  (5 )  Attend-to-pro p select s th e first  propositio n an d 

copy-sub je a create s th e subjec t  o f  th e conclusio n (archers) .  (6 )  Nex t ,  generate-predicat e i s selected , 

w h i c h use s M o d e l - t o - p r o p ,  becaus e th e proposition s contai n n o usefu l  informatio n abou t  th e predicate . 

(7 )  T h e attend-to-objec t  operato r  applies ,  bu t  n o others ,  becaus e th e m o d e l  i s incomplete .  Thi s lead s t o 

augmen t in g th e m o d e l ,  usin g Prop- to -mode! .  (8 )  Attend-to-pro p select s premise s t o extrac t  m o r e 

information ,  bu t  neithe r  premis e yield s anything .  (9 )  Create-auxiliar y produce s a  n e w propositio n i n 

Prop- to -prop .  I t  attend s t o th e secon d premis e an d applie s operator s w h i c h conver t  it ,  creatin g th e n e w 

premis e Al l  bowler s ar e canoeists .  (10 )  Thi s allow s solvin g i n P rop- to -mode l  t o resiune,  b y focusin g 

attentio n o n thi s n e w propositio n an d usin g i t  t o a u g m e n t  th e m o d e l .  (11 )  T h e m o d e l  n o w suggest s a 
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predicate, so solving is able to continue in Model-to-prop to obtain the predicate for the conclusion (are 

canoeists) .  (12 )  Al l  tha t  remain s i n Build-conclusio n i s t o generat e th e quantifier .  Th e mode l  doe s no t 

represen t  quantifiers ,  s o Prop-to-pro p i s use d again .  (13 )  I t  attend s t o th e first  premis e an d copie s it s 

quantifie r  (some) ,  finally  obtaining .  Som e archer s ar e canoeists .  Thi s i s incorrect ,  bu t  man y human s fai l 

thi s syllogis m a s well .  Correctnes s depend s o n knowledg e bein g availabl e a t  man y loca l  choices . 

Human Data and Soar Performance 

Figure 5 presents data from (Johnson-Laird & Bara, 1984) by 20 University of Milan students on aU 64 

syllogism s (wit h unlimite d time )  an d als o th e response s b y Soar .  Th e fou r  section s o f  th e char t 

correspon d t o th e fou r  figures  (Figur e 1,right) .  Eac h ro w correspond s t o on e o f  th e 9  lega l  responses . 

The to p numbe r  i n eac h ce U indicate s th e nimibe r  o f  subject s givin g tha t  respons e t o a  panicula r 

syllogism .  Som e archer s ar e no t  bowler s an d Al l  canoeist s ar e bowler s (Figur e 4 )  i s abbreviate d 

Oxy,Azy ,  an d occur s i n th e lowe r  lef t  quadrant ,  wher e w e se e tha t  8  subject s responde d Ix z (Som e 

archer s ar e canoeists) ,  7  responde d Ox z (Som e archer s ar e no t  canoeists) ,  3  responde d N V C (n o vali d 

conclusion )  an d 2  subject s gav e illega l  responses .  Vali d response s ar e shade d (Ox z fo r  7/2 0 correct) . 

Onl y 3 8 % percen t  o f  al l  response s wer e correc t  an d 7  syllogism s wer e solve d b y n o one . 

Individual humans behave differently from each other and from themselves over time, due to learning 

and othe r  factors .  Th e dat a o f  Figur e 5  ar e a  composite ,  a s show n b y multipl e responses .  A  famil y o f 

Soar  system s i s require d t o correspon d t o thi s huma n variation .  W e varie d th e theor y alon g 3  dimensions : 

(1 )  whethe r  auxiliar y proposition s ar e created ,  a s i n ou r  exampl e ( 2 choices) ;  (2 )  ho w premise s augmen t 

object s wit h no t  annotafion s ( 3 choices) ;  an d (3 )  whethe r  premise s abou t  som e x  augmen t  object s abou t  x 

( 2 choices) .  Th e first  dimensio n i s on e o f  reasonin g power ,  th e othe r  tw o involv e th e semantic s o f 

interpretin g premises .  Thes e dimension s for m a  famil y o f  1 2 variants . 

This small family accounts for 980 out of 1154 (85%) observed legal responses (126/1280 responses 

wer e illega l  an d no t  recorded )  b y coverin g 13 1 ou t  o f  th e 19 3 cell s (68% )  tha t  contai n 1  o r  mor e 

response s (al l  cell s wit h mor e tha n 6  subject s ar e predicte d wit h on e exceptio n [Oyx ,  Ay z =  Izx]) .  Onl y 

one respons e i s predicte d tha t  i s  no t  give n b y an y subjec t  [Oyx ,  Ay z =  Ozx] .  Frequencie s wer e assigne d 

t o th e differen t  member s o f  th e famil y t o produc e th e fit  show n i n parenthese s i n Figur e 5  (15/2 0 subject s 

wer e assume d i n th e famil y sinc e 2 3 % o f  responses ,  man y illegal ,  wer e unpredicted) .  N o simpl e measur e 

of  fit  i s  available ,  bu t  th e correlaUo n betwee n subject s an d system s i s .87 . 

The theory produces the classical effects, such as the atmosphere effect (Woodworth & Sells, 1935), the 

conversio n hypothesi s (Chapma n &  Chapman ,  1959 )  an d \hefigura l  effec t  (Johnson-Laird ,  1983) .  Spac e 

does no t  permi t  showin g th e analysis ,  bu t  the y nee d onl y b e trace d ou t  i n Figur e 5 .  Th e atmospher e an d 

figural  effect s aris e becaus e th e syntacti c for m o f  th e premise s serve s a s searc h contro l  i n th e constructio n 

of  th e conclusion .  Th e conversio n effec t  arise s whe n thi s searc h contro l  i s  insufficien t  an d a  ne w 

propositio n i s created . 

According to the theory, there are three main sources of difficulty: (1) making unwarranted 

assumption s abou t  th e premises ;  (2 )  faihn g t o conside r  al l  th e implici t  ramification s o f  th e premises ;  an d 
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Figur e 5 :  Dat a (fro m Johnson-Lair d &  Bara ,  1984 )  an d Soa r  prediction s i n () . 

(3 )  failin g t o conside r  al l  th e possibl e conclusion s base d o n a  (possibl y correct )  model .  Syllogism s ar e 

difficul t  t o th e exten t  the y presen t  opportunitie s fo r  thes e processin g difficultie s (e.g. ,  hav e implici t 

ramification s relevant  t o th e conclusions) .  Thi s predict s tha t  bette r  subject s wil l  extrac t  mor e informatio n 

fro m th e premise s withou t  makin g unwarrante d assumption s o r  tha t  the y wil l  searc h fo r  conclusion s mor e 

extensively . 

We designed a family of systems based on 10 parameters, which includes the current 3-parameter 

family ,  wit h th e value s (mostl y binary )  o f  eac h paramete r  bein g independentl y ordere d b y validit y (s o tha t 

bette r  value s correspon d t o mor e powerfu l  an d correc t  way s o f  buildin g models) .  W h e n al l  parameter s 

tak e o n thei r  optima l  values ,  pjerfec t  performanc e shoul d occur .  Bette r  solver s shoul d occu r  withi n thi s 

spac e wit h interpretabl e paramete r  settings .  T o tes t  this ,  w e analyze d anothe r  se t  o f  2 0 subject s 5 8 % o f 

whose responses  wer e correc t  (Johnson-Lair d &  Steedman ,  1978) .  W e implemente d a  smal l  sub-famil y 

(2 4 variant s includin g th e 12 )  tha t  covere d 8 7 % o f  th e responses  an d 6 7 % o f  th e cells ;  i t  di d howeve r 

predic t  1 1 responses  no t  give n b y an y subjects .  Th e paramete r  setting s o f  th e moda l  syste m fo r  th e ne w 

distributio n ar e bette r  (highe r  i n validit y ordering )  tha n thos e o f  th e ol d distribution' s moda l  syste m o n 3 

parameter s an d th e sam e o n th e othe r  7 . 
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The explanatory power of this theory appears better than existing theories. Their predictions are less 

accurat e i n tha t  the y predic t  a  larg e numbe r  o f  response s tha t  wer e no t  observe d i n an y subject s an d the y 

do no t  mak e stron g frequency  predictions .  Mos t  theorie s onl y explai n highl y aggregat e data .  However , 

th e dat a use d her e (Figur e 5 )  i s stil l  aggregate d ove r  subjects ,  an d nothin g ha s ye t  bee n don e wit h timin g 

and protoco l  data .  S o ampl e opportunit y remain s t o challeng e an d improv e th e presen t  theory . 

This theory has much to recommend it generally. It predicts flexible activity, e.g., going back to the 

premise s t o tr y t o extrac t  mor e information .  It s space s (especiall y executiv e ones )  ar e substantiall y  les s 

arbitrar y tha n prio r  simulation s (e.g. ,  Comprehen d embodie s a  theor y o f  elementar y languag e 

comprehension) .  Althoug h no t  reporte d o n here ,  th e presen t  theor y involve s a  theor y o f  learning ,  whic h 

i s a n essentia l  par t  o f  an y genera l  accoun t  o f  huma n cognitiv e behavior .  Thes e attribute s an d other s aris e 

primaril y fro m thi s theor y o f  syllogis m bein g embedde d i n Soa r  a s a  unifie d theor y o f  cognition . 
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INTEGRATED C O M M O N S E N SE A N D THEORETICAL M E N T AL M O D E LS 
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The whol e o f  scienc e i s  nothin g mor e tha n a 
refinemen t  o f  everyda y thinking .  I t  i s  fo r  thi s 
reaso n tha t  th e critica l  thinkin g o f  th e 
physicis t  canno t  possibl y b e restricte d t o th e 
examinatio n o f  concept s o f  hi s ow n specifi c 
field .  H e canno t  procee d withou t  considerin g 
criticall y a  muc h mor e difficul t  problem ,  th e 
proble m o f  analyzin g th e natur e o f  everyda y 
thinking . 

Alber t  Einstein ,  quote d i n Mille r  (1986 ) 

Abstrac t  an d Introductio n 
Cognitiv e Scientist s hav e recentl y develope d model s 

of  physicists '  proble m solvin g behavior .  Thei r  model s 
propos e a  ric h se t  o f  cognitiv e construct s includin g 
procedure s (Helle r  an d Reif ,  1984) ,  problem-solvin g 
schemat a (Larki n 1983) ,  categorizatio n rule s (Chi , 
Feltovic h &  Glaser ,  1981) ,  phenomenologica l  primitive s 
(diSess a 1983) ,  forwar d an d backwar d chainin g (Larkin , 
McDermott ,  Simon ,  &  Simon ,  1980) ,  an d qualitativ e 
reasonin g (deKleer ,  1975 ,  Forbu s 1986 ,  deKlee r  an d 
Brown ,  1986 ,  an d other s i n Bobrow ,  ed .  1986) .  Thes e 
construct s hav e prove d usefu l  i n understandin g aspect s 
of  physic s reasoning . 

Thi s pape r  udl l  provid e a n analysi s o f  physic s proble m 
solvin g skil l  tha t  integrate s cognitiv e construct s 
previousl y considere d disparate .  Th e mai n poin t  i s  this : 
Commonsense reasonin g abou t  situation s provide s a n 
indispensabl e resourc e fo r  copin g wit h physic s proble m 
solvin g complexity .  Mor e precisely ,  I  wil l  argu e tha t 
th e systemati c integratio n o f  th e dee p structur e o f 
situationa l  an d theoretica l  knowledg e ca n reproduc e 
competen t  physic s cognition .  T o suppor t  thi s clai m I 
wil l  discus s th e capabilitie s o f  runnin g compute r 
programs ,  writte n i n Prolog ,  tha t  implemen t  severa l 
representation s an d reasonin g processes .  I n addition ,  I 
wil l  sho w h o w th e Prolo g model s captur e th e essenc e o f 
a think-alou d protoco l  o f  a  physicis t  recoverin g fro m a n 
erro r  whil e workin g a  nove l  problem . 

The Problem Domain 
Thi s researc h concern s a  domai n o f  problem s lik e 

thos e foun d i n physic s textbooks .  (Se e figur e 1  fo r 
examples. )  I n thes e problems ,  block s ca n b e connecte d 
by strings ,  an d ca n touc h fixe d surfaces .  Al l  block s ar e 
assume d t o hav e zer o initia l  velocity .  Fou r  kind s o f 
force s appea r  i n thi s domain ,  gravity ,  tension ,  norma l 
force s an d "given "  forces .  I n eac h proble m th e goa l  i s  t o 
fin d th e u n k n o w n accelerations ,  tensions ,  an d norma l 
forces .  A  generativ e g ramma r  (tabl e 1 )  ca n produc e a n 
infinit e suppl y o f  problem s i n thi s domain . 

^ ^ M t/̂ fvM A 
a 
JZZZZ 

e. t. 

I 

Figur e 1 :  Problem s i n th e Domai n 

Table 1: Problem Domain Grammar 
Proble m < -  SituatedBloc k 
Proble m < -  SituatedBlock ,  string ,  Proble m 
SituatedBloc k < -  ForcedBloc k 
SituatedBloc k < -  surface ,  ForcedBloc k 
SituatedBloc k < -  ForcedBlock ,  surfac e 
ForcedBloc k < -  bloc k 
ForcedBloc k < -  force ,  bloc k 
ForcedBloc k < -  block ,  forc e 

Thi s domai n i s interestin g becaus e o f  th e difficultie s i t 
pose s fo r  th e theorist .  T w o level s o f  complexit y i n th e 
domai n lea d t o tw o criteri a tha t  a  successfu l  theor y 
shoul d meet .  Th e primar y complexit y reside s i n th e 
mappin g fro m physica l  situation s t o scientifi c  models . 
Object s lik e string s an d wall s d o no t  hav e a  simpl e 
representatio n i n Newtonia n physics ;  a  first-principle s 
explanatio n fo r  thei r  behavio r  ca n onl y b e expresse d i n 
term s o f  Q u a n t u m Mechanics .  Physicists ,  however , 
approximat e interaction s involvin g string s an d wall s 
wit h Newtonia n model s i n orde r  t o expedit e th e 
solutio n process .  A  propose d theor y shoul d accoun t  fo r 
physicists '  abilitie s t o reliabl y generat e approximat e 
Newtonia n model s fo r  observabl e physica l  situations . 

A secondar y complexit y arise s i n th e proces s o f 
manipulatin g mathematica l  representation s — solvin g 
larg e set s o f  equation s i s hard .  Conside r  figur e If .  Eigh t 
unknow n variable s appea r  i n thi s physica l  situation , 
potentiall y  requirin g th e solutio n o f  eigh t  simultaneou s 
linea r  equations .  Ye t  mos t  physicist s coul d determin e 
al l  th e unknown s precisel y whil e solvin g onl y a  singl e 
equatio n (T=m g fo r  th e hangin g block) .  A  physicis t 
migh t  explai n thi s situatio n b y sayin g somethin g lik e 
this : 

" I  ca n se e tha t  th e middl e bloc k wil l  b e supporte d b y 
th e table ,  th e bloc k abov e th e tabl e wil l  fall ,  an d th e 
bloc k belo w th e tabl e wil l  han g o n th e string .  Th e 
acceleratio n o f  a  supporte d bloc k o r  a  hangin g bloc k i s 
zero ,  whil e th e acceleratio n o f  a  fallin g bloc k i s a  k n o w n 
constant ,  g  =  -9. 8 m/s2 .  Th e tensio n i n th e to p strin g wil l 
be zer o becaus e i t  i s  collapsin g unde r  th e fallin g block . 
The tensio n i n th e botto m strin g wil l  b e enoug h t o 
balanc e ou t  gravity .  Thi s forc e ca n b e compute d b y 
multiplyin g th e mass ,  m ,  an d th e gravitationa l 
constant ,  g. " 
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Not e th e prevalen t  us e o f  concept s lik e supporting , 
falling ,  hanging ,  collapsing ,  an d balancin g i n thi s 
explanation .  diSess a (1983 )  ha s argue d tha t  concept s lik e 
these ,  calle d phenomenologica l  primitive s (p-prims) , 
provid e th e dee p structur e fo r  intuitiv e physica l 
reasoning .  Whil e thes e concept s ar e hav e n o forma l 
rol e i n Newtonia n science ,  I  wil l  sho w tha t  the y ca n 
streamlin e th e solutio n process . 

Representational Framework 
The complexitie s o f  situation-to-theor y mappin g an d 

of  solvin g larg e set s o f  linea r  equation s togethe r  poin t  t o 
th e nee d fo r  a  representationa l  framewor k tha t 
integrate s multipl e representations .  I  propos e th e 
framewor k illustrate d i n figur e 2 ,  calle d th e "Relationa l 
Framework. "  Th e Relationa l  Framewor k comprise s a 
situationa l  representatio n an d a  theoretica l 
re-presentation .  Thi s framewor k build s o n 
representationa l  distinction s develope d i n McDermot t 
& Larki n (1978 )  an d th e us e o f  qualitativ e reasonin g 
pioneere d b y deKlee r  (1975) ,  wit h tw o crucia l  additions : 

1. Both representations are mental models. 
Gohnson-Lair d ,  Holland ,  et .  al. ,  1896 ,  Centne r  & 
Stevens ,  1983 ) 

2.  Bot h menta l  model s ca n us e qualitativ e reasoning . 
(Forbu s 1986 ,  deKlee r  an d Brown ,  1986 ,  an d other s 
i n Bobrow ,  ed .  1986 ) 

The situational representation contains the kinds of 
objects ,  properties ,  an d relation s typicall y foun d i n rea l 
worl d situations .  Fo r  example ,  i t  migh t  includ e object s 
lik e blocks ,  tables ,  an d strings ;  propertie s lik e heaviness , 
roughness ,  an d springyness ;  an d relation s lik e on-top -
of ,  next-to ,  an d touching .  P-prim s allo w fo r  structure d 
explanatio n o f  behavio r  i n th e situationa l  menta l 
model .  Qualitativ e reasonin g allow s th e behavio r  i n 
situationa l  menta l  model s t o b e simulated ,  generatin g 
expectation s fo r  futur e behavior . 

The theoretica l  representatio n contain s th e kind s o f 
objects ,  properties ,  an d relation s foun d i n a  scientifi c 
theory .  Sinc e thi s pape r  i s primaril y concerne d wit h 
simpl e classica l  mechanics ,  th e theoretica l 
representatio n wil l  includ e poin t  masses ,  m o m e n t u m , 
and forces .  Th e conceptua l  structur e o f  th e theoretica l 
model  derive s directl y fro m Newtonia n Mechanics . 
Qualitativ e Reasonin g ca n generat e prediction s abou t 
th e behavio r  o f  a  theoretica l  menta l  mode l  usin g th e 
proces s o f  envisioning .  (deKlee r  an d Brown ,  1986 ) 

Give n Proble m 

envisionin g 
(QSC) 

Situationa l 
Menta l  Mode l  ' 
(TS)  J  (MCA ) 

Theoretica l  envisionin g 
Menta l  Mode l  (QT ) 

^Expecte d 
^ ^  Behavio r 

•• ^  Predicte d 
"  "  Behavio r 

The followin g section s compar e th e strength s an d 
weaknesse s o f  fou r  model s o f  physic s reasoning ,  eac h 
whic h implement s par t  o f  th e relationa l  framework . 
The first ,  th e Textboo k Solutio n mode l  (TS )  i s simpl e t o 
compute ,  bu t  lack s th e searc h capabilit y  necessar y t o 
buil d th e situation-to-theor y mappin g fo r  al l  problem s 
i n th e domain .  Th e remainin g thre e model s al l  us e a 
cas e analysi s searc h procedure .  Th e Mathematica l  Cas e 
Analysi s Mode l  ( M C A )  ca n identif y a  correc t  theoretica l 
descriptio n o f  a  give n situation ,  bu t  lead s t o a n 
explosio n i n computationa l  complexity .  Th e Qualitativ e 
Theoretica l  Cas e Analysi s Mode l  (QT )  reduce s thi s 
computationa l  complexit y vi a qualitativ e reasoning ,  bu t 
ofte n get s trappe d i n ambiguities .  Th e Qualitativ e 
Situationa l  Causa l  Mode l  (QSC )  als o reduce s th e 
complexit y o f  cas e analysi s vi a qualitativ e reasoning , 
but  use s a  situationa l  rathe r  tha n a  theoretica l 
representation .  Whil e Q S C get s trappe d i n ambiguitie s 
les s frequently ,  it s  knowledg e sourc e m a y contai n 
misconceptions . 

Thes e model s ar e presente d a s competitor s t o 
highligh t  thei r  uniqu e characteristics .  Howeve r  t o 
represen t  h u m a n cognition ,  severa l  model s migh t  b e 
deploye d i n parallel ,  a s indicate d b y th e paralle l 
envisionin g path s i n figur e 2 .  A  proble m solve r  coul d 
exploi t  th e redundanc y o f  paralle l  model s i n orde r  t o 
fin d inconsistencie s an d tra p errors .  Alternatively ,  a 
proble m solve r  coul d increas e productivit y b y replacin g 
some mathematica l  computation s wit h qualitativ e 
reasoning .  A  protoco l  segmen t  wil l  late r  illustrat e h o w 
on e physicis t  integrate d Qualitativ e Situationa l  an d 
Qualitativ e Theoretica l  reasonin g processe s t o achiev e 
an efficien t  an d error-fre e solution . 

Textbook Solution Procedures 
The Textboo k Solutio n (TS )  mode l  allow s a n 

examinatio n o f  th e sufficienc y o f  standar d textboo k 
proble m solvin g procedure s fo r  thi s domain .  Standar d 
textboo k procedure s shoul d b e sufficien t  fo r  thi s 
domain ,  sinc e strin g tension s an d norma l  force s ar e par t 
of  th e standar d curriculum . 

Textboo k procedure s shar e severa l  characteristics . 
First ,  thes e procedure s us e a  serie s o f  representation s 
and transitio n rules .  Larki n an d McDermot t  (1978 ) 
identif y thi s serie s a s havin g fou r  representations , 
words ,  a  situatio n sketch ,  a  theoretica l  sketch ,  an d 
mathematica l  symbols .  Second ,  textboo k procedure s 
examin e onl y th e surfac e feature s o f  a  situatio n sketch . 
Sampl e surfac e feature s i n a  sketc h woul d b e "th e block s 
ar e touching "  " a bloc k i s o n a  table, "  an d " a strin g i s 
attache d t o a  block. "  Third ,  textboo k procedure s d o no t 
invok e backtrackin g o r  retractio n o f  previousl y derive d 
information .  Th e fou r  kind s o f  representations ,  fro m 
word s t o equations ,  follo w a  forwar d progression ,  i n 
whic h eac h late r  representatio n borrow s fro m th e 
earlie r  one ,  bu t  doe s no t  modif y it .  Th e exclusio n o f 
backtrackin g an d retractio n severel y limit s proble m 
solvin g capabilit y  i n thi s domain . 

The Prolo g T S mode l  follow s th e step s below ,  adapte d 
fro m Kleppne r  an d Kolenkow' s introductor y physic s 
tex t  (1973) : 

Mathematica l  Solutio n 

Figur e 2 :  Th e Relationa l  Framewor k 
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1.  Identif y system s tha t  ca n b e treate d a s particles . 
2.  Identif y al l  force s present . 
3.  Writ e a n instanc e o f  Newton' s Secon d L a w i n th e 

vertica l  an d horizonta l  direction s fo r  eac h particle . 
4.  Writ e a n instanc e o f  Newton' s Thir d L a w fo r  eac h 

equa l  an d opposit e forc e pair . 
5.  Writ e additiona l  constraint s a s necessary . 
6.  Solv e th e equations ,  b y keepin g trac k o f  know n an d 

u n k n o w n variables . 

Steps two and four are accomplished using Heller and 
Reif' s  (1984 )  procedure .  Th e T S mode l  follow s th e firs t 
fiv e step s an d output s a  se t  o f  n  equation s i n n 
unknowns .  Thes e equation s coul d presumabl y b e 
solve d b y a  compute r  usin g a n algebrai c algorithm .  I n 
thi s case ,  th e autho r  solve d the m b y hand . 

The T S mode l  ca n solv e som e simpl e physic s 
problems .  However ,  a  larg e clas s o f  simpl e physic s 
problem s exist s whic h th e T S mode l  canno t  solve .  Thi s 
clas s o f  problem s include s m a n y problem s involvin g 
th e norma l  forc e an d strin g tension s sinc e thes e force s 
ca n onl y b e approximatel y represente d i n Newtonia n 
Mechanics .  Findin g th e correc t  approximat e 
representatio n require s a  searc h wit h backtrackin g 
capabilities ,  no t  provide d fo r  i n th e T S Model . 

The T S model ,  fo r  example ,  canno t  solv e th e proble m 
i n figur e I f  becaus e i t  doe s no t  hav e enoug h 
information .  (Se e tabl e 2  fo r  a  step-by-ste p applicatio n 
of  th e T S mode l  t o figur e If) .  Th e missin g informatio n 
i s tha t  th e to p bloc k i s falling ,  tha t  th e othe r  tw o block s 
ar e stationary ,  an d tha t  th e to p strin g ha s n o tension . 
Thi s informatio n coul d b e inferre d b y a  h u m a n 
proble m solve r  usin g commonsense ,  howeve r  withou t 
appropriatel y integrate d commonsens e knowledge ,  th e 
TS mode l  canno t  fin d th e correc t  solution .  O n e wa y o f 
integratin g commonsens e wil l  b e discusse d late r  i n th e 
Q SC model .  Bu t  first ,  tw o model s tha t  avoi d th e nee d 
fo r  representin g commonsens e knowledg e ar e 
introduced . 

Tabl e 2 :  A n AoDlicatio n o f  th e T S Mode l  t o Figur e I f 
1.  Th e thre e block s ca n b e treate d a s particle s i n thi s 

situation . 
2.  Th e to p bloc k ha s tw o forces ,  th e strin g tension ,  T i 

and gravity ,  mig .  Th e middl e bloc k ha s fou r  forces , 
th e strin g tensio n T2 ,  th e strin g tensio n T3 ,  gravity , 
m2g an d th e norma l  force ,  N .  Th e botto m bloc k ha s 
tw o forces ,  th e strin g tension ,  T4 ,  an d gravity ,  msg . 

3.  -T i  +  mi g =  mia i 

T2 -  T 3 +  m2g + N  =  m2a 2 
T4 +  ms g =  m3a i 

4.  T i = T 2 ; T 3 =  T 4 
5.  N o additiona l  constraint s given . 
6.  Onl y 5  equation s i n 8  unknowns ,  n o solutio n 

possible . 

Mathematica l  Cas e Analysi s 
As mentione d above ,  th e roo t  caus e o f  th e problem s 

wit h th e T S mode l  i s tha t  tensio n an d norma l  force s d o 
not  hav e a  simpl e Newtonia n model .  Newtonia n 
Mechanics ,  however ,  ca n mak e prediction s i n situation s 
involvin g comple x forc e function s b y invokin g cas e 
analysis . 

Case analysi s i s a  procedur e commonl y taugh t  i n 
engineerin g discipline s b y whic h a  complicate d 
function ,  lik e th e norma l  force ,  i s  divide d int o severa l 
distinc t  operatin g regions ,  eac h whic h ca n b e 
represente d b y a  simpl e function .  Th e tensio n forc e fo r 
an idea l  string ,  fo r  example ,  ca n b e separate d int o fou r 
operatin g regions ,  mainly : 

1.  strin g collapsed ;  distanc e <  length .  Tensio n =  0 
2.  strin g collapsing ;  distanc e =  length ,  Adistanc e <  1 , 

Tensio n =  0 
3.  strin g taut ;  distanc e =  length ,  Adistanc e =  0 ,  Tensio n 

>0 
4.  strin g breaking :  distanc e =  length ,  Adistanc e >  0 , 

Tensio n =  m a x i m u m loa d capacit y o f  th e strin g 

(Note: The models discussed here actually use a simpler 
breakdow n fo r  th e idea l  strin g whic h ignore s th e 
collapse d an d breakin g states. ) 

A Prolo g mode l  calle d M C A (Mathematica l  Cas e 
Analysis )  use s suc h decomposition s t o implemen t  cas e 
analysi s a s a  searc h fo r  a  consisten t  se t  o f  linea r 
equations .  M C A build s an d examine s a  searc h tre e tha t 
represent s eac h possibl e combinatio n o f  operatin g 
region s fo r  th e tension s an d norma l  force s tha t  exis t  i n 
th e system .  A t  eac h lea f  i n th e tree ,  M C A generate s a 
representatio n tha t  assume s eac h loca l  par t  o f  th e 
syste m i s operatin g i n certai n region s (o r  cases) .  I f  thi s 
representatio n i s globall y consistent ,  the n i t  i s  a 
solution .  Otherwis e tha t  particula r  combinatio n o f 
operatin g region s ca n b e eliminated . 

To buil d a  scientifi c  representation ,  th e M C A mode l 
follow s th e firs t  fou r  step s o f  th e T S model .  I n ste p 5 , 
th e M C A mode l  add s a  non-deterministi c choic e o f 
operatin g regio n fo r  eac h norma l  forc e an d strin g 
tension .  I t  output s a  se t  o f  linea r  equations ,  whic h ar e 
currentl y solve d b y han d i n ste p 6 .  I f  th e equation s ar e 
inconsistent ,  M C A backtrack s t o ste p 5  an d choose s 
anothe r  se t  o f  operatin g regions .  Thu s i f  ther e ar e n 
comple x function s requirin g m operatin g region s each , 
M CA searche s a  tre e wit h m "  leaves . 

Applie d t o figur e If ,  M C A produce s th e sam e 
equation s a s T S fo r  step s 1-4 .  I n ste p 5 ,  M C A choose s on e 
of  8  possibl e set s o f  operatin g regions .  Ther e ar e eigh t 
set s o f  operatin g region s becaus e ther e ar e tw o string s 
and on e norma l  force ,  eac h requirin g a  breakdow n int o 
2 operatin g regions ,  an d 2 ^  i s 8 .  Th e resultin g additiona l 
equation s fo r  tw o o f  th e eigh t  set s o f  operatin g region s i s 
show n belo w i n tabl e 3 .  Th e first ,  whe n combine d wit h 
th e othe r  equations ,  i s  inconsisten t  an d mus t  b e 
rejected .  Th e secon d i s consistent ,  an d therefor e i s a 
solution . 
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Tabl e 3 :  Th e MCA model .  2  searc h point s (o r  fiaur B 1 f 
Operatin g Region s Se t  A :  (inconsistent ) 
Ti  >  0 ,  a i  =  32 ; 
N >  0 ,  3 2 =  0 ; 
T3 >  0 ,  3 2 =  3 3 

0per3ting Regions Set B: (consistent) 
Ti  =  0 .  3 1 <  32 ; 
N >  0 ,  3 2 =  0 ; 
T3 >  0 ,  3 2 =  3 3 

Tsbl e 4 :  Th e Q T model .  2  searc h point s fo r  figur e I f 
some equ3tion s wit h qu3lit3tiv e 
oper3tin g regio n A  for m 
-Ti+mig.mi3 i  -1+-1-a i # 

ai  «  3 2 3 1 «  3 2 -  0  # 

T2 -  T 3 +  m2g + N  =  m23 2 1  -  1  +  - 1 +  1  »  3 2 ' 
T4 +  m3g-mi3 3 1-1=3i " 

some equ3tion s wit h 
oper3tin g regio n B 

T2 -  T 3 +  m2g + N  =  m2a 2 
T4 +  m3 g =  mi3 3 

qu3lit3tiv e 
for m 

0 -  1  +  - 1 +  1  =  3 2 

1-1=3 r 
(# mesn s inconsistent ,  *  me3n s ambiguous ) 

Whil e thi s procedur e ca n solv e al l  problem s i n th e 
domain ,  i t  involve s solvin g 8  set s o f  8  equation s i n 8 
unknowns .  Thi s i s a  lo t  o f  work ,  eve n fo r  a  computer . 
Moreover ,  th e M C A mode l  doe s no t  suppor t  a  ver y 
satisfyin g explanatio n o f  th e solutio n — th e 
explanation ,  essentially ,  i s  tha t  th e compute r  followe d 
th e cas e analysi s procedur e an d identifie d a  consisten t 
set  o f  equations ,  whic h mus t  b e th e solutio n becaus e th e 
case analysi s procedur e i s correct .  Ther e i s n o evidenc e 
tha t  physicist s woul d us e a  procedur e lik e M C A t o solv e 
thi s problem . 

Qualitative  Reasoning, Scientific Representation 
The primar y virtu e o f  cas e analysi s i s tha t  i t  ca n brin g 

a situatio n tha t  include s tensio n an d norma l  force s int o 
th e rang e o f  applicabilit y  o f  Newtonia n Mechanics .  Th e 
drawbac k t o cas e analysi s i s combinatoria l  explosio n i n 
th e numbe r  o f  set s o f  simultaneou s linea r  equation s t o 
be solved .  Qualitativ e Reasonin g canno t  reduc e th e 
combinatoria l  explosion ,  howeve r  i t  ca n reduc e th e 
effor t  involve d i n checkin g th e consistenc y o f  eac h se t 
of  equations . 

To appl y Qualitativ e Reasonin g t o thi s domain ,  I 
follo w Rei f  an d Heller' s (1982 )  suggestio n t o chec k th e 
consistenc y o f  th e directio n o f  acceleratio n predicte d b y 
th e resultan t  forc e wit h constraint s o n acceleration .  Th e 
firs t  ste p i s t o mak e eac h quantitativ e L F =  m a equatio n 
int o a  qualitativ e one .  T o d o this ,  I  replac e eac h 
quantitativ e forc e variabl e wit h th e numbe r  1  i f  it s  sig n 
i s positive ,  an d th e numbe r  - 1 i f  it s  sig n i s negative .  Th e 
lef t  sid e o f  th e equatio n i s the n summed accordin g t o 
th e qualitativ e arithmeti c tabl e (Forbus ,  1986) ,  yieldin g a 
predicte d sig n fo r  th e acceleration .  Thi s ca n b e compare d 
wit h an y constraint s o n th e sig n o f  th e acceleration . 

The Q T Prolo g mode l  carrie s thes e step s ou t 
computationally .  Th e firs t  fiv e step s ar e th e sam e a s i n 
th e M C A model ,  howeve r  i n ste p si x th e equation s ar e 
converte d t o qualitativ e for m an d checke d fo r 
qualitativ e consistency .  Tabl e 4  show s th e resul t  o f  th e 
QT mode l  applie d t o figur e If .  Th e equation s wit h a 
hash mar k (# )  ar e inconsistent ,  whil e th e equation s 
wit h a n asteris k (* )  ar e ambiguous .  Th e Q T mode l 
shows operatin g regio n A  t o b e inconsistent .  Howeve r 
operatin g regio n B ,  foun d consisten t  b y MCA,  canno t  b e 
prove d consisten t  b y Q T becaus e i t  i s  qualitativel y 
ambiguous . 

The Q T mode l  ha s tw o majo r  advantage s ove r  th e 
M CA model .  First ,  th e Q T mode l  ca n identif y 
inconsisten t  set s o f  equation s withou t  extensiv e 
algebrai c manipulatio n — i t  need s onl y t o comput e th e 
sig n o f  acceleratio n fro m eac h instanc e o f  Newton' s 
Second La w an d compar e th e resul t  t o constraint s o n 
th e acceleration .  Th e Q T mode l  therefor e reduce s th e 
amount  o f  computatio n neede d t o solv e a  physic s 
proble m i n thi s domain .  Second ,  th e Q T mode l  lend s 
itsel f  t o understandabl e explanations .  Fo r  example ,  on e 
coul d explai n th e contradictio n i n operatin g se t  A  i n 
tabl e 4  a s follows : 

'Ther e ar e tw o force s o n th e topmos t  block ,  gravit y 
and th e tensio n o n th e string .  Sinc e bot h ac t 
downwards ,  th e bloc k wil l  accelerat e downwards . 
However ,  ther e ca n onl y b e tensio n i n th e strin g i f  th e 
block s a t  eithe r  en d ar e movin g a t  th e sam e rate .  Sinc e 
th e bloc k o n th e tabl e i s no t  acceleratin g an d th e bloc k 
abov e i t  is ,  th e block s a t  eithe r  en d o f  th e strin g ar e no t 
acceleratin g a t  th e sam e rate .  Th e assumptio n tha t  ther e 
i s tensio n i n th e strin g therefor e lead s t o a n inconsisten t 
prediction. " 

The disadvantag e o f  th e Q T mode l  i s  tha t  i t  ofte n 
yield s ambiguou s results ,  a s i s th e cas e wit h operatin g 
regio n b  i n tabl e 4 .  Whil e th e nex t  model ,  th e QS C 
model  ca n als o creat e ambiguities ,  i t  doe s s o les s 
frequently . 

Qualitative  Reasoning, Situational Representation 
Al l  thre e previou s Prolo g model s shar e tw o 

importan t  characteristics :  (1 )  the y operat e primaril y o n a 
proble m representatio n base d o n scientifi c  entitie s lik e 
forc e an d mass ,  an d (2 )  th e reasonin g i n th e model s i s 
constraint-driven ,  rathe r  tha n causal .  Thi s sectio n 
present s th e Qualitativ e Situationa l  Causa l  (QSC ) 
model .  A s it s nam e suggests ,  QS C reason s causall y abou t 
a situationa l  model .  A s th e Prolo g mode l  demonstrates , 
QSC ca n mak e certai n crucia l  inference s mor e efficientl y 
and effectivel y tha n th e reasonin g component s 
discusse d previously . 

The QS C mode l  distinguishe s betwee n tw o classe s o f 
interactions ,  tendency-producin g interaction s an d 
constraint-producin g interactions .  (Thes e term s ar e 
introduce d t o avoi d confusio n betwee n commonsens e 
and scientifi c  us e o f  th e wor d "force." )  Tendency -
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producin g interaction s (t-interactions )  ar e th e ultimat e 
cause s o f  motion .  T-interaction s hav e a  valu e tha t  i s 
independen t  o f  stat e o f  othe r  interaction s i n th e 
situation .  Gravit y an d give n force s ar e th e t-interaction s 
i n th e presen t  domain . 

Constraint-producin g interaction s (c-interactions) ,  o n 
th e othe r  hand ,  ar e conditiona l  o f  th e presenc e o f  othe r 
interactions .  Th e tw o c-interaction s i n thi s domai n ar e 
strin g tensio n an d th e norma l  force .  Thes e interaction s 
respon d t o applie d force s s o a s t o maintai n som e stat e o f 
affair s ( a constraint) .  String s reac t  t o applie d force s s o a s 
t o kee p t o connecte d object s a t  a  particula r  separation . 
Th e norma l  forc e react s t o applie d force s s o a s t o kee p 
on e surfac e fro m passin g throug h another . 

As wit h th e M C A an d Q T models ,  th e Q S C mode l  i s 
base d o n cas e analysis .  (Se e tabl e 5. )  However ,  unlik e 
thes e model s th e Q S C mode l  doe s no t  firs t  perfor m 
step s 1 ^  o f  th e textboo k solutio n model ,  becaus e th e 
Q SC mode l  operate s wit h th e situatio n representatio n 
directly . 

Lik e th e previou s models ,  Q S C non-deterministicall y 
choose s an d evaluate s a  se t  o f  operatin g regions ,  usin g 
on e choic e o f  operatin g regio n fo r  eac h c-interaction .  T o 
evaluat e a  se t  o f  operatin g regions ,  Q S C check s eac h c -
interactio n fo r  loca l  consistency ,  assumin g th e othe r  c -
interaction s fixed . 

Each consistenc y chec k require s evaluatin g a 
statemen t  lik e "Th e strin g i s loose ,  an d i f  th e strin g 
wer e no t  ther e th e block s o n eithe r  en d o f  i t  woul d no t 
m o ve apart. "  T o evaluat e thi s statement ,  th e Q S C 
model  mus t  calculat e th e motio n o f  th e block s o n eithe r 
end o f  th e string .  Th e Q S C mode l  make s th e motio n 
calculatio n qualitatively ,  an d causally .  Th e calculatio n i s 
qualitativ e becaus e th e Q S C mode l  compute s onl y th e 
sig n o f  th e acceleratio n (b y usin g th e qualitativ e 
arithmeti c tabl e t o s u m t-interactions) .  Th e calculatio n 
i s causa l  becaus e onl y t-interaction s ar e included .  T o 
eliminat e c-interaction s fro m th e calculation , 
propagatio n rule s ar e applied .  Thes e rule s i n effec t  sa y 
tha t  t-interaction s wil l  propagat e throug h tau t  strings , 
but  no t  throug h resistin g walls . 

Lik e th e M C A an d Q T models ,  th e Q S C mode l  migh t 
hav e t o searc h 8  set s o f  operatin g region s t o solv e figur e 
If .  Tabl e 6  show s a n Englis h translatio n o f  th e behavio r 
of  th e mode l  o n thi s problem .  Onl y tw o set s o f 
operatin g region s ar e shown ,  correspondin g t o th e 
operatin g region s chose n i n previou s examples . 

Table 5: C-lnteractions For Strings and Surfaces 
Surfac e c-interactio n 
cas e a :  Ther e i s pressur e o n th e bloc k fro m th e surface , 

and i f  th e surfac e wer e no t  ther e th e bloc k woul d 
m o ve throug h th e spac e occupie d b y th e surfac e 

cas e b :  Ther e i s n o pressur e o n th e bloc k fro m th e 
surface ,  an d i f  th e surfac e wer e no t  ther e th e bloc k 
woul d no t  m o v e throug h th e spac e occupie d b y th e 
surface . 

String c-interaction 
cas e a :  Th e strin g i s taut ,  an d i f  th e strin g wer e no t  ther e 

th e block s o n eithe r  en d o f  th e strin g woul d m o v e 
apart . 

cas e b :  Th e strin g i s loose ,  an d i f  th e strin g wer e no t  ther e 
th e block s woul d no t  m o v e apart . 

Tai?l 9 g ;  Th ? Q S Q Mp^^ I 
Operatin g regio n se t  a : 
bot h string s cas e a ,  surfac e cas e a 
1.  Fo r  th e to p string ,  i f  th e strin g wer e no t  ther e woul d th e 

block s mov e apart ? Assumin g th e strin g no t  there , 
ther e i s onl y on e t-interactio n actin g o n th e to p block , 
gravity .  Th e to p bloc k wil l  therefor e mov e downwards . 
The middl e bloc k i s touchin g a  resistin g surface , 
therefor e i t  i s  no t  moving .  Th e block s ar e movin g 
close r  together ,  s o th e answe r  i s no ,  an d thi s se t  o f 
operatin g region s i s inconsistent .  Th e othe r  c -
interaction s d o no t  nee d t o b e evaluated . 

Operating region set b: top string case b, 
botto m strin g cas e a ,  surfac e cas e a . 
1.  I f  th e to p strin g wer e no t  there ,  woul d th e block s no t 

move apart ? A s i n numbe r  1  above ,  th e to p bloc k 
woul d mov e downwards ,  s o th e answe r  t o thi s 
questio n i s yes . 

2.  I f  th e botto m strin g wer e no t  there ,  woul d th e block s 
move apart ? Ther e i s onl y on e t-interactio n actin g o n 
th e botto m block ,  th e forc e o f  gravity .  Th e botto m bloc k 
wil l  ther e mov e downwards .  A s i n numbe r  1 ,  th e 
middl e bloc k wil l  no t  move .  Since  th e block s ar e 
movin g apar t  th e answe r  i s yes . 

3.  I f  th e surfac e wer e no t  there ,  woul d th e bloc k mov e 
throug h th e spac e i t  occupies ? Ther e ar e tw o t -
inleraction s actin g o n th e middl e block ,  th e forc e o f 
gravit y actin g o n it ,  an d th e forc e o f  gravit y actin g o n 
th e botto m block ,  propagate d throug h th e tau t  string . 
Bot h ar e downwar d s o th e bloc k woul d m o v e 
downwar d throug h th e spac e occupie d b y th e surface . 
The answe r  i s yes . 

Since  th e answe r  t o al l  thre e question s i s  yes ,  thi s se t  o f 
operatin g region s i s consistent . 

As tabl e 6  shows ,  th e Q S C mode l  ca n positivel y 
identif y bot h inconsisten t  an d consisten t  operatin g 
region s fo r  thi s problem .  Onc e a  se t  o f  consisten t 
operatin g region s i s identified ,  th e Q S C mode l  ca n 
procee d wit h th e textboo k solutio n (TS )  model .  I n ste p 
5,  th e operatin g region s discovere d b y th e Q S C mode l 
guid e th e additio n o f  suitabl e constraints .  Th e equation s 
ca n the n b e solve d fo r  a  mathematica l  solutio n i f 
desired . 

The Q S C mode l  fail s  onl y whe n tw o t-interaction s ac t 
on th e sam e body ,  an d eve n the n onl y unde r  certai n 
circumstances .  W h e n thi s failur e occurs ,  i t  amount s t o a 
failur e o f  th e qualitativ e logi c becaus e o f  a n ambiguity . 
Thes e ambiguitie s occu r  les s frequentl y i n th e Q S C 
model  tha n th e Q T model ,  becaus e th e Q S C mode l 
effectivel y eliminate s al l  c-interactions ,  whil e th e Q T 
model  represent s eac h c-interactio n a s a  force . 

I n addition ,  Q S C model s ca n fai l  i n th e presenc e o f 
misconceptions .  However ,  diSess a (workin g paper )  ha s 
suggeste d tha t  physicist s adjus t  thei r  p-prim s throug h 
learnin g s o tha t  th e p-prim s mor e accuratel y reflec t 
causa l  processe s i n th e world .  Thu s physicist s coul d 
appl y p-prim s withou t  necessaril y  invokin g 
misconceptions .  Moreover ,  w h e n physicists '  p-pri m 
representatio n i s integrate d wit h thei r  theoretica l 
representation ,  physicist s ca n gai n th e efficienc y o f 
qualitativ e situationa l  representations ,  withou t  losin g 
th e robustnes s o f  theoretica l  representations . 
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Protoco l  Analysi s 
Th e model s abov e wil l  n o w b e applie d t o th e analysi s 

of  a  physicist' s  think-alou d protocol .  Thi s protoco l 
resulte d fro m a n intervie w wit h a  Universit y o f 
California ,  Berkele y physic s graduat e studen t  wit h 
significan t  teachin g experience .  I n th e interview ,  th e 
subjec t  wa s show n th e sketc h i n figur e 3 ,  an d aske d 
"what' s happening. "  Th e transcrip t  o f  hi s respons e 
appear s i n tabl e 7 . 

Roschell e an d Green o (1987 )  include s a n extensiv e 
analysi s o f  thi s protocol ,  th e highlight s o f  whic h ar e 
summarize d here .  I n ste p one ,  th e subjec t  quickl y come s 
t o a  narro w focu s o f  attention ,  whic h i s remarkabl e 
give n tha t  1 3 force s woul d appea r  i n a  theoretica l 
representatio n o f  th e situation .  Instead ,  w e conjectur e 
tha t  th e subjec t  use s a  p-prim s an d a  situationa l 
representation .  Thi s hypothesi s i s supporte d i s ste p 2 , 
w h en th e subjec t  envision s th e motio n o f  th e 
situationa l  model .  I n ste p 3  th e subjec t  build s a 
theoretica l  mode l  o f  th e situation ,  an d envision s it .  I n 
ste p 4  th e subjec t  recognize s tha t  th e result s o f 
situationa l  an d theoretica l  envisionin g conflict .  Finally , 
i n ste p 5  th e subjec t  find s a  bu g ,  "frictio n oppose s 
motion "  i n hi s theoretica l  mode l  an d replace s i t  wit h a 
th e correc t  rule ,  "frictio n oppose s relativ e motion. " 

Thi s protoco l  i s  a n excellen t  exampl e o f  th e relationa l 
framework ,  becaus e i t  show s th e continuou s interpla y 
betwee n situationa l  an d theoretica l  menta l  models ,  a s 
wel l  a s th e rol e o f  situationa l  dee p structur e i n comin g 
t o a  quic k focu s o f  attention .  I t  ca n b e modele d quit e 
effectivel y wit h elaboration s o f  th e Q S C,  T S an d Q T 
models . 

Tabl e 7 :  O n e Dhvsicisf s protoco l  fo r  figur e 3 
1.  Thi s on e i s ver y interestin g becaus e i t  illustrate s a 

ver y importan t  poin t  whic h i s tha t  frictio n isn' t  alway s 
i n th e wron g directio n - -  o r  th e righ t  direction .  Th e 
thin g tha t  bothere d m e righ t  awa y i s th e extr a mas s 
sittin g her e [o n top] .  An d th e questio n is :  what' s goin g 
t o happe n wit h th e extr a mass . 

2.  Wel l  i f  there' s everythin g acceleratin g t o th e righ t 
,the n s o wil l  thi s to p mass . 

3.  An d o n th e othe r  han d ,  you r  firs t  temptatio n i s t o 
dra w a  forc e diagra m i n you r  hea d an d yo u sa y 'O K 
th e thing' s movin g t o th e right ,  s o frictio n i s t o th e left. ' 
Excep t  tha t  frictio n i s th e onl y forc e movin g i t  — 

4.  — s o righ t  awa y yo u reac h a  problem . 
5.  Th e answe r  i s .. .  tha t  frictio n oppose s relativ e motion , 

so th e friction' s goin g t o g o i n whicheve r  directio n i t 
need s t o poin t  t o oppos e th e motio n betwee n th e littl e 
mass an d th e bi g mas s it' s  sittin g on .  An d tha t 
happen s t o b e t o th e righ t  i f  th e bi g mas s i s movin g t o 
th e right . 

Th e Q S C mode l  alread y contain s situationa l  reasonin g 
capabilit y  fo r  blocks ,  strings ,  an d supportin g surfaces . 
T wo additiona l  rule s woul d b e neede d t o produc e th e 
predictio n o f  motio n t o th e righ t  (protoco l  segmen t  #2) . 
First ,  a  rul e i s neede d t o handl e th e c-interactio n o f  a 
pulley .  Thi s rul e woul d b e analogou s t o th e rul e tha t 
propagate s t-interaction s throug h strings .  Th e onl y 
differenc e i s tha t  th e pulle y c-interactio n change s th e 
directio n o f  th e t-interactio n a s i t  goe s ove r  th e pulley . 

A secon d rul e i s neede d t o handl e th e c-interaction s 
betwee n tw o block s tha t  ca n slid e relativ e t o eac h other . 
Thi s rul e woul d propagat e t-interaction s tha t  ar e 
paralle l  t o th e slidin g surface s throug h th e surface-to -
surfac e contact .  Thi s rul e model s th e behavio r  o f 
frictio n i n transmittin g force . 

Usin g thes e tw o rules ,  Q S C wil l  predic t  tha t  th e extr a 
bloc k move s t o th e right ,  becaus e th e onl y t-interactio n 
o n th e extr a bloc k i s th e gravitationa l  interactio n tha t 
has bee n propagate d thoug h th e pulle y syste m an d th e 
surface-to-surfac e contact . 

I n orde r  t o generat e a  theoretica l  representation ,  th e 
TS mode l  need s rul e fo r  identifyin g an d representin g 
friction .  Ther e ar e tw o form s o f  thi s rul e i n th e protocol , 
"frictio n oppose s motion "  an d "frictio n oppose s relativ e 
motion. "  T o mode l  th e protocol ,  firs t  on e rul e an d the n 
th e othe r  i s adde d t o th e T S model . 

The Q T mode l  alread y ha s th e capabilit y  t o predic t  th e 
directio n o f  acceleratio n base d o n a  theoretica l 
representation .  I f  th e frictio n o n th e extr a bloc k i s t o th e 
left ,  Q T wil l  predic t  motio n t o th e left ,  a s i n th e 
protocol . 

O ne additiona l  relationa l  componen t  necessar y t o 
model  thi s protoco l  i s  a  procedur e tha t  compare s th e 
predicte d behavio r  o f  th e Q S C an d Q T models .  I n thi s 
case ,  th e procedur e woul d compar e th e directio n o f 
motio n i n th e situationa l  representatio n wit h th e 
directio n o f  acceleratio n i n th e theoretica l 
representation .  Wit h th e bugg y frictio n rul e i n effect , 
thi s compariso n wil l  fail .  Wit h th e correc t  frictio n rul e 
i n place ,  thi s rul e wil l  succeed .  Tabl e 8  show s th e 
sequenc e o f  event s correspondin g t o th e protocol . 

Notic e tha t  th e physicis t  use s multipl e representation s 
i n tw o way s i n thi s problem .  I n protoco l  lin e #2 ,  h e 
use s Q S C reasonin g t o avoi d th e wor k o f  determinin g 
th e motio n o f  th e pulle y syste m vi a a  scientifi c 
representation .  Later ,  i n protoco l  lin e #4 ,  h e use s 
situationa l  reasonin g i n paralle l  wit h scientifi c 
reasonin g t o identif y a n error .  I t  i s  especiall y interestin g 
tha t  i n thi s cas e th e physicist' s  situationa l 
representatio n wa s correc t  whil e hi s initia l  scientifi c 
representatio n wa s wrong ! 

s S tSSSSSSS?^SSSSSSSSSSM 

Figur e 3 :  Extr a Bloc k Sketc h 
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Tabl e 8:ComDutationa l  Mode l  o f  th e Protoco l 
1.  Th e Q S C mode l  predict s motio n t o th e right . 

Th e T S mode l  build s a  theoretica l  mode l  usin g th e 
rul e "frictio n oppose s motion. " 
Th e Q T mode l  predict s acceleratio n t o th e left . 
Th e compariso n procedur e detect s a  conflict . 
Th e programmer ,  actin g i n th e plac e o f  a  comple x 
retrieva l  process ,  replace s th e bugg y frictio n rul e wit h 
th e correc t  one . 
Th e T S mode l  re-build s th e theoretica l  model . 
Th e Q T mode l  predictio n acceleratio n t o th e right . 
Th e compariso n procedure s find s th e model s t o b e 
consistent . 

6. 
7. 
8. 

Conclusio n 
Discussion s o f  p-prim s an d situationa l  reasonin g hav e 

generall y bee n restricte d t o th e question ,  "what' s wron g 
wit h novices? "  Th e Q S C mode l  suggest s anothe r 
questio n t o whic h p-prim s an d situationa l  reasonin g 
migh t  b e th e answer ,  mainl y "what' s righ t  abou t 
experts? "  I n particular ,  th e Prolo g model s discusse d 
abov e hav e show n tha t  th e integratio n o f  situationa l 
an d theoretica l  dee p structur e ca n resul t  i n performanc e 
tha t  i s bot h efficien t  an d robust .  Th e protoco l  exampl e i s 
a stron g exampl e o f  efficien t  an d robus t  proble m 
solving ;  whil e th e subjec t  analyze s th e situatio n quickly , 
he i s simultaneousl y abl e t o detec t  an d correc t  a  bu g i n 
hi s theoretica l  model .  Th e developmen t  o f  paralle l 
situationa l  an d theoretica l  representations ,  a s wel l  a s 
th e us e o f  qualitativ e reasoning ,  make s exper t 
competenc e possibl e withou t  sacrificin g exper t 
performance . 
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A connec t ion is t  m o d e l  o f  selectiv e a t t en t i o n 

i n v isua l  p e r c e p t i o n 

Michael C. Mozer 

Institute of Cognitive Science 
Universit y o f  Colorado ,  Boulde r 

This paper describes a model of selective attention that is part of a connectionist object recognition sys-
te m calle d MORSEL MORSEL i s capabl e o f  identifyin g multipl e object s presente d simultaneousl y o n it s 
"retina, "  bu t  becaus e o f  capacit y limitations ,  MORSEL require s attentio n t o preven t  i t  fro m tryin g t o d o 
to o muc h a t  onc e Attentiona l  selectio n i s performe d b y a  networ k o f  simpl e computin g unit s tha t  con -
struct s a  variable-diamete r  "spotlight "  o n th e retina ,  allowin g sensor y informatio n withi n th e spotligh t 
t o b e preferentiall y  processed .  Simulation s o f  th e mode l  demonstrat e tha t  attentio n i s mor e critica l  fo r 
les s familia r  item s an d tha t  attentio n ca n b e use d t o reduc e inter-ite m crosstal k Th e mode l  suggest s 
fou r  distinc t  role s o f  attentio n i n visua l  informatio n processing ,  a s wel l  a s a  nove l  vie w o f  attentiona l 
selectio n tha t  ha s characteristic s o f  bot h earl y an d lat e selectio n theories . 

Few would argue that the visual system is unlimited in its capacity for processing sensory informa-
tion .  S o m e mean s o f  selectiv e an d sequentia l  analysi s i s required .  Thi s i s th e primar y functio n o f  atten -
tion :  t o contro l  th e amoun t  an d th e tempora l  orde r  o f  informatio n flowin g throug h th e visua l  system . 
A n y complet e mode l  o f  visua l  informatio n processin g mus t  thu s addres s th e issu e o f  attention .  I n thi s 
paper ,  I  describ e a n attentiona l  mechanis m designe d fo r  a  connectionis t  mode l  o f  two-dimensiona l  objec t 
recognitio n calle d M O R S EL (Mozer ,  1987a ,  b) .  M O R S EL i s  capabl e o f  identifyin g multipl e object s 
presente d simultaneousl y o n it s "retina, "  bu t  becaus e o f  capacit y limitations ,  M O R S EL require s a n atten -
tiona l  mechanis m t o preven t  i t  fro m tryin g t o d o to o m u c h a t  onc e an d makin g errors . 

Briefly, MORSEL (Figure l) consists of four components: (l) a set of processing modules that 
analyz e object s alon g variou s attribut e dimensions ;  (2 )  a  networ k tha t  construct s a  consisten t  interpreta -
tio n o f  th e perceptua l  dat a provide d b y thes e module s (th e pull-ou t  net) ;  (3 )  a n attentiona l  mechanis m 
{a m fo r  short )  tha t  guide s th e effort s o f  th e modules ;  an d (4 )  a  visua l  short-term ,  m e m o r y tha t  hold s 
objec t  descriptions .  T o illustrat e th e typica l  operatio n o f  th e system ,  conside r  a  simpl e exampl e i n 
whic h M O R S EL i s show n a  displa y containin g tw o colore d letters ,  a  re d X  an d a  blu e T .  Thes e letter s wil l 
caus e a  patter n o f  activit y o n MORSEL' s retina ,  whic h serve s a s inpu t  t o eac h o f  th e processin g module s 
as wel l  a s t o th e AM .  T h e A M the n focuse s o n on e retina l  region ,  sa y th e locatio n o f  th e re d X .  Informa -
tio n fro m tha t  regio n i s processe d b y eac h module .  O n e modul e extract s shap e information ,  identifyin g 
th e objec t  a s a n " x "  o r  possibl y a  "y, "  anothe r  extract s colo r  information ,  identifyin g th e objec t  a s 
bein g red .  T h e pull-ou t  ne t  the n select s th e mos t  plausibl e interpretatio n o f  eac h module' s output ,  i n 
thi s cas e " x "  an d "red. "  T h e representatio n a t  thi s leve l  o f  th e syste m encode s attribute s o f  th e visua l 
objec t  withou t  regar d t o location .  Locatio n informatio n i s  recovere d fro m th e A M ,  whic h indicate s th e 
curren t  locatio n o f  focus .  Shape ,  color ,  an d locatio n informatio n ar e the n boun d togethe r  an d store d i n 
th e short-ter m memory .  Next ,  attentio n shift s t o th e blu e T ,  an d thi s proces s repeats . 

I have built a computer simulation of MORSEL with one module elaborated in detail — a letter and 
wor d recognitio n syste m calle d B U R N E T.  BLIRNE T ha s bee n traine d t o recogniz e letter s an d word s i n 
arbitrar y retina l  locations ,  an d i s  abl e t o recogniz e severa l  item s simultaneously ,  althoug h interaction s 
withi n th e networ k limi t  th e numbe r  o f  item s tha t  ca n b e accuratel y processed .  BLIRNE T i s a  hierarchi -
cal  multi-layere d network .  It s inpu t  laye r  i s a  retinotopi c featur e m a p arrange d i n a  3 6 X 6 spatia l  array , 
wit h detector s fo r  fiv e featur e type s a t  eac h poin t  i n th e arra y (lin e segment s a t  fou r  orientation s an d 
line-segmen t  terminato r  detectors) .  Letter s o f  th e alphabe t  ar e encode d a s a n activit y patter n ove r  a 
3 X 3 retina l  region .  BLIRNET' s outpu t  laye r  contain s letter-cluste r  detectors ,  whic h respon d t o singl e 

My thank s t o Do n Norman ,  Ha l  Pashler ,  an d Geof f  Hinto n fo r  thei r  guidance ,  an d t o Stev e Nowla n fo r  helpfu l  comment s o n a n 
earlie r  draft .  Thi s wor k wa s supporte d b y gran t  87-2-3 6 fro m th e Alfre d P .  Sloa n Foundatio n t o Geoffre y Hinton ,  Contrac t 
N00014-85-C-013 3 N R 667-54 1 wit h th e Personne l  an d Trainin g Researc h Program s o f  th e Offic e o f  Nava l  Research ,  an d a  gran t 
fro m th e Syste m Developmen t  Foundatio n t o Donal d Norma n an d Davi d Rumelhart . 
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Figur e 1 .  A  sketc h o f  M O R S E L. Figur e 2 .  T h e attentiona l  mechan i s m an d it s relationshi p t o 
BLIRNET. 

letter s an d bit s o f  words ,  regardles s o f  retina l  location .  Th e othe r  processin g module s o f  MORSEL hav e 
simila r  input-outpu t  properties :  a  retinotopi c inpu t  o f  elementar y features ,  an d a  location-independen t 
outpu t  representatio n o f  high-leve l  conjunctiv e features . 

THE ATTENTIONAL MECHANISM 

What might an attentional mechanism look like in the context of MORSEL? I propose a simple 
mechanism ,  on e tha t  direct s a  "spotlight "  t o a  particula r  regio n o f  th e retin a (e.g. ,  Crick ,  1984 ;  Erikse n 
& Hoffman ,  1973 ;  Posner ,  1980 ;  Treisma n &  Gelade ,  1980) .  Th e attentiona l  spotligh t  serve s t o enhanc e 
th e activatio n o f  low-leve l  retinotopi c feature s withi n it s bound s relativ e t o thos e outside .  A s activit y i s 
propagate d throug h BLIRNE T an d th e othe r  modules ,  th e highlighte d regio n maintain s it s enhance d 
status ,  s o tha t  i n th e outpu t  laye r  o f  th e module ,  unit s appropriat e fo r  th e attende d item(s )  ten d t o 
become mos t  activ e a s well .  Consequently ,  thes e unit s wil l  dominat e th e pull-ou t  ne t  competition ,  caus -
in g th e attende d item(s )  t o b e selected .  I n thi s way ,  th e A M allow s preferentia l  processin g o f  attende d 
stimuh . 

The Attentional Mechanism as a Filter 

The AM (Figure 2) is a set of units arranged in a retinotopic map in one-to-one correspondence 
wit h th e inpu t  laye r  (denote d Lj )  o f  BLIRNET .  Activit y i n a n A M uni t  indicate s tha t  attentio n i s focuse d 
on th e correspondin g retina l  locatio n an d serve s t o gat e th e flo w o f  activit y fro m L  i  t o th e secon d laye r 
(denote d Lg )  o f  BLIRNET .  Specifically ,  th e activit y leve l  o f  a n L  i  uni t  i n locatio n {x,y )  i s  transmitte d t o 
L 2 wit h probabilit y C+(l~C)''i y  (th e transmissio n probability) ,  wher e â y i s th e activit y leve l  o f  th e A M 
uni t  i n locatio n {x,y )  an d ha s rang e [0,1] ,  an d ̂  i s  a  scalin g paramete r  wit h a  valu e o f  approximatel y .25 . 
As lon g a s  ̂  i s  greate r  tha n zero ,  th e A M serve s onl y t o bia s processing ;  i t  doe s no t  absolutel y inhibi t 
activation s fro m unattende d region s (simila r  t o th e N o r m a n an d Shallice ,  1985 ,  model) . 
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As one might expect, highly familiar stimuli outside the focus of attention can work their way 
throug h th e syste m bette r  tha n othe r  stimuli .  T o illustrat e thi s point ,  BLIRNE T wa s teste d m i d w a y 
throug h trainin g o n a n isolate d lette r  recognitio n task .  S o m e letter s wer e recognize d bette r  tha n others : 
X wa s detecte d i n ever y locatio n an d i n th e contex t  o f  virtuall y an y othe r  simultaneously-presente d 
letters ,  H  wa s les s consistentl y detected ,  an d F  eve n les s so .  Takin g stabilit y  o f  detectio n t o b e a n indi -
catio n o f  familiarity ,  on e migh t  predic t  tha t  performanc e o n X  shoul d suffe r  les s tha n performanc e o n H , 
an d H  les s tha n F ,  w h e n attentio n i s removed .  Thi s predictio n i s confirme d b y Figur e 3a .  Performanc e 
her e i s measure d a s th e rati o o f  th e activatio n leve l  o f  th e targe t  lette r  t o th e activatio n leve l  o f  th e 
maximall y activ e nontarge t  letter ,  average d ove r  thirt y presentation s o f  th e target .  W h e n thi s rati o fall s 
belo w 1.0 ,  th e targe t  canno t  b e discriminate d fro m th e nontargets .  X  i s discriminabl e a s lon g a s th e 
transmissio n probabilit y  i s  greate r  tha n .1 ,  H  . 3 an d F  .8 .  Thus ,  BLIRNE T i s abl e t o recogniz e familia r 
stimul i  base d o n fewe r  perceptua l  feature s tha n les s familia r  stimuli .  I n othe r  words ,  foca l  attentio n i s 
les s critica J fo r  highl y familia r  stimuli . 

To further illustrate the filtering properties of the AM, BLIRNET was tested on L and G presented 
simultaneously .  Attentio n wa s varie d fro m bein g full y divide d (i.e. ,  th e transmissio n probabilit y  wa s 1. 0 
fo r  bot h letters )  t o bein g focuse d solel y o n th e L  (i.e. ,  th e transmissio n probabilit y  wa s 1. 0 fo r  L  an d 0. 0 
fo r  g ) .  Figur e 3 b show s tha t  b y concentratin g attentio n o n L ,  it s  relativel y wea k respons e ca n b e 
improve d dramatically ,  althoug h thi s improvemen t  i s matche d b y a  correspondin g decremen t  i n th e 
respons e t o G .  Thus ,  inter-ite m crosstal k i s reduce d b y focusin g attentio n o n on e item .  (I n thi s exam -
ple ,  th e target:spuriou s activit y rati o i s no t  a n absolut e measur e o f  discriminability .  Becaus e ther e ar e 
tw o stimuli ,  wha t  matter s fo r  recognitio n ar e th e tw o mos t  activ e units .  Eve n i f  a  targe t  ha s a  rati o les s 
tha n one ,  i t  m a y stil l  b e th e secon d mos t  activ e unit. ) 

System Dynamics 

In the previous section, I described the manner in which a given AM state influences processing in 
MORSEL.  I n thi s section ,  I  tur n t o th e issu e o f  h o w thi s stat e i s computed .  I  begi n b y assumin g externa l 
source s o f  knowledg e ar e availabl e tha t  offe r  suggestion s abou t  wher e t o focus .  Sometime s thes e sugges -
tion s wil l  conflic t  wit h on e another ;  th e tas k o f  th e A M i s t o resolv e suc h conflict s an d construc t  a n 
attentiona l  spotligh t  centere d o n th e selecte d location . 

The AM units are interconnected to form a relaxation network that settles into states having a sin-
gle ,  conve x regio n o f  activation .  Th e activit y o f  eac h uni t  i s  update d ove r  tim e a s follows : 

«,,('+! ) 
1 1 

,=-1 y=_i 

(b ) 

"0. 0 0. 3 OA 0. « OJ 
Transmissio n Probabilit y 

0.0 0. 2 0. 4 0. « 0. 8 1. 0 
Transmissio n Probabilit y  o f  G 

Figur e 3 .  (a )  Mea n rati o o f  targe t  activatio n t o th e maximu m spuriou s (nontarget )  activatio n fo r  X ,  H ,  an d F  presente d i n loca -
tio n (14,2 )  a s a  functio n o f  transmissio n probability ,  average d ove r  thirt y presentations ,  (b )  Mea n rati o o f  targe t  activatio n t o 
th e maximu m spuriou s activatio n fo r  L  i n locatio n (11,2 )  an d G  i n locatio n (20,2 )  a s a  functio n o f  attentio n t o th e G ,  average d 
over  thirt y presentations . 
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where a,y(< ) is the activity of AM unit in location {x,y) at time t , n and 6 are adjustable constants, 
extj y [t )  i s  a n externa l  inpu t  t o locatio n {x,y )  a t  tim e t  ,  an d f[x ]  i s  a n identit y functio n wit h saturatio n 
point s a t  zer o an d one .  Th e firs t  ter m i n th e activatio n functio n encourage s contiguou s region s o f 
activit y b y pushin g eac h uni t  t o tak e o n th e averag e valu e o f  itsel f  an d it s eigh t  spatia l  neighbors .  ( A 
neighbo r  i s assume d t o hav e activit y leve l  zer o i f  i t  i s  outsid e th e retinotopi c array. )  I f  /i x  i s  1/9 ,  a n 
exac t  averag e i s computed ;  a s a  result ,  activatio n level s fad e wit h increase d distanc e fro m th e cente r  o f 
activity .  I f  n  i s larger ,  however ,  th e boundar y betwee n activ e an d inactiv e region s ar e sharpened ,  s o 
tha t  a  uni t  wil l  ten d t o b e full y o n i f  it s  neighbor s ar e o n o r  of f  otherwise .  Th e secon d ter m i n th e 
activatio n functio n limit s th e tota l  activit y i n th e networ k b y causin g eac h uni t  t o inhibi t  al l  others , 
wit h 6  controllin g th e degre e o f  inhibition .  I f  severa l  discontinuou s region s ar e simultaneousl y active , 
thi s ter m serve s t o suppres s al l  bu t  th e mos t  activ e region .  Th e thir d ter m allow s externa l  source s o f 
knowledg e t o driv e activit y i n th e network . 

Guiding the Spotlight 

These external knowledge sources can be dichotomized into two classes: data driven and conceptu-
all y driven .  T o conside r  a  simpl e cas e o f  a  "dat a driven "  source ,  attentio n shoul d b e draw n t o object s 
bu t  no t  empt y region s i n th e visua l  field .  Thi s propert y i s incorporate d int o th e A M b y havin g eac h Z,  i 
uni t  projec t  t o it s correspondin g A M uni t  (Figur e 2) .  Simila r  connection s t o th e A M shoul d b e mad e fro m 
th e elementar y featur e map s o f  othe r  modules ,  e.g. ,  map s detectin g color ,  textur e boundaries ,  an d 
motion .  Throug h thes e connections ,  attentio n ca n b e capture d b y suc h varie d stimul i  a s a n intens e o r 
flashin g light ,  objec t  motion ,  o r  a n od d elemen t  agains t  a  homogeneou s background .  Furthe r  contro l  i s 
required ,  however :  th e mer e presenc e o f  an y featur e shoul d no t  caus e a n attentiona l  shif t  will y  nilly ; 
attentio n i s dependen t  o n higher-leve l  expectation s an d tas k demands .  Fo r  example ,  i n th e tas k o f 
detectin g a  "- "  i n a  displa y o f  oriente d hn e segments ,  on e woul d lik e fo r  onl y th e "- "  feature s t o trigge r 
attention .  I  thu s propos e tha t  highe r  level s o f  cognitio n {HLO )  ca n modulat e th e effec t  o f  eac h featur e 
typ e o n th e AM ,  allowin g onl y th e feature s o f  interes t  t o captur e attention .  Mechanistically ,  thi s i s no t 
difficul t  t o implement :  H L C simpl y nee d t o gat e th e connection s fro m eac h featur e typ e i n L  i  (an d 
othe r  suc h featur e maps )  t o th e AM . 

Besides data-driven guidance, "conceptually-driven" guidance — direct control by HLC — is 
require d i n m a n y situations ,  fro m reading ,  wher e tex t  mus t  b e scanne d fro m lef t  t o right ,  t o a  variet y o f 
experimenta l  task s wher e selectio n i s base d o n locatio n (e.g. ,  a  precu e indicatin g th e locatio n o f  a n 
upcomin g targe t  item) . 

If items of interest in the visual field vary in size, so must the spotlight. Empirical evidence con-
firm s thi s intuitio n (Erikse n &  Yeh ,  1985 ;  Laberge ,  1983) .  Thus ,  i t  seem s critica l  tha t  H L C b e abl e t o 
influenc e no t  onl y th e locu s o f  th e spotligh t  bu t  als o it s diameter .  Th e spotligh t  diamete r  i s modulate d 
by th e paramete r  9 .  Consequently ,  I  assum e tha t  0  i s dynamicall y regulate d b y H L C a s a  functio n o f 
tim e an d task . 

SIMULATION RESULTS 

I have implemented a simulation of the AM in which the human operator is allowed to specify the 
externa l  inputs .  Figur e 4 a present s a  simpl e exampl e i n whic h tw o externa l  input s hav e bee n given ,  on e 
at  locatio n (7,4 )  wit h valu e . 2 an d th e othe r  a t  (16,3 )  wit h valu e .3 .  Initially ,  activit y level s o f  al l  A M 
unit s ar e rese t  t o zero .  Ove r  time ,  th e externa l  input s ar e copie d int o th e activit y o f  th e correspondin g 
A M units .  Spotlight s the n begi n t o for m aroun d eac h stimulate d location ,  bu t  graduall y activit y i n th e 
regio n o f  (7,4 )  i s suppressed ,  du e t o th e fac t  tha t  onl y on e spotligh t  ca n b e supporte d an d th e externa l 
inpu t  t o (7,4 )  i s smaller .  B y iteratio n 15 ,  th e networ k reache s equilibrium .  Figur e 4 b show s anothe r 
exampl e wit h th e sam e externa l  input s bu t  0  decrease d fro m .0 2 t o .01 .  Th e resultin g spotligh t  i s  abou t 
twic e a s larg e a s i n Figur e 4a .  On e migh t  b e tempte d t o conclud e tha t  0  directl y regulate s th e diamete r 
of  th e spotlight ,  bu t  th e stor y i s mor e complex ,  a s th e nex t  exampl e demonstrates . 

In Figure 4c, the external inputs specify two blob-like regions, not individual points of activation 
as i n th e previou s examples .  Thi s inpu t  patter n wa s constructe d b y presentin g th e stimulu s W EX M U J t o 
BLIRNET (se e Figur e 4d) ,  an d countin g th e numbe r  o f  featur e detector s activ e i n eac h locatio n o f  L  i . 
Thi s sor t  o f  a n inpu t  patter n migh t  aris e naturall y o n th e A M i f  eac h L  i  uni t  fe d activit y int o it s 
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Figur e 4 .  (a )  Activit y patter n i n th e A M a t  equilibriu m resultin g fro m tw o externa l  input s (/i=.22 ,  ̂ = .02) .  Th e activit y leve l 
of  eac h A M uni t  i s represente d b y th e siz e o f  th e digi t  i n th e correspondin g position .  Th e digi t  itsel f  represent s th e magnitud e o f 
th e externa l  inpu t  (actually ,  te n time s th e input) ,  (b )  Activation s i n th e A M resultin g fro m tw o externa l  input s (/î .22 , 
6=.0l) .  (c )  Activation s i n th e A M resultin g fro m externa l  input s concentrate d i n tw o regions ,  wit h slightl y mor e inpu t  t o th e 
lef t  regio n (//=,22 ,  d=.02) .  (d )  Locatio n o f  th e stimulu s W D C M U J tha t  serve s a s inpu t  fo r  Figure s 4 c an d 4e .  (e )  Activa -
tion s i n th e A M resultin g fro m externa l  input s base d o n th e \  an d /  feature s o f  th e stimulu s W I X M U J (/i=.22 ,  5 = .02) .  Th e 
locatio n o f  th e X  i s selected . 

corresponding AM unit (as discussed earlier). The initial AM activity then reflects all bottom-up sources 
of  information :  attentio n i s  broadl y tune d t o includ e al l  item s i n th e visua l  field .  O v e r  t ime ,  h o w e v e r , 
attentio n " n a r r o w s "  o n th e lef t  regio n — th e sit e o f  W D C.  Thi s regio n i s  selecte d becaus e it s ne t  exter -
na l  inpu t  i s  greate r  — 3. 6 unit s o f  activit y versu s 3.5 . 
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Although the same value of 6 was used in Figures 4a and 4c, the spotlight in Figure 4c is larger. It 
appear s tha t  0  doe s no t  directl y contro l  th e spotligh t  diameter .  Roughly ,  0  ca n b e though t  o f  a s a  meas -
ur e o f  th e max imu m distanc e allowe d betwee n tw o point s o f  externa l  activit y i n orde r  fo r  the m t o b e 
enclose d withi n th e spotlight :  th e large r  0  is ,  th e smalle r  th e distance .  Thi s i s a  nic e propert y o f  th e 
syste m i n tha t  th e spotligh t  shoul d b e o n on e objec t  a t  a  time ,  bu t  i t  i s  unclea r  ho w t o defin e th e boun -
dar y o f  a n object ;  wit h WEX MUJ ,  i s th e entir e stimulu s a n object ,  i s  jus t  th e WDC,  th e X ,  o r  perhap s 
onl y on e strok e o f  th e X ? 0  provide s on e dimensio n alon g whic h a n object' s boundar y ca n b e character -
ized ,  namely ,  th e maximu m spacin g betwee n it s components . 

A final example of the operation of the AM is presented in Figure 4e. I have simulated the situa-
tio n i n whic h W DC MUJ i s presente d t o BLIRNE T an d th e L  j-A M connection s ar e gate d s o tha t  onl y th e 
"\ "  an d "/ "  featur e map s trigge r  th e AM.  A s a  result ,  th e lette r  X  i s selected .  I n thi s manner ,  highe r 
level s o f  cognitio n ca n contro l  whic h ite m wil l  b e selected ,  bu t  onl y i f  th e ite m ha s distinctiv e elemen -
tar y features :  pair s lik e W an d M canno t  b e differentiate d o n th e basi s o f  elementar y features . 

THE ROLE OF ATTENTION 

The AM serves MORSEL in four respects, suggesting the following roles of attention in visual infor-
matio n processing . 

(l) Controlling order of read out. The AM allows MORSEL to selectively access information in the visual 
fiel d b y location . 

(2 )  Reducin g crosstalk .  Whe n item s ar e analyze d simultaneousl y b y MORSEL,  interaction s withi n th e 
processin g module s caus e interferenc e amon g items .  B y focusin g attentio n o n on e ite m a t  a  time , 
crosstal k ca n b e reduced . 

(3 )  Recoverin g locatio n information .  Remember  tha t  th e outpu t  o f  BLIRNE T — th e letter-cluste r 
representatio n — encode s th e identit y o f  a  lette r  o r  wor d bu t  no t  it s retina l  location ;  th e operatio n 
of  BLIRNE T an d th e othe r  module s facto r  ou t  locatio n information .  However ,  becaus e th e curren t 
focu s o f  attentio n reflect s th e spatia l  sourc e o f  letter-cluste r  activations ,  th e A M ca n conve y th e 
los t  locatio n information . 

(4 )  Coordinatin g processin g performe d b y independen t  subsystems .  Eac h processin g modul e operate s 
independentl y o f  th e others .  Consequently ,  i t  i s  imperativ e t o ensur e tha t  th e result s fro m th e 
variou s module s ar e groupe d appropriately .  Th e A M allow s thi s b y guidin g processin g resource s o f 
al l  module s t o th e sam e spatia l  region .  Thi s functio n o f  attentio n seem s analogou s t o tha t  sug -
geste d b y feature-integratio n theor y (Treisma n &  Gelade ,  1980) . 

EARLY VERSUS LATE SELECTION: WHERE DOES THE AM FIT IN? 

A central issue in perceptual psychology over the past three decades has been the level at which 
attentiona l  selectio n operates .  Theorie s o f  attentio n ca n b e dichotomize d int o tw o opposin g views : 
earl y an d lat e selection .  Early-selectio n theorie s (Broadbent ,  1958 ;  Treisman ,  1969 )  deriv e thei r  nam e 
fro m th e assertio n tha t  selectio n occur s earl y i n th e sequenc e o f  processin g stages ,  prio r  t o stimulu s iden -
tification .  I n contrast ,  late-selectio n theorie s (e.g. ,  Deutsc h <f e Deutsch ,  1963 ;  Norman ,  1968 ;  Shiffri n & 
Schneider ,  1977 )  posi t  tha t  selectio n occur s lat e i n processing ,  followin g stimulu s identification .  Addi -
tiona l  propertie s g o han d i n han d wit h th e centra l  assumptio n o f  eac h theor y (Pashle r  &  Badgio ,  1987) . 
Earl y selectio n generall y implie s tha t  (l )  selectio n i s base d o n low-leve l  feature s suc h a s stimulu s loca -
tio n o r  color ,  (2 )  th e processin g syste m i s o f  quit e limite d capacity ,  an d (3 )  stimulu s identificatio n i s 
necessaril y  serial .  I n contrast ,  lat e selectio n generall y imphe s tha t  (1 )  selectio n i s base d o n high-leve l 
feature s suc h a s stimulu s identity ,  (2 )  th e processin g syste m i s withou t  capacit y limitations ,  an d (3 ) 
stimulu s identificatio n proceed s i n parallel . 

The view of attention presented by MORSEL is neither strictly early nor late selection. It agrees 
wit h late-selectio n theorie s i n suggestin g tha t  multipl e displa y item s ca n b e processe d i n paralle l  t o a 
hig h leve l  o f  representation ,  eve n t o th e poin t  o f  makin g simultaneou s contac t  wit h semanti c knowledg e 
(whic h occur s i n th e pull-ou t  net) .  Further ,  selectio n vi a th e pull-ou t  ne t  ca n b e base d o n high-leve l  — 
semanti c o r  orthographi c — features ;  thi s i s accomplishe d b y primin g semanti c unit s o r  letter-cluste r 
unit s i n th e pull-ou t  ne t  t o bia s th e pul l  ou t  process .  I n othe r  respects ,  however ,  MORSEL embodie s a n 
early-selectio n theory .  First ,  th e A M i s a n earl y selectio n device .  I t  operate s o n a  low-leve l  representa -
tion ,  muc h i n th e spiri t  o f  th e filterin g an d attenuatio n operation s propose d b y early-selectio n theories . 
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Second, the processing capacity of MORSEL is limited. If multiple items are analyzed simultaneously, 
interaction s amon g th e item s ca n lea d t o damagin g crosstalk ;  an d ther e i s th e furthe r  proble m tha t 
informatio n abou t  th e locatio n o f  eac h ite m i s lost . 

MORSEL thus shows characteristics of both early and late selection theories. Pashler and Badgio 
(1985 ,  1987 )  hav e propose d a  simila r  hybri d vie w o f  attentiona l  selectio n base d o n a  larg e bod y o f  empir -
ica l  work .  Thei r  vie w seem s entirel y compatibl e wit h MORSEL an d th e AM.  I  fin d i t  bot h surprisin g an d 
excitin g tha t  MORSEL i s i n suc h clos e accor d wit h th e conclusion s o f  Pashle r  an d Badgio .  MORSEL wa s 
not  designe d specificall y t o addres s attentiona l  issues ,  ye t  i t  make s stron g prediction s concernin g th e 
natur e o f  attentiona l  selection .  Furthermore ,  th e hybri d vie w o f  attentiona l  selectio n presente d her e 
seems lik e a  possibl e resolutio n t o th e longstandin g debat e betwee n proponent s o f  earl y an d o f  lat e selec -
tion . 

In closing, I should note that Koch and Ullman (1985) have developed a related neurally-inspired 
model  o f  th e attentiona l  spotlight .  Thei r  mode l  i s simila r  t o th e A M i n tha t  i t  consist s o f  a  topographi c 
map i n whic h unit s ar e activate d t o indicat e th e allocatio n o f  attention .  Additionally ,  i t  operate s b y 
gatin g th e flo w o f  activit y fro m a  low-leve l  inpu t  representatio n compose d o f  elementar y features .  I n 
Koch an d Ullman' s model ,  however ,  selectio n i s performe d b y a  simpl e winner-take-al l  network .  Thi s 
result s i n a  singl e poin t  o f  activity ,  a s compare d t o th e distribute d activit y patter n produce d b y th e AM. 
Thei r  mode l  i s thu s unabl e t o adjus t  th e diamete r  o f  th e attentiona l  spotlight .  A  furthe r  drawbac k o f 
th e Koc h an d Ullma n mode l  i s tha t  i t  i s  embedde d i n a  seria l  processin g system ,  capabl e o f  processin g 
onl y on e ite m a t  a  time .  Withou t  a  syste m lik e BLIRNET ,  thei r  mode l  i s merel y a n earl y selectio n device . 
Thi s bring s u p th e poin t  tha t  i t  i s  no t  th e attentiona l  mechanis m itsel f  tha t  determine s whethe r  th e sys -
te m a s a  whol e i s bes t  characterize d i n term s o f  earl y o r  lat e selection ,  bu t  rathe r  ho w th e attentiona l 
mechanis m i s integrate d int o th e res t  o f  th e system .  Thi s i s wher e MORSEL make s a  distinc t  contribu -
tio n t o theorie s o f  attention . 
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Search Directives 

Lexical semantics must account eventually for the 

descriptio n o f  visua l  images .  Ironically ,  existin g lin -

guisti c system s ar e bette r  geare d t o interfacin g wit h 

abstrac t  database s tha n t o handlin g simpl e word s 

suc h a s fa r  cui d neeir ,  i n an d out .  W h y ar e visua l 

semantic s elusive ? D u e t o clzirit y  o f  vision ,  flaws  i n 

semanti c theorie s canno t  pas s unnotice d a s the y d o 

i n highl y cerebra l  domain s suc h a s contrac t  la w o r 

compan y takeovers .  W e hav e develope d a  theory , 
directiv e semantics ,  fo r  deahn g wit h visua l  descrip -

tions . 

Thi s theor y come s a s a n antithesi s t o perva -

siv e theorie s o f  lexica l  semantic s [4] ,  whic h vie w 

languag e encoding/decodin g a s a  proces s o f  con -

strain t  satisfaction .  I n th e absenc e o f  a  tas k do -

main ,  evaluatio n o f  theoretica l  result s i s b y th e lin -

guist' s  ear :  unusua l  utterance s ar e "starred "  ou t  a t 

convenience .  I n contrast ,  w e vie w languag e process -

in g a s a n objectiv e oriente d task ,  i n whic h lexica l 

semantic s facilitat e tas k performance .  T h e testbe d 

fo r  th e theor y i s a  well-define d cognitiv e task ,  calle d 

"hid e an d seek. "  Linguisti c utterance s ar e use d t o 

lea d a  seein g agen t  towar d a n objec t  implici t  i n a 

scene . 

Conside r  th e followin g scenario ,  i n whic h a 

touris t  i s  introduce d t o a n ancien t  spo t  i n Florence . 

(1 )  Thi s tal l  arc h yo u se e nea r  th e 

cathedra l  wa s designe d b y Pilucc o 

tw o thousan d year s ago . 

'Implicit objects require computational evaluation for 
the m t o b e recognized . 

Sentenc e (1 )  i s  interprete d b y th e lis -

tener/viewe r  relativ e t o th e scen e currentl y bein g 

perceived ,  th e skylin e o f  th e city ,  i n whic h th e cathe -

dra l  i s  prominent .  Followin g th e Hnguisti c instruc -

tion ,  th e viewer' s eye s ar e guide d t o th e cathedral , 

the n t o th e arch ,  o n whic h hi s attentio n i s focused . 

Computationally, linguistic clues such as this, 

tall ,  Eirch ,  an d nea r  ar e problemati c fo r  tradi -

tiona l  linguisti c systems .  Conside r  tall ,  fo r  exam -

ple :  i s  i t  a  descriptiv e constraint ? I s tal l  intende d 

t o disambiguat e on e particula r  arc h b y ruhn g ou t 
m a ny othe r  expHcitl y  give n candidates ? No t  ac -

cordin g t o th e scenari o above ,  i n whic h n o arc h i s 

explicitl y  identifie d b y th e viewer .  Tal l  i s  provide d 

as a  directiv e fo r  finding  a n a s ye t  unidentifie d arch . 

Tal l  guide s th e viewe r  t o searc h fo r  a n arc h ove r  th e 

skylin e o f  th e city .  Similarly ,  nea r  i s  no t  intende d 

as a  quantifie r  o n distance .  I n fact ,  a s a  quanti -

fier,  nea r  i s no t  operationa l  i n tas k performance—i s 

nea r  define d a s 5  o r  perhap s a s 55 ? Rather ,  nea r 

i s provide d a s a  searc h directive :  star t  scannin g th e 

skylin e fro m th e cathedra l  an d away !  Thus ,  w e dis -
cove r  th e impac t  o f  lexica l  semantic s no t  i n abstrac -

tio n bu t  withi n a  concret e visua l  task . 

In this paper we describe a computational 

model  whic h receive s bot h textua l  an d visua l  in -

puts ;  w e explai n wh y th e direc t  linkag e o f  word s 

wit h geometrica l  descriptio n fails ,  an d wh y ther e i s 

a nee d fo r  broade r  interpretatio n o f  visua l  relations ; 

we sho w ho w a n imag e understandin g "agent "  i s 

guide d b y th e linguisti c tex t  i n searc h o f  perceive d 

object s i n a  scene . 
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Figur e 1 :  Th e Inpu t  Scen e 

Figur e 2 :  Th e Segmente d Pictur e 

A representativ e scen e an d th e segmentatio n 

of  th e scen e b y th e imag e understandin g syste m 
ar e show n i n th e abov e figures .  Figur e 1  show s a 
phot o o f  th e Schenectad y Nationa l  Guar d Airbase , 

it s facilitie s an d 3  C13 0 aircraf t  use d fo r  rescu e an d 
transportation .  Thi s picture ,  represente d a s a  gray -
leve l  matrix ,  i s  converte d b y segmentatio n int o a  se t 

of  edge s an d vertices ,  a  portio n o f  whic h i s show n i n 

Figur e 2 .  Som e fixe d object s i n thi s scen e ar e give n 
explicitly :  th e hangars ,  th e apro n an d th e road s 
use d b y vehicle s o n th e apron .  Object s hidde n (ob -

-scure d b y segmentation )  i n th e pictur e ar e discov -

ere d b y a n imag e understande r  guide d b y S E E R . 
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II .  T h e P r o g r a m S E E R 

We ar e designin g th e progra m SEE R (pronounce d 
see'er )  whos e externa l  behavio r  i s describe d below . 

User :  Fin d th e fue l  truc k betwee n th e 

heinga r  an d th e CI3 0 o n th e apron ! 

User :  Fin d th e truc k nea r  th e aircraft . 

r o a d 

\ 

h a n g a r 

13 0 
C 1 30 

ipro n 

S E ER mus t  identif y a  specifi c  instanc e o f  a  truck , 

base d o n reference s t o fixed  object s (i.e. ,  th e hangar , 

th e apron) .  I t  first  mus t  find^  th e C I3 0 aircraft ,  an d 

the n i t  searche s fo r  th e truc k itsel f  base d o n th e ge -

ometrica l  relation :  betwee n th e heoiga r  an d th e 

C130.  However ,  betwee n i s no t  take n literally—th e 

truc k mus t  no t  necessaril y b e o n th e lin e betwee n 
th e hanga r  an d th e aircraft—bu t  i t  i s  take n a s a 

conceptua l  relation .  Accordingly ,  th e searc h fo r  a 

truc k i s  performe d alon g th e road s connectin g th e 

tw o locations .  A s scannin g o f  th e scen e progresse s 

i n searc h o f  th e truck ,  th e use r  receive s a  graphica l 

indicatio n o f  th e searc h directio n alon g th e roads . 

Finally ,  th e identifie d truc k i s illuminated . 

U s e r :  Ar e an y aircraf t  fueling ? 

A searc h fo r  a  visua l  script ,  th e C130-Fuehn g Script , 

i s  conducted .  Accordingly ,  a  fuelin g truc k an d 
a C13 0 i n a  particula r  spatia l  configuratio n ar e 

sought .  Thi s configuratio n i s  identifie d i n th e pic -

ture ,  an d it s constituent s ar e marked . 

^In each picture, the seeirch path is shculed; the annota-
tion s i n th e first  drawin g ax e fo r  referenc e only . 

Reference s suc h a s truc k an d aircraf t  ar e to o 

generi c fo r  applicatio n b y a n imag e understander . 

Her e thes e reference s ar e resolve d b y prio r  dis -

course :  th e aircraf t  i s  th e C13 0 fro m th e first 

sentence ,  an d th e truc k i s  resolve d a s eithe r  th e 

fue l  truc k implici t  i n th e fuelin g scrip t  o r  th e fuel -
in g truc k explicitl y  mentione d i n th e first  sentence . 

Thi s ambiguit y i s  resolve d b y th e relatio n near . 

T h e searc h fo r  a  truc k i s conducte d withi n extend -

in g circle s centere d a t  th e CI30 . 

Use r :  I s th e truc k behin d th e aircraf t 

to o far ? 

T h e relatio n behin d i s  subjective ;  i t  mus t  b e 

interprete d relativ e t o th e user' s perspective .  Onl y 

by accountin g fo r  thi s perspective ,  ca n th e progra m 

relat e t o th e user' s intende d meaning .  Onc e th e 

truc k i s identified ,  script-base d constraint s ar e use d 

t o evaluat e whethe r  i t  i s  withi n th e limitation s o f 

th e fuehn g script .  T h e las t  tw o sentence s contai n a n 

apparen t  logica l  discrepancy ;  a n instanc e o f  a  truc k 

i s bot h "nea r  an d "to o far" ,  i n th e sam e context . 

Thi s discrepanc y i s no t  rea l  sinc e eac h cas e ha s it s 

own particula r  searc h intentions . 

As demonstrate d b y thes e queries ,  linguisti c 

expression s ar e use d t o direc t  visua l  scen e analysis . 
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III .  Cogni t iv e a n d 

Technological Issues 

Ultimately, cognitive models must receive and ex-

ploi t  inpu t  fro m th e externa l  worl d vi a tw o modal -

ities :  languag e an d visua l  perception .  S o far ,  thes e 

modalitie s ar e investigate d b y tw o separat e disci -

plines .  Fo r  the m t o interact ,  a  tremendou s ga p 

must  b e bridge d betwee n linguistic/conceptua l  rep -

resentatio n o f  word s an d visual/geometrica l  repre -

sentatio n o f  objects .  I n addressin g thi s proble m 
we choos e no t  t o ignor e th e mai n tw o challenges : 

language—vaguenes s o f  th e medium ,  an d vision — 
brittknes s o f  th e technology . 

Conside r  th e variou s interpretation s o f 

betwee n i n th e followin g sequenc e o f  locative s  ̂ . 

(1 )  Poin t  A  i s  betwee n point s B  an d C . 

Chicag o i s  betwee n L A em d Albany . 
Joh n wa s watchin g Mary . 

Barbar a move d betwee n them . 

My finge r  go t  stuc k betwee n th e tabl e 
an d th e wall . 

I  fin d mysel f  betwee n a  roc k an d a 

har d place . 
Sentenc e (1) ,  uttere d b y a  mathematician , 

migh t  possibl y carr y som e geometrica l  precision . 

Sentenc e (2 )  uttere d b y a n airlin e travele r  i s  correc t 

becaus e th e travele r  transfer s plane s a t  Chicag o e n 

rout e fro m L A t o Albany .  However ,  i t  i s  geometri -
call y incorrect :  Chicag o i s no t  o n th e straigh t  lin e 

constructe d betwee n L A an d Albany .  Thi s discrep -

anc y doe s no t  reflec t  la.c k o f  precision ,  whic h coul d 

be rectifie d b y allowin g som e tolerance .  I t  reflect s 

th e inheren t  complexit y o f  linguisti c relations .  Sen -
tenc e (3 )  i s  geometricall y precise—Barbar a i s in -
deed o n th e lin e betwee n Joh n an d Mary-bu t  thi s 
i s coincidental ,  du e t o th e linea r  natur e o f  ligh t 

rays .  Th e mai n implicatio n o f  th e expressio n i s 

causal :  Barbar a "disenabled "  John' s seein g Mary . 
Sentenc e (4 )  als o convey s a  causa l  relation .  Finally , 

sentenc e (5 )  involve s tw o layer s o f  metaphor :  first 

(2 ) 
(3 ) 

(4) 

(5) 

^  We defin e "locative "  a s a n expressio n pertainin g t o a  per -
ceive d scene .  We d o no t  us e Herskovits '  definition ,  namely , 
"emy spatia J expressio n involvin g a  preposition..." ,  sinc e 
ther e i s n o metho d fo r  determinin g whethe r  a n expressio n 
i s spatia J o r  causal . 

th e causa l  extensio n o f  betwee n ( X i s  vulnerabl e 

becaus e h e wil l  b e crushe d whe n Y  meet s Z ) ,  an d 

second ,  th e analog y fro m th e physica l  domai n t o an -

othe r  abstrac t  domain .  Thus ,  locative s b y thei r  na -

tur e def y direc t  geometrica l  interpretation .  Whil e 

allowin g h u m a n speakers  a  grea t  expressiv e power , 

the y plac e o n th e listene r  th e burde n o f  identifyin g 

th e appropriat e imphcation . 

Existin g Imag e Understandin g (lU )  technolog y 

i s quit e limited .  Fo r  on e thin g a n l U progra m can -

not  identif y a  geometricall y ill-define d objec t  suc h 

as a  perso n o r  a n animal .  Fo r  another ,  curren t  pro -

gram s canno t  searc h fo r  generi c object s suc h a s a 

cathedra l  o r  a  truck .  T h e searc h mus t  b e drive n b y 
a concis e truc k model ;  th e slightes t  deviatio n be -

twee n th e designate d mode l  an d th e actua l  instanc e 

yield s a n identificatio n failure .  Thes e limitation s 

lea d t o thre e unfortunat e results :  (1 )  Withou t  a  hi -

erarchica l  databas e (o f  whic h al l  model s ar e specifi c 
instances )  an d gradua l  discrimination ,  al l  th e mod -

el s i n th e databas e mus t  b e exhaustivel y applied . 

Al l  possibl e truck s an d cathedral s ar e sough t  i n eac h 

scene .  (2 )  Withou t  spatia l  relations ,  scene s mus t 

be scanne d exhaustively .  Truck s ar e sough t  i n th e 

ocea n an d cathedral s ar e sough t  o n freeways .  (3 ) 
Withou t  conceptua l  expectations ,  ther e i s n o no -
tio n tha t  car s driv e onl y right-sid e u p o r  tha t  driv -

in g i s oriente d alon g th e roa d axis .  Commonsens e 

constraint s ar e no t  exploite d t o limi t  th e search . 

I n ou r  model ,  w e demonstrat e ho w thes e limi -

tation s o f  visio n ar e overcom e b y linguisti c inputs : 
(1 )  visua l  objec t  identificatio n i s supporte d b y lin -

guisti c referenc e resolution ,  (2 )  spatia l  relation s ar e 

resolve d b y pla n recognition ,  an d (3 )  visio n i s drive n 
by linguisti c directives .  Thes e point s ar e elaborate d 

i n th e nex t  sections . 

IV. Resolving Locative 

Express ion s 

The resolution of locative expressions can be viewed 

eithe r  a s a  proces s o f  selectio n o r  a s a  proces s o f 

search .  W e explai n why ,  whe n talkin g abou t  im -

ages ,  onl y th e secon d approac h i s valid . 

Locativ e Resolutio n a s Selection :  Con -
sider ,  fo r  example ,  th e followin g se t  o f  expression s 
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intende d t o identif y unambiguousl y object s i n a 

database : 

(1 )  Joh n Marberg . 
(2 )  Th e shi p tha t  lef t  Lon g Beac h t o 

Honolul u o n Marc h 17 ,  1987 . 

(3 )  Th e ol d chai r  i n th e c o m e r  o l  th e 

dinin g roo m nea r  th e pictur e 

of  m y pairents . 

I n th e traditiona l  artificia l  intelligenc e fashio n 

suc h reference s ar e resolve d i n tw o steps ,  a s show n 

schematicall y i n th e figure  below : 

I  ̂ " i X ^ ^ ^ " ° ' ° " ^ » X u g ) ^  Concep t  i 

Lexicon Visio n 
ICONS 

(a )  Conver t  linguisti c descriptio n t o semanti c 

description ;  i.e. ,  th e symbo l  Joh n Marber g i s  con -

verte d t o a  semanti c template : 

(perso n 

rfirst-nam e Joh n 

: last-nam e marber g 

:gende r  male ) 

(b )  Retriev e a n instanc e unifyin g template s 

acros s a  databas e o f  iconi c concepts ;  i.e. ,  th e re -

trieve d concep t  i n exampl e (1 )  i s marberg.7 3 whos e 

ful l  descriptio n i n th e databas e is : 

(perso n 

:first-nam e Joh n 

:last-nain e marber g 

rgende r  mal e 

:ag e 3 7 

: S S N 557-59-3366 ) 

T wo aissumption s ar e m a d e i n thi s approach . 

(a )  Accessibility :  a  se t  o f  concept s exist s i n th e 

databas e i n a  for m whic h lend s itsel f  t o patter n 
matchin g base d o n features ;  i n exampl e (1) ,  ther e 

i s a n cissume d lis t  o f  person s give n a s frame-base d 

concepts ,  ou t  o f  whic h marberg.7 3 i s  selected ,  (b ) 

Operationality :  th e semanti c features ,  give n a s 

logica l  predicates ,  ar e apphcabl e i n patter n match -

ing ;  th e string s "John "  an d "marberg" ,  fo r  example . 

ca n b e validate d b y simpl e string-matchin g opera -

tions . 

Similarly ,  th e linguisti c quer y o f  exampl e (2 ) 

i s converte d t o a  templat e describin g a  vessel ; 

tha t  templat e i s  compare d wit h al l  vessel s i n th e 

databas e accordin g t o dat e an d route ;  th e resul t  i s 

a (possibl y empty )  se t  o f  vessel s abidin g b y th e de -

scription . 

However ,  th e tw o assumption s mad e abov e ar e 

not  vali d i n certai n cognitiv e tasks .  First ,  a s show n 

by Schank ,  Lehnert ,  an d Kolodner[9 ,  1 ,  5] ,  no t  al l 

concept s i n a  semanti c ne t  ar e readil y accessible . 

Th e mai n issu e i s no t  th e selectio n o f  th e concep t 

but  navigatin g i n th e ne t  i n orde r  t o acces s appro -

priat e concept s i n th e first  place .  Second ,  a s show n 

by Rosc h [8] ,  no t  al l  description s ar e crisp ,  an d som e 

semanti c template s ca n b e specifie d merel y a s pro -

totypes .  A  prototypica l  do g ha s a  tail ;  ye t  a  tailles s 

dog mus t  stil l  b e recognize d a s a  dog .  I t  i s  ye t 

unclea r  ho w t o mak e prototypica l  description s op -

erational . 

Thes e issue s ar e strongl y manifeste d i n th e vi -

sua l  domain .  Accessibility :  upo n receivin g ex -

pressio n (3 )  above ,  a  listene r  migh t  no t  hav e ac -

cessibl e a  lis t  o f  al l  th e chair s i n th e house .  I f  re -

all y interested ,  th e listene r  coul d wal k aroun d th e 
hous e t o th e dinin g room ,  loo k a t  th e corne r  an d 

identif y th e chair .  Operationality :  eve n a  sim -

pl e featur e suc h a s ol d canno t  becom e operationa l 

by a  visio n system .  Moreover ,  th e relatio n nea r  i s 

completel y undefine d a s a  quantifier .  T h e obviou s 

locativ e i n th e c o m e r  i s no t  well-define d eithe r  a s 

show n i n th e illustratio n below .  I f  a  corne r  i s indee d 

roo m 

define d a s a  quarte r  o f  a  cylinder ,  a s suggeste d b y 

Herskovit s  [4] ,  the n wha t  i s th e radiu s o f  tha t  cylin -

der ? I s  chai r  A  "i n th e corner" ? H o w abou t  chai r 

B? 
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I n orde r  t o overcom e thes e obstacles ,  a  c o m m o n 

practic e i n artificia l  intelligenc e ha s bee n t o discus s 

"iconi c vision" :  (a )  scene s ar e give n a s collection s o f 

icons ,  an d (b )  icon s ar e represente d graphicall y t o 

displa y th e feature s require d i n patter n matching . 

However  realit y contradict s thi s relaxation . 

Referenc e Identificatio n a s Search :  N o 

simplifyin g assumption s ar e m a d e i n ou r  mode l 

abou t  visio n systems .  O n th e contrary ,  w e empha -

siz e ho w th e limitation s o f  visio n ar e overcom e b y 

conceptua l  processes .  T h e identificatio n tas k i s car -

rie d ou t  a s show n below : 

SEER 
Texl 

"-^XS > 
Semanti c 

Lexico n 

Directives ' 

Worl d 
Knowledg e 

"v 

Unders . 
Unifie r 

RAW 
DATA 

Concept 

T h e scen e d o e s n o t  contai n a n explici t  se t  o f  icons . 

M o s t l y th e scen e conta in s r a w vertice s a n d edges . 
Cer ta i n object s h a v e alread y b e e n identifie d a n d 
precompi led .  F o r  e x a m p l e ,  th e pictur e itsel f  a n d 

th e corner s o f  th e r o o m h a v e b e e n identifie d i n prio r 

processing .  T h e searc h i s a  two-ste p process :  (a ) 

A searc h p lanner ^  receive s a  sequenc e o f  searc h di -
rective s base d o n th e linguisti c instructions ;  i.e. ,  i n 

orde r  t o find  th e chair ,  find  th e dinin g r o o m ,  th e 

corner ,  th e pictur e an d the n th e chair ,  (b )  Th e 

planne r  dispatche s specifi c  instruction s t o a n im -

age understande r  (implemente d b y th e imag e un -
derstandin g progra m [11]) ;  i.e. ,  i n th e corne r  an d 

nea r  th e pictur e ar e converte d int o th e respec -
tiv e directives : 

OUT(corner(X) ) 

RADIAL(pos,(corner(X))) ) 

(directiv e 
:  p r u n e 
:orde r 

(directive 

:orde r  RADIAL(pos,(picture(Y))) ) 

I t  mus t  stil l  b e show n ho w locativ e expression s ar e 
converte d int o searc h directives . 

V .  Interpretin g Locat iv e 

Express ion s 

Three approaches to the interpretation of locatives 

ar e discussed ,  usin g th e example s below : 

(1 )  Th e truc k i s drivin g betwee n th e 

hainga r  an d th e garage . 

(2 )  Th e C13 0 i n th e nosedock . 

Direc t  Interpretation :  Assumin g thes e 

locative s expres s pur e geometrica l  relations ,  a 

Montague-styl e gramma r  [7 ]  ca n b e use d t o conver t 

the m int o geometrica l  primitive s a s i n th e follow -

in g simplifie d linguisti c expression s fo r  th e abov e 

examples .  Thu s 

(1 )  A  i s betwee n B  cin d C . 

(2 )  A  i s i n B . 

ar e converte d int o mathematica l  expression s whic h 

ar e base d o n simpl e geometrica l  primitives : 
(1 )  ON(A,(CONNECT(B,C)) ) 

(2 )  CONTAINCB.A) 

Search ,  followin g thes e instructions ,  i s conducted : 

nos e d o c k 
C130 

Clearly ,  thes e formula e d o no t  captur e th e intende d 

meaning :  n o roa d goe s directl y betwee n B  an d C ; 

th e nosedoc k doe s no t  full y  contai n th e C130 .  I t 
i s no t  imprecisio n tha t  cause s thi s discrepancy ,  bu t 

th e intende d meanin g itself . 

Geometr ica l  M e t a p h o r :  Lakof f  [6] ,  Talm y 

[10] ,  an d Herskovit s [4] ,  employe d geometrica l 

metaphor s i n th e interpretatio n o f  spatia l  relations . 
Consider ,  fo r  example ,  th e followin g sentence : 

(9 )  Th e bir d i s i n th e tree . 
As show n belo w ^ ,  th e tre e i s no t  reall y a  con -

*suc h a s tha t  b y Hanso n an d Riseman[3 ] t̂h e figure  i s take n fro m Herskovits '  pape r  [4] . 
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taine r  fo r  th e bird .  However ,  usin g indirec t  ref -

erenc e [2] ,  th e expressio n i s  reduce d fro m 3  di -

mension s t o 2  dimensions ,  meaning :  th e contou r 

of  th e bir d i s i n th e contou r  o f  th e tree ,  as : 

CONTAIN(contour-of(tree),contour-ol(bird) ) 

In another example, the conversion is along the 

whole-par t  dimension : 

(10 )  Joh n wa s sittin g i n th e truck . 

Thi s exampl e i s interprete d a s follows : 

CONTAIN(cabin-of(truck),John ) 

Thi s approac h capture s metaphor s alon g geomet -

rica l  dimensions ,  bu t  i t  fail s o n metaphor s whic h 

requir e broade r  worl d knowledge . 

Object-Oriente d M e t a p h o r :  Th e followin g 

sequenc e o f  example s show s th e limitatio n o f  th e ge -

ometri c approac h an d motivate s th e object-oriente d 

approach : 

(10 )  Th e C13 0 i s i n th e nosedock . 

(11 )  Th e mous e i s i n th e trap . 

(12 )  Joh n i s  registere d i n thi s school . 

Sentenc e (11 )  ca n b e explaine d b y th e whole -

par t  conversion : 

CONTAIN(nosedock,part-of(C130) ) 

However ,  fo r  a  mouse' s tai l  caugh t  i n a  spring -

typ e trap ,  sentenc e (11 )  i s ye t  unexplained .  Th e 

mouse i s trapped ,  bu t  i t  i s  no t  containe d i n th e trap . 

Solvin g suc h relation s require s knowledg e abou t  th e 

objec t  unde r  analysis .  T h e interpretatio n o f  A  i s 

i n B  depend s o n th e natur e o f  th e intercictio n be -

twee n A  an d B .  Accordingly ,  aircraf t  A  i s i n th e 

nosedoc k B  i f  A' s nos e i s bein g maintaine d a t  doc k 

B;  mous e A  i s i n tra p B  i f  A  i s trappe d i n B ;  perso n 

A i s i n schoo l  B  i f  A  i s o n th e lis t  o f  student s o f  B . 

T h e interpretatio n o f  betwee n i s furthe r  com -

plicate d b y th e time-spac e dualit y  [6] .  Th e truc k 

i s betwee n B  an d C  implie s tb__^i t  a  certai n 

poin t  i n tim e betwee n leavin g A  an d arrivin g a t  B , 

th e truc k passe s throug h i t  curren t  location .  Thi s 
interpretatio n relie s o n th e identificatio n o f  a  truc k 

as a  movin g vehicle ,  whos e possibl e locatio n de -

pend s o n it s  type :  aircraft s ar e sough t  o n ai r  cor -

ridors ,  car s ar e anticipate d o n roads ,  an d a  trai n i s 

probabl y o n a  railroad .  Elementar y worl d knowl -

edg e o f  thi s kin d i s  essentia l  t o suppor t  a  visua l 

syste m i n finding  objects . 

V I .  Conc lus ion s 

We have examined the interpretation of locatives 

withi n a  concret e tas k domain .  I n thi s tas k w e hav e 

identifie d tw o centra l  issues .  First ,  locative s d o no t 

posses s narro w geometrica l  interpretation ,  bu t  the y 

requir e worl d knowledge .  Second ,  locative s ar e no t 

use d a s simpl e pointer s t o objects—an d a s w e hav e 

shown ,  thei r  semantic s i s unclea r  whe n though t  o f  a s 

such—but  the y ar e use d a s directive s fo r  navigatin g 

i n visua l  scenes .  Ou r  theor y o f  directiv e semantic s 

i s employe d i n th e integratio n o f  natura l  languag e 

and vision . 
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INTRODUCTION 

When w e loo k a t  a  familia r  objec t  fro m a  nove l  viewpoint ,  w e ar e usuall y abl e t o recogniz e i t  W e ar e 
intereste d i n developin g a  mode l  o f  visio n whic h ca n efficientl y represen t  th e invarian t  informatio n require d t o 

recogniz e object s from  variou s viewpoints ,  an d whic h i s capabl e o f  acquirin g thi s informatio n throug h experi -

ence .  I n th e wcH- k describe d here ,  object s ar e modele d i n term s o f  2- D sh£ ^  features .  Usin g a  hierarchica l 

decompositio n o f  objec t  shape s allow s paralle l  extractio n o f  sub-shapes ,  provide s storag e econom y fo r  objec t 

models ,  an d facilitate s generalizatio n o f  learne d knowledg e from  on e objec t  t o another . 

The proble m o f  viewpoin t  invarian t  visio n ca n b e state d a s follows :  Th e shap e o f  a n objec t  a s see n from 

an arbitrar y viewpoin t  i s  som e rigid-body  transformatio n o f  visibl e shap e feature s o f  som e canonica l  shap e o f 

th e object .  Give n a  particula r  shap e i n a n image ,  th e visio n syste m mus t  recogniz e th e objec t  i n th e imag e a s 

an instanc e o f  th e canonica l  shape .  T o solv e th e recognitio n problem ,  viewpoin t  invarian t  feature s mus t  b e 

compute d fro m th e imag e data .  Suc h feature s w e refe r  t o a s bein g object-centered ,  sinc e the y hav e meanin g 

relativ e t o th e objec t  itsel f  rathe r  tha n t o thei r  imag e appearance .  Th e us e o f  object-centere d feature s simplifie s 

th e recognitio n proces s b y representin g aspect s o f  th e objec t  tha t  d o no t  depen d o n imagin g parameters .  I n 
addition ,  object-centere d representatio n allow s mor e powerfu l  generalizatio n capabilitie s du e t o th e simUarit y o f 

representatio n withi n a n objec t  class . 

The mode l  i s implemente d i n a  connectionis t  network ,  i n whic h nodes ,  singl y o r  i n groups ,  represen t 
shap e feature s an d link s represen t  evidentia l  relation s amon g shap e features .  W e us e a n erro r  correctio n learn -
in g metho d t o trai n th e networ k b y example .  Th e mos t  commonl y use d multi-laye r  algorith m i s th e generalize d 
delt a rul e (GDR) .  Sinc e thi s algorith m i s wea k i n a  numbe r  o f  ways ,  a  numbe r  o f  modification s t o thi s rul e 

have bee n develope d an d ̂ plie d t o thi s task .  Thes e modification s involv e th e additio n o f  loca l  constraint s t o 
th e globa l  erro r  reductio n constrain t  normall y use d t o driv e th e learning .  Th e detail s o f  thes e 

erro r  modificatio n (ErrMod )  method s ar e reporte d elsewher e [Sando n 1987] . 

I n th e followin g section s w e revie w som e wor k relate d t o ou r  own ,  an d the n presen t  th e networ k model , 
and som e simulatio n results .  Th e mai n resul t  involve s th e drainin g o f  th e uppe r  layer s o f  th e network ,  wher e th e 

desire d generalizatio n acros s translation s o f  object s i s demonstrated .  Thi s generalizatio n capabilit y  eliminate s 

th e nee d t o expos e th e syste m t o ever y objec t  unde r  ever y transformatio n i n orde r  t o obtai n complet e recogni -

tion . 

RELATED W O RK 

Two relate d model s tha t  hav e bee n describe d i n recen t  year s [Hinto n 1981 ,  Ballar d 1984 ]  attemp t  t o 
cooperativel y identif y th e transformatio n an d recogniz e th e canonica l  shap e simultaneously .  A  partia l 
identificatio n o f  th e transformatio n ca n b e use d t o consu^ n th e possibl e interpretation s o f  th e objec t  shap e an d 

vic e versa .  I n th e presen t  work ,  w e combin e th e representatio n o f  transformatio n informatio n suggeste d i n th e 

Hinto n an d Ballar d model s wit h th e hierarchica l  representatio n o f  shap e use d b y Uh r  [1972] .  A  majo r  con -

strain t  o n th e resultin g mode l  i s tha t  i t  b e amenabl e t o learnin g o f  bot h shap e an d transformation . 
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Uhr' s Recognitio n Con e 

Th e recognitio n con e i s a n exampl e o f  a  parallel-hierarchica l  visio n model .  Th e recognitio n con e consist s 

of  layer s o f  transforms .  Eac h transfor m produce s a n outpu t  valu e tha t  i s  som e characteristi c functio n o f  it s 

inpu t  values .  I n general ,  th e outpu t  value s o f  eac h transfor m ar e use d a s inpu t  value s t o othe r  transforms .  Th e 

transform s i n th e lowes t  laye r  comput e propertie s o f  th e imag e pixels ,  thos e i n th e nex t  lowes t  laye r  comput e 

propertie s o f  thes e lowes t  laye r  transfor m properties ,  an d s o forth .  Highe r  layer s i n th e recognitio n con e ar e 

logarithmicall y smalle r  tha n lowe r  layers ,  givin g a  hierarchical ,  pyramida l  structure .  Informatio n i s converge d 

as i t  proceed s u p th e cone ,  s o tha t  highe r  leve l  transforms ,  performin g loca l  operation s o n th e informatio n 

below ,  comput e mor e successivel y globa l  propertie s o f  th e imag e tha n d o transform s a t  lowe r  layers .  Th e pro -

pertie s compute d b y an y give n transfor m ar e store d locally ,  and/o r  passe d u p t o b e accessibl e t o transform s a t 

highe r  layers .  I n additio n t o th e bottom-u p processing ,  th e propert y compute d b y a  transfor m ca n b e passe d 
d o wn th e pyrami d t o provid e feedbac k t o earlie r  layers . 

Th e recognitio n con e ha s m u c h i n c o m m o n wit h th e connectionis t  paradigm .  I t  ca n b e describe d a s a 

connectionis t  networ k b y makin g th e followin g correspondence .  Eac h transfor m i s  implemente d b y a  singl e 

nod e i n th e network .  A  give n transfor m accesse s th e resul t  o f  anothe r  transfor m throug h a  connection .  Th e 

connectionis t  interpretatio n i s mor e restricte d tha n th e origina l  recognitio n con e i n th e complexit y o f  transform s 

tha t  ca n b e direcU y implemented ,  i n th e us e o f  loca l  memor y an d i n th e contro l  structur e tha t  i s  used .  Th e 

loca l  an d layere d natur e o f  th e recognitio n con e transforms ,  however ,  make s the m amenabl e t o thi s connection -
is t  interpretation . 

The Hinton / Ballard model 

A n approac h whic h explicitl y  represent s bot h th e transformatio n invarian t  shap e an d th e transformatio n 

itsel f  i s  tha t  propose d b y Hinto n [1981 ]  an d extende d b y Ballar d [1984] .  I n thi s connectionis t  model ,  process -

in g unit s ar e groupe d int o thre e distinc t  set s (se e Figur e 1) ,  referre d t o a s th e retina-base d frame ,  th e object -

base d frame  an d th e mappin g units .  Th e retina-base d unit s represen t  feature s extracte d from  th e imag e wit h 

spatia l  relation s represente d relativ e t o th e imagin g device .  Th e object-base d unit s represen t  spatia l  relation s 

relativ e t o th e object ,  without  regar d t o th e particula r  imag e representation .  Th e mappin g unit s represen t  th e 

Object-base d F r a m e 

M a p p i n g Unit s 

'  Ret ina-base d F r a m e 

Figur e 1 
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transformatio n betwee n th e retina l  shap e an d th e canonica l  coordinat e frame  represente d i n th e object-base d 

frame. 

By explicitl y  representin g th e on e transformatio n associate d wit h a n object ,  th e networ k implement s wha t 

Hinto n refer s t o a s th e singl e viewpoin t  constraint .  Retina-base d unit s comput e feature s base d o n propertie s o f 

th e imag e itself .  Object-base d unit s combin e retina-base d an d mappin g uni t  feature s t o comput e object-centere d 

features .  Th e smal l  circle s i n Figur e 1  represen t  th e conjunctiv e modificatio n o f  th e retina-base d t o object -

base d connectio n b y th e mappin g units .  Similarly ,  mappin g unit s us e informatio n fro m bot h retina-base d an d 

object-base d unit s t o comput e th e curren t  objec t  transformation .  Thi s computatio n i s no t  represente d i n th e 
figure.  Th e interdependenc e o f  th e object-base d an d mappin g unit s require s a  cooperativ e computatio n i n 

whic h a  partia l  rebul t  i n on e se t  o f  unit s improve s th e resul t  i n th e othe r  set . 

NETWORK MODEL 

Th e basi c structur e o f  ou r  mode l  i s tha t  o f  a  pyramid-lik e primar y networ k i n whic h shajj e feature s ar e 

hierarchicall y represented ,  augmente d wit h a  secondar y 'context '  networ k i n whic h transformatio n informatio n 

i s represented .  Th e transformatio n informatio n i s conjunctivel y combine d wit h shap e features ,  a t  variou s level s 

of  th e pyramid ,  t o produc e representation s o f  shap e tha t  ar e successivel y mor e object-centere d i n highe r  layer s 
of  th e network .  Th e gradua l  transitio n fro m strictl y retina-base d t o strictl y object-base d feature s ha s tw o advan -

tages .  First ,  th e increase d connectivit y du e t o conjunctiv e combinatio n i s sprea d ove r  severa l  layers .  Second , 
loca l  connectivit y i s maintained ,  whic h allow s th e recognitio n con e t o discriminat e feature s o f  locally ,  an d suc -

cessivel y mor e globally ,  interactin g objects .  W e refe r  t o al l  layer s o f  th e shap e pyrami d belo w th e poin t  wher e 
contex t  informatio n i s  introduce d a s retina-base d layers .  Al l  layer s abov e an y us e o f  contex t  informatio n ar e 

object-centere d layers .  Thos e layer s i n betwee n ar e transitio n layers . 

Th e particula r  instantiatio n o f  thi s mode l  tha t  ha s bee n simulate d i s a  2- D translatio n networ k whic h 

succeed s i n recognizin g variou s stick-figur e pattern s unde r  al l  translation s withi n a  smal l  imag e plane ,  (se e 

Figur e 2) .  Laye r  0  i s th e inpu t  image .  Shap e feature s ar e represente d i n layer s 1  throug h 4 ,  wit h laye r  5 

representin g object s t o b e recognized .  Th e transformatio n (i n thi s case ,  translation )  o f  th e objec t  i s  represente d 

i n layer s l '  throug h A" .  Th e output s o f  th e uppe r  tw o layer s o f  th e contex t  networ k ar e conjunctivel y combine d 
wit h shap e feature s a t  layer s 3  an d 4  i n th e shap e hierarchy . 

I n th e Hinto n model ,  i t  i s  suggeste d tha t  bot h shap e an d transformatio n ca n b e extracte d fro m th e image . 

Thi s require s tha t  th e identit y o f  th e shap e b e use d t o defin e th e transformation ,  an d tha t  th e identit y o f  th e 

transformatio n b e use d t o defin e th e shape .  Thes e mutuall y dependen t  definition s o f  shap e an d transformatio n 
requir e feedbac k path s an d a  relaxation  proces s fo r  computatio n b y a  network .  I n orde r  t o maintai n th e feedfor -

war d structur e o f  th e network ,  w e d o no t  includ e th e feedbac k ter m fro m th e object-centere d feature s i n com -

putin g th e transformation .  Fo r  th e object s use d i n ou r  simulations ,  th e networ k i s abl e t o comput e th e transfor -
matio n withou t  thi s feedbac k term . 

Eac h laye r  i n th e networ k consist s o f  a  compac t  squar e arra y o f  competin g nod e clusters .  A  cluste r  i s 

compose d o f  a  numbe r  o f  nodes ,  typicall y fro m 2  t o 9 ,  whic h compet e fo r  adjustment s t o thei r  connectio n 
weight s throug h th e erro r  modificatio n learnin g mechanism .  Eac h nod e i s implemente d a s a  logisti c processin g 

elemen t  [Rumelhart ,  e t  al .  1986] .  Th e inpu t  imag e is-1 5 pixel s o n a  side .  Layer s 1- 5 an d 1* ^  t o 4" ^  ar e com -
pose d o f  13 ,  11 ,  5 ,  3 ,  1 ,  9 ,  7 ,  3  an d 3  cluster s o n a  side ,  respectively.  Th e siz e o f  th e cluste r  i n th e outpu t 
laye r  (laye r  5 )  range s from  6  t o 5 0 i n variou s simulations . 

D ue t o th e complexit y o f  thi s networ k an d th e variou s characteristic s o f  th e networ k structur e an d learn -
in g algorithm s t o b e demonstrated ,  w e hav e simulate d separat e piece s o f  th e network ,  whic h w e n o w describe . 
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layer 5 

layer 4 

laye r  4< = 

_L 

laye r  3 ^ 

layer 2<^ 

laye r  3 

laye r  l' ^ 

laye r  2 

laye r  1 

layer 0 

Figur e 2 

EXPERIMENTS 

Learning object-centered representations 

The first  learnin g simulatio n use s th e to p thre e layer s o f  th e shap e pyrami d (layer s 3-5) ,  an d th e to p laye r 

of  th e contex t  networ k (laye r  4') .  Thi s simulatio n demonstrate s tha t  objec t  recognitio n ca n b e learne d throug h 

th e developmen t  o f  object-centere d featur e detector s an d explici t  representation s o f  locatio n information . 

To simulat e thi s 3-laye r  network ,  w e provid e inpu t  directl y t o layer s 3  an d 2 ^  Pattern s ar e provide d t o 

variou s intermediat e layer s o f  th e networ k i n th e experiment s described .  Th e pattern s chose n ar e consisten t 

wit h a  particula r  intwpretatio n tha t  ca n b e represente d b y th e node s a t  tha t  layer ,  thoug h man y othe r  representa -

tion s ar e possible .  On e o f  si x 'letter '  pattern s (se e Figur e 3 )  i n on e o f  nin e location s i s presente d i n laye r  3 .  A 

singl e activatio n o f  on e o f  nin e node s i n laye r  2' ^  represent s th e locatio n informatio n fo r  th e contex t  sub -

network .  Usin g thes e si x shap e pattern s an d nin e location s yield s a  se t  o f  5 4 image s t o b e presente d t o th e net -

work .  Thes e ar e spli t  int o a  se t  o f  2 7 trainin g pattern s an d 2 7 tes t  patterns .  A  response  i s considere d correc t  i f 

th e maximall y activ e outpu t  nod e correspond s t o th e correc t  patter n clas s an d ha s a n outpu t  valu e greate r  tha n 

.5 . 

I n th e first  experiment ,  learnin g o f  th e 2 7 trainin g pattern s proceed s quickly ,  yieldin g 8 9 % performanc e 

i n 50 0 cycle s usin g GDR.  However ,  whe n th e remainin g 2 7 pattern s ar e presente d t o th e networ k a s a  tes t  set , 

onl y 4  ar e correctl y classified .  Thi s combinatio n o f  relativel y fas t  learnin g an d wea k generalizatio n indicate s 

tha t  th e capacit y o f  th e networ k t o stor e pattern s i s hig h compare d t o th e numbe r  o f  pattern s t o b e stored .  Thi s 

allow s th e networ k t o perfor m wel l  b y representing  eac h patter n individually ,  rathe r  tha n a s a  se t  o f  share d 

feattire s base d o n th e regularitie s intrinsi c t o th e patter n collection .  Th e resul t  i s  rot e learning ,  whic h lack s gen -

eralizatio n capability .  T o overcom e thi s problem ,  th e capacit y o f  th e networ k i s limite d i n th e succeedin g 

experiment s b y usin g onl y si x o f  th e eightee n node s o f  laye r  4 . 
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Figur e 3 

Repeating the training experiment using GDR on the 27 training patterns results in 75% recognition per-

formanc e afte r  500 0 cycles .  Erro r  modificatio n improve s thi s resul t  t o 9 6 % performanc e afte r  500 0 cycles . 
Th e reduce d capacit y o f  th e networ k ha s increase d th e difficult y o f  th e learnin g task ,  a s expected .  However ,  i n 

th e simulatio n usin g erro r  modification ,  onl y tw o o f  th e nine  contex t  node s ar e utilized ,  i n th e sens e tha t  the y 

ar e activ e fo r  som e pattern s an d no t  fo r  others .  Sinc e th e locatio n informatio n i s implici t  i n th e image ,  th e pri -
mar y networ k i s capabl e o f  solvin g m u c h o f  thi s tas k withou t  th e explici t  representation  o f  locatio n supplie d b y 

th e contex t  network .  Thi s wil l  no t  lea d t o th e desire d object-centere d features ,  however ,  whic h ar e generaliza -

tion s ove r  objec t  locations .  Th e result s o f  applyin g th e adapte d networ k t o th e tes t  pattern s ar e agai n 4  o f  2 7 

CCXTCCL 

I n th e nex t  experimen t  w e us e th e ful l  se t  o f  5 0 shap e pattern s an d 9  location s fo r  a  tota l  o f  4 5 0 imag e 
patterns .  I n orde r  t o achiev e goo d recognitio n performanc e o n thi s task ,  th e netwoi k mus t  represen t  patter n 

feature s mor e efficiwiU y tha n i n th e previou s experimen t  W e us e a  trainin g se t  o f  15 0 pattern s leavin g 30 0 
pattern s a s a  tes t  set .  Th e se t  o f  15 0 trainin g pattern s include s 3  presentation s o f  eac h o f  th e 5 0 fixed  pattern s 
i n thre e differen t  locations . 

Th e increase d numbe r  o f  pattern s make s thi s tas k mor e difficul t  tha n th e previou s one .  Usin g G D R ,  onl y 

1 2 % o f  th e pattern s ar e correctl y recognize d afte r  2000 0 cycle s o f  training .  Usin g erro r  modification ,  perfor -

mance o n th e trainin g se t  reache s 1 0 0 % afte r  1200 0 cycle s (8 0 presentation s pe r  pattern) .  Tabl e 1  present s th e 
result s o f  runnin g a  se t  o f  1 0 testcase s usin g G D R an d erro r  modification .  I n th e G D R simulation ,  th e networ k 
di d no t  lea m t o correctl y classif y enoug h o f  th e trainin g pattern s t o demonstrat e an y significan t  generalization . 
I n th e errcf f  modificatio n simulation ,  seve n o f  th e te n testcase s resulted  i n perfec t  classificatio n o f  th e trainin g 

patterns ,  an d eac h o f  thos e testcase s demonstrate d a  stron g generalizatio n t o th e tes t  patterns . 

Tabl e 1  -  Learnin g performanc e o n trainin g an d tes t  pattern s 
% performanc e afte r  2000 0 cycle s 

Testcas e 

A 
B 
C 
D 
E 
F 
G 
H 
I 
J 

GDR 
trainm g tes t 

37 6 

4 0 6 
35 6 
38 9 

31 1 1 

38 8 

42 6 
31 1 0 
30 8 
39 1 1 

ErrMo d 
trainin g 

100 
90 
76 

100 
100 
100 
92 

100 
100 
100 

tes t 

100 
44 
23 
99 

100 
100 
40 

100 
91 

100 
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Generalizatio n allow s unknow n pattern s t o b e correctl y classified ,  a s demonstrate d above .  I n addition , 

generalizatio n lead s t o efficien t  learnin g sinc e som e knowledg e o f  learne d pattern s i s transferre d t o relate d unk -

n o wn patterns .  Ther e ar e a  numbe r  o f  way s t o demonstrat e thi s transfer .  Tabl e 2  present s th e numbe r  o f 

cycle s neede d t o reac h m a x i m u m performanc e fo r  variou s trainin g se t  sizes ,  usin g testcas e A .  I f  n o generaliza -

tio n take s place ,  w e expec t  th e tim e neede d t o trai n th e networ k t o increas e as  th e siz e o f  th e trainin g se t 

increases .  However ,  Tabl e 2  show s tha t  th e tim e neede d t o trai n th e networ k o n al l  45 0 pattern s i s les s tha n 

tha t  neede d t o trai n o n 10 0 patterns .  Thi s indicate s stron g generalizatio n amon g pattern s whic h enhance s th e 

learnin g o f  additiona l  pattern s whic h fit  th e generalization . 

Th e se t  o f  experiment s describe d i n thi s sectio n demonstrate s th e ke y networ k capabilit y  tha t  i s  desire d 

fo r  recognizin g familia r  object s fro m nove l  viewpoints . 

Other sub-networks 

We n o w describ e additiona l  simulation s tha t  demonstrat e th e behaviw s o f  othe r  sub-networks . 

Context .  T o demonstrat e th e learnin g o f  contex t  informatio n from  shap e feature s w e simulate d th e net -

wor k compose d o f  layer s 0 ,  1 ,  2 ,  l" ^  an d " t  o f  th e 2- D Translatio n network .  Pattern s ar e presente d a s activa -

tion s o f  th e inpu t  node s o f  laye r  0 .  Th e weight s o f  th e node s i n layer s 1  an d 2  ar e predetermine d t o extrac t 

simpl e lin e feature s from  th e image .  Th e inpu t  pattern s presente d ar e thos e correspondin g t o 1 7 o f  th e 5 0 

shape s an d 2 5 o f  th e 4 9 location s use d i n th e previou s simulation .  Th e desire d output ,  a t  laye r  ' t  i s  t o hav e a 

singl e activ e nod e correspondin g t o on e o f  4 9 location s o f  th e shap e i n th e image . 

Thi s two-laye r  learnin g tas k turn s ou t  t o b e fairl y eas y fo r  th e G D R algorithm .  Th e networ k i s abl e t o 

reac h 1 0 0 % performanc e i n 450 0 cycles . 

Retinotopic .  Th e secon d simulatio n involve s th e lowe r  layer s o f  th e network ,  wher e featur e representa -

tion s ar e purel y retina-based .  Thes e layer s ar e 4  an d 5  layer s remove d from  direc t  training .  Thi s result s i n ver y 

weak trainin g signal s fro m th e layer s above .  Fo r  thi s reason ,  w e appl y th e method s o f  erro r  augmentatio n 

[Sando n 1987] ,  whic h combine s top-dow n erro r  drive n learnin g wit h bottom-u p stimulu s drive n learning . 

For  thi s simulation ,  w e adap t  th e first  fou r  layer s o f  th e shap e network .  Inpu t  pattern s ar e presente d a t 

laye r  0 .  A t  layer s 1  an d 2 ,  a n erro r  augmentatio n algorith m i s use d t o adap t  th e weights .  A t  layer s 3  an d 4 , 

G DR i s used .  Trainin g inpu t  i s provide d directl y t o laye r  4 . 

Usin g a  se t  o f  10 0 patterns ,  eac h consistin g o f  on e o f  4 7 shape s a t  on e o f  2 5 locations ,  th e performanc e 

of  thi s networ k reache s 6 1 % afte r  2000 0 cycles .  Th e significanc e o f  thi s simulatio n i s i n demonstratin g tha t  th e 

lo w leve l  feauires ,  develope d mostl y throug h a  bottom-u p process ,  ar e sufficien t  t o produc e th e feature s a t 

highe r  layer s tha t  ar e require d b y th e translation-invarian t  recognitio n task .  Usin g th e self-organizin g com -

ponen t  alon e i n th e lowe r  tw o layer s yield s a  performanc e o f  onl y 1 1 % . 

Transition .  Th e final  simulatio n concern s th e gradua l  transitio n o f  retina-base d t o object-base d features . 

For  thi s purpose ,  w e simulat e layer s 2 ,  3 ,  4 ,  't ,  3" ^  an d 4 '  o f  th e 2- D Translatio n networic .  Input s ar e supplie d 

Tabl e 2 ,  -  Learnin g performanc e o f  ErrMo d 

M a x i m u m performanc e 

and cycle s neede d t o achiev e i t 

siz e 

50 
100 
150 
200 
450 

% performanc e ey e les( x 1000 ) 

9 9 2 0 

96 2 0 
100 1 2 
100 1 4 
100 1 0 
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directly to layers 2 and 2'^, while training input is provided to layer 4. 

Learnin g i n thi s sub-networ k i s difficul t  becaus e i t  involve s tw o contex t  layer s comprisin g on e two-laye r 

and on e three-laye r  backpropagatio n path .  Mos t  previou s wor k usin g error-correctio n learnin g i n layere d net -

work s ha s bee n applie d t o two-laye r  netwoik s withou t  conjunctiv e connections .  Erro r  modificatio n i s  use d a t 

bot h contex t  layer s t o obtai n sufficien t  differentiatio n o f  functio n amon g th e node s t o allo w learnin g t o tak e 

place .  I n addition ,  erro r  augmentatio n i s  use d i n th e contex t  layer s du e t o th e lengt h o f  th e backpropagatio n 

path . 

Thi s simulatio n use s 10 0 inpu t  pattern s eac h consistin g o f  on e o f  4 7 shape s an d 9  locations .  Afte r  2000 0 
cycles ,  networ k performanc e reache s 8 0 % ,  bu t  i t  doe s no t  improv e durin g a n additiona l  1000 0 cycles . 

Althoug h th e combinatio n o f  learnin g algorithm s lead s t o onl y 8 0 % performanc e o n thi s task ,  th e resul t  i s 

encouragin g considerin g th e difficult y o f  th e task . 

CONCLUDING REMARKS 

We hav e describe d a  networ k mode l  o f  shap e classificatio n tha t  i s  enabl e o f  learnin g t o recogniz e 

object s unde r  variou s translations ,  includin g nove l  ones .  Th e 2- D translatio n networ k successfull y learn s t o 

"recogniz e familia r  object s fro m nove l  viewpoints "  b y developin g object-centere d representation s o f  th e shape s 

throug h th e explici t  representation  o f  location .  Thes e transformation-invarian t  feature s suppor t  th e necessar y 
generalizatio n o f  shap e informatio n acros s locations . 

I n th e simulation s tha t  hav e bee n described ,  w e hav e ha d t o appl y inpu t  an d trainin g pattern s a t  inter -

mediat e layer s o f  th e network .  Ou r  abilit y  t o defin e suc h pattern s m a y impl y a n understandin g o f  thi s particu -
la r  proble m whic h obviate s th e nee d fo r  learning .  However ,  w e hypothesize ,  an d inten d t o demonstrate ,  tha t 
th e sam e networi c structur e ca n b e applie d t o a  proble m involvin g non-rigi d transformations ,  suc h a s recognitio n 

of  handwritte n letters .  I n suc h a  task ,  th e choic e o f  a  prior i  representation s fo r  eac h laye r  o f  th e networ k 

woul d b e extremel y difficult ,  makin g learnin g a  crucia l  par t  o f  th e modelin g process . 
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E n g l a n d 

Abstrac t 

Thi s pape r  outline s som e preliminar y result s concernin g th e us e o f  sinusoida l  os -

cillation s t o represen t  vector s i n two-dimensiona l  space .  Th e propose d representatio n 

scheme permit s efficien t  implementatio n o f  translatio n an d rotation ,  an d immediat e 

detectio n o f  suc h relation s a s collinearit y an d proximit y o f  points .  Thi s schem e i s the n 

extende d s o tha t  arbitrar y conve x region s o f  th e plan e ar e represente d usin g a  pai r 

of  signal s varyin g ove r  time .  Finally ,  th e advantage s o f  representin g conve x region s 

i n thi s wa y ar e show n t o deriv e fro m th e resultin g eas e wit h whic h suc h region s ca n 

be translate d an d rotate d i n th e plane ,  and—mor e strikingly—fro m th e simplicit y o f 

determinin g whethe r  tw o suc h region s overlap . 

1 Introduction 

This paper presents an approach to spatial representation such that that: (i) translations and 

rotation s o f  point s an d region s ca n b e readil y performed ;  (ii )  relation s suc h a s collinearit y 

and proximit y o f  point s ca n b e efficientl y detected ;  an d (iii )  th e questio n o f  whethe r  region s 

overlap ,  and ,  i f  so ,  b y ho w much ,  ca n b e settle d wit h a  min imu m o f  computation .  Fo r  reason s 

whic h wil l  becom e evident ,  w e concentrat e o n th e proble m o f  representin g conve x region s 

of  th e plane . 

Th e propose d representatio n syste m i s base d o n a  well-know n correspondenc e betwee n 

sinusoida l  oscillation s wit h a  fixe d frequenc y uj ,  an d vector s i n two-dimensiona l  space .  Sectio n 

2 describe s ho w w e ca n represen t  a  vecto r  (equivalently ,  a  poin t  i n space) ,  b y havin g a  devic e 

whic h emit s a n appropriat e sinusoidall y varyin g signal .  (Here ,  "device "  m a y b e eithe r  a 

physica l  devic e o r  a  virtua l  device—i.e .  a  programmin g construct. )  Sectio n 3  extend s thes e 

restdt s t o sho w ho w w e ca n represen t  an y conve x regio n o f  th e plan e usin g a  devic e emittin g 

a pai r  o f  signal s varyin g wit h som e fixe d tim e period .  Suc h regions ,  thu s represented ,  ca n b e 

efficientl y translate d an d rotated ;  and ,  a s w e se e i n sectio n 4 ,  give n tw o suc h regions ,  i t  i s  a 

straightforwar d matte r  t o determin e whethe r  the y overlap .  A s such ,  I  claim ,  th e propose d 
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syste m promise s t o combin e th e expressiv e powe r  o f  numerica l  co-ordinat e system s an d thei r 

variants ,  e.g .  [2] ,  [3] ,  wit h th e computationa l  tractabilit y  o f  qualitative ,  object-base d spatia l 

representatio n scheme s suc h a s [1] . 

2 R e p r e s e n t i n g v e c t o r s 

There is a natural correspondence between the set of sinusoidal oscillations with some fixed 

frequenc y u  an d th e se t  o f  vector s i n two-dimensiona l  space .  Give n a  sin e wav e 

w{t) = a sm{u)t ->r <f>) 

with frequency w, amplitude a and phase-lead <^, we can associate the vector v whose polar 

co-ordinate s ar e {a,<f>) . 

The ke y featur e o f  thi s correspondenc e i s that ,  give n tw o vectors ,  th e superpositio n o f 

thei r  correspondin g sinusoida l  wave s yield s a  thir d sinusoida l  wave ,  als o o f  frequenc y uj , 

whic h correspond s t o th e vecto r  su m o f  th e origina l  tw o vectors .  Mor e formally : 

Theorem 1: Let wi{t) = ai sin(a;t + (^i), W2{t) = a2sm{tjt + ^2) be sinusoidal waves of 

frequenc y u .  Le t  Vi ,  V 2 b e th e correspondin g vector s (i.e .  havin g pola r  co-ordinate s 

(ai,0i) ,  (02,(̂ 2 )  respectively) .  I f  Wz{t )  i s  th e pointwis e su m Wx{t )  -j -  W2{t) ,  an d i f 

Vz i s th e vecto r  su m u j  - f  V2 ,  the n Wz{t )  i s  als o a  sinusoida l  wav e o f  frequenc y u; , 

wz{t )  =  a3sin(u; t  -| -  4>z) i  wher e (03 ,  (f>z )  ar e th e pola r  coordinate s o f  th e vecto r  v̂ . 

Textbooks on the theory of AC circuits use this result to calculate the effects of combining 

sinusoidall y varyin g current s an d voltage s b y addin g th e correspondin g vectors .  Here ,  how -

ever ,  rathe r  tha n usin g vector s t o reaso n abou t  sin e waves ,  I  propos e tha t  w e us e sin e wave s 

t o reaso n abou t  vectors . 

I f  w e hav e a  devic e (physica l  o r  virtual )  continuousl y emittin g a  signa l  varyin g sinusoidall y 

ove r  tim e wit h frequenc y a; ,  tha t  devic e ca n represen t  a  vector .  Th e amplitude ,  a ,  o f  th e 

wave represent s th e lengt h o f  th e vector ,  an d th e phas e lead ,  (j )  (measure d relativ e t o som e 

interna l  clock) ,  represent s it s orientation .  Th e varyin g signa l  ma y b e a  sequenc e o f  numbers , 

or  a  continuousl y varyin g potentia l  difference ,  o r  ye t  othe r  thing s besides .  I n thi s paper ,  I 

leav e th e detail s o f  th e implementatio n open ,  assumin g onl y tha t  suitabl e sin e wave s ca n b e 

readil y produced ,  superposed ,  an d compare d i n simpl e ways . 

N ow suppos e w e hav e tw o suc h device s runnin g i n paralle l  an d emittin g sin e wave s o f 

frequenc y u) ,  representing ,  respectively ,  vector s V i  an d i>2 .  B y pipin g thos e signal s t o a  uni t 

whic h superpose s (i.e. ,  pointwis e adds )  them—cal l  i t  a n additio n unit—w e have ,  i n effect , 

compute d th e vecto r  su m V \  -\ -  V 2 (fig.l) . 

vectoru j vecto r  p 

.  I Z Z 
vecto r  v i 

signa l  adde r 
—qsubtracto r  — delaye r  _ t  adde r 

Fig. l 
vecto r  V 

Fig. 2 
e 
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Similarly ,  mutati s mutandis ,  fo r  vecto r  subtraction :  b y pipin g th e tw o sinusoida l  wave s t o a 

subtractio n uni t  whic h poin t  wis e subtract s on e fro m th e other ,  w e hav e compute d V \  — V2 . 

To rotat e a  vecto r  v ,  thu s represented ,  clockwis e throug h som e angl e 6  (abou t  th e origin) , 

we nee d onl y increase ,  b y 0 ,  th e phase-lea d o f  th e wav e use d t o represen t  v .  Thi s correspond s 

t o delayin g v' s outpu t  signa l  b y th e amoun t  o f  tim e {27 r  — $)u)~ ^  (ignorin g th e firs t  oscillation) , 

again ,  a n operatio n whic h I  shal l  tak e i t  ca n b e simpl y performed .  T o rotat e a  vecto r  abou t 

a poin t  p  (othe r  tha n th e origin) ,  i t  suffice s t o fin d v  — p  (obtainabl e b y pipin g v  an d p  int o 

a vecto r  subtractio n unit) ,  rotat e th e resul t  throug h 0  abou t  th e origi n (a s jus t  described ) 

and ad d p  (b y pipin g th e resul t  togethe r  wit h p  t o a  vecto r  additio n unit) .  Th e proces s i s 

illustrate d i n fig.2 . 

I t  i s  als o eas y t o tes t  fo r  suc h relation s a s samenes s o f  orientation ,  collinearit y an d 

proximity .  T w o vector s hav e th e sam e orientatio n i f  an d onl y i f  thei r  correspondin g sin e 

waves ar e i n phase ;  s o a  devic e abl e t o chec k tha t  th e maxim a o f  tw o wave s coincid e coul d 

perfor m thi s test .  T o tes t  fo r  th e collinearit y o f  dj ,  V 2 an d v̂ ,  i t  suffice s t o comput e bot h 

V1 — V 3 an d V 2 —V3 an d the n t o determin e whethe r  thes e tw o vector s hav e th e sam e o r  opposit e 

orientation .  Thus ,  th e arrangemen t  depicte d i n fig. 3 woul d suffic e fo r  suc h a n operation . 

vecto r  v i 

1 
vecto r  V 2 

vecto r  U 3 

'l„..i,i—i.„ _ 1  1 

.  siiKt.rart.n r 

phas e checke r 

Fig. 3 

Similarly ,  tw o points ,  correspondin g t o vector s V i  an d V2 ,  wil l  b e nea r  eac h othe r  i f  an d 

insofa r  a s th e lengt h o f  V i  — V 2 i s small .  Therefore ,  detectin g th e proximit y o f  point s jus t 

involve s pipin g th e correspondin g signal s t o a  subtractio n uni t  an d the n pipin g th e resul t  t o 

a devic e whic h register s th e m a x i m u m amplitud e o f  a n incomin g signal . 

3 R e p r e s e n t i n g c o n v e x r e g i o n s 

Let  u s begi n wit h a  simpl e example .  Conside r  th e lin e A B betwee n tw o point s (vectors ) 

va ,  vb i  a s show n i n fig. 4 (th e sine-wav e representatio n o f  va ,  v b i s als o given) . 

Fig. 4 

% — ^ 
tim e 

Th e se t  o f  vector s lyin g o n th e lin e A B i s th e se t  {kv a +  Xvb\k ,  A  G  [0,1] ,  / c - f  A  =  1} .  N o w 

ther e i s a  correspondenc e betwee n thi s se t  an d th e shade d are a o f  fig.4 :  le t  w{t )  b e an y sin e 

wave (o f  frequenc y u; )  an d le t  v  b e it s correspondin g vector ;  the n w{t )  lie s withi n th e shade d 

regio n o f  figur e 9  i f  an d onl y i f  v  lie s o n th e lin e A B .  Th e tas k o f  thi s sectio n i s t o generalis e 

thi s resul t  t o sho w ho w mor e complicate d region s ca n b e represented . 
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Definition :  A  se t  S  o f  vector s  i s sai d t o b e conve x iff ,  Vx ,  y  E  S ,  V/c ,  A  G  [0,1 ]  s.t .  «  + A =  1 , 

we hav e k x +  X y E  S . 

Fig.5 shows some more convex sets of vectors (the shaded regions, not just their bound-

aries )  accompanie d b y th e sinusoida l  representation s o f  som e o f  th e ke y point s o n thei r 

peripheries ,  (Point s i n th e plan e ar e identifie d wit h th e correspondin g vector s i n th e obviou s 

way. ) 

C 

a) 

b) 

^ 
t ^ 

Al l  sin e w»vc » o f  amplitud e r 

tim e 

tim e 

tim, e 

Fig. 5 ("o "  indicate s th e origin ) 

We shall presently show that the shaded regions in the two sets of diagrams correspond, in 

a sens e w e no w procee d t o define . 

Definition: If V is a set of vectors, define the convex hull of V, to be the smallest convex 

set  containin g V . 

Definition: If W is a set of sine waves w{t) of frequency u>, define the sinusoidal hull of W, 

t o b e th e pai r  o f  functions :  S(< )  =  {a{t),b(t)) ,  wher e a(t) ,  b{t )  ar e function s define d 

by:  a{t )  =  supĵ ,g ^  w{t )  b{t )  =  ini^^ w yj{t) . 

a{t), b{t) represent the upper and lower bounds, respectively, of all the sine waves in W; if 

thes e uppe r  o r  lowe r  bound s d o no t  exist ,  w e se t  a{t )  =  oo ,  b{t )  =  —oo,  a s appropriate . 

Definition: If S(i) = {a{t),b{t)), is a sinusoidal hull, and w{t) is a sine wave, we write 

w :< E (rea d w  i s containe d i n E )  if f  Vi ,  a{t )  >  w{t )  >  b{t) . 

We can now state the main theorem of this section: 

Theorem 2: Let V be a closed set of vectors, and let W be the set of sine waves corre-

spondin g t o th e vector s i n V .  Le t  S  b e th e conve x hul l  o f  V .  Le t  E  b e th e sinusoida l 

hul l  o f  W .  I f  V  i s an y vector ,  an d w{t )  it s  correspondin g sin e wave ,  the n t ;  £  5  ii f 
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I n othe r  words ,  th e sinusoida l  hul l  o f  a  se t  (finit e o r  infinite )  o f  sin e wave s correspond s t o 

th e conve x hul l  o f  th e se t  o f  vector s thos e sin e wave s represent . 

Hence ,  i n orde r  t o represen t  th e conve x hul l  o f  a  finite  se t  o f  vectors ,  al l  yo u nee d t o d o 

i s t o tak e th e sin e wave s correspondin g t o thos e vector s an d pip e the m t o tw o devices ,  on e 

outputtin g th e (pointwise )  m a x i m u m o f  al l  it s  incomin g signals ,  th e othe r  th e minimum . 

(Thu s thes e signal s correspon d t o th e function s (a(i) ,  b{t) )  respectivel y o f  som e sinusoida l 

hul l  S. )  Fig.S a show s roughl y wha t  thos e output s woul d hav e t o b e i n orde r  t o represen t  a 

triangle .  Fi g 5 b doe s th e sam e fo r  a  square .  Suc h a  pai r  o f  signal s ca n b e use d t o determin e 

whethe r  an y give n vecto r  u ,  represente d b y sin e wav e w{t) ,  i s  i n th e regio n i n questio n simpl y 

by checkin g whethe r  t o : ^  S  (i.e ,  whethe r  a{t )  >  w{t )  >  b{t )  hold s ove r  a n entir e oscillation) . 

Not  tha t  a  sinusoida l  hul l  nee d b e generate d fro m a  finite  numbe r  o f  sin e wave s i n thi s 

way:  fig.Sc  show s ho w th e sinusoida l  hul l  correspondin g t o a  circula r  regio n centre d a t  th e 

origi n i s easil y generate d — i t  i s  jus t  a  pai r  o f  constan t  signals .  Bu t  i t  canno t  b e generate d 

fro m an y finite  numbe r  o f  sin e waves .  Similarly ,  fo r  othe r  convex ,  curvilinea r  shapes . 

Furthermore ,  an y devic e emittin g a  pai r  o f  periodi c signal s a{t )  an d 6(<) ,  wit h perio d 

27ra;~̂ ,  ca n b e take n a s representin g a  (possibl y empty )  conve x set .  T o se e this ,  not e tha t 

ther e wil l  eithe r  b e a  maxima l  sinusoida l  hul l  tha t  lie s betwee n thes e tw o signals ,  o r  els e n o 

suc h sinusoida l  hul l  a t  all ,  wher e a  maxima l  sinusoida l  hul l  i s  on e fo r  whic h th e se t  o f  sin e 

waves i t  contain s i s maximal .  An d sinc e tha t  maxima l  sinusoida l  hul l  (i f  ther e i s one )  wil l 

pic k ou t  som e conve x se t  o r  other ,  the n th e origina l  signals ,  a{t )  an d b{t) ,  ca n themselve s 

represen t  tha t  conve x set .  A s before ,  t o tes t  whethe r  a  vecto r  i s i n tha t  set ,  w e tak e it s 

correspondin g sin e wav e w{t )  an d chec k whethe r  a{t )  >  w{t )  >  b[t )  hold s ove r  a n entir e 

oscillation . 

Suppos e w e wan t  t o translat e a  conve x se t  C  b y a  vecto r  v ,  wher e C  i s represente d b y 

th e signal s {a{t) ,  b{t) )  an d v  b y th e signa l  w{t) .  The n th e translate d conve x se t  wil l  b e 

represente d b y (a(i )  +  w{t) ,  b{t )  +  iv{t)) .  Hence ,  th e translatio n o f  conve x regions ,  Hk e 

tha t  o f  singl e points ,  ca n easil y b e effecte d b y mean s o f  pipin g th e appropriat e signal s t o a n 

additio n uni t  a s describe d above .  Similarly ,  th e rotatio n clockwis e throug h a n angl e ̂  o f  a 

conve x regio n abou t  th e origi n ca n b e effecte d b y delayin g th e signal s a{t )  an d b{t )  b y a n 

amount  o f  tim e {2 t  — 0)u}~^ . 

4 Detection of Overlaps of Convex Regions 

To detect overlaps, the following definitions will prove expedient: 

Definition :  Suppos e Si ,  S ^  ar e set s o f  vectors .  Defin e thei r  inne r  difference ,  S i  ©  ^ 2 t o b e 

th e se t  {{ x — y)\ x E  Si, y &  S2} . 

Definition: Suppose Si(t) = {ai{t), bi{t)) and T,2{t) = {a2{t),b2{t)) are sinusoidal hulls. 

Defin e thei r  inne r  difference ,  E i  0  E 2 t o b e th e pai r  o f  function s {ai{t )  — b2{t) ,  bi{t )  — 

a2{t)) . 

H Si ,  S 2 ar e convex ,  s o i s  ̂ i  ©  ^2 .  Also ,  5 i  D  ̂ 2 ̂  0  if f  0  €  -̂ i  0  'S'2 .  Hence ,  t o determin e 

whethe r  5* 1 an d 5 2 overlap ,  i t  suffice s t o determin e whethe r  0  €  ^ i  0  52 .  K  Ei ,  S 2 ar e 
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siniisoida l  hulls ,  s o i s E i  — Ej .  I t  i s  forme d b y subtractin g th e lowe r  boun d o f  th e secon d hul l 

fro m th e uppe r  bovm d o f  th e first ,  an d th e uppe r  boun d o f  th e secon d hul l  fro m th e lowe r 

boun d o f  th e first .  Inne r  difference s o f  sinusoidal s hull s ca n therefor e b e compute d usin g 

subtractio n unit s o f  th e kin d encountere d above .  Also ,  inne r  difference s o f  sinusoida l  hull s 

correspon d t o inne r  difference s o f  conve x sets : 

Theorem 3: If Si and 52 are convex regions corresponding to sinusoidal hulls Si, E2 re-

spectively ,  the n S i  0  5 2 i s a  conve x regio n correspondin g t o th e sinusoida l  hul l  S i  0  E2 . 

Whence: 

Theorem 4: Let Wo denote the zero-amplitude sine-wave: Wo{t) = 0 for all t. If 5i and 52 

ar e conve x region s correspondin g t o sinusoida l  hull s  Ei ,  E 2 respectively ,  the n 5 i  n  5 2 ^ 

0 if f  tw o ̂  E l  0  E2 . 

Since, then, we have a method for computing the inner difference of two sinusoidal hulls, 

and a  mean s o f  determinin g whethe r  a  sinusoida l  hul l  contain s th e zer o wave ,  w e ca n imme -

diatel y detec t  whethe r  tw o conve x region s overla p b y pipin g thei r  output s t o a n appropriat e 

arrangemen t  o f  devices . 

A caveat .  Theore m 4  shoul d b e applie d wit h care .  Recal l  fro m sectio n 3 ,  tha t  an y pai r  o f 

periodi c signal s (wit h perio d 27ru;~̂ )  ca n represen t  a  (possibl y empty )  conve x set .  Give n tw o 

suc h pair s o f  signals ,  (ai(<) ,  &i(0 )  ̂.n d (a2(t) ,  b2{t)) ,  representin g 5i ,  an d 5 2 respectively ,  w e 

can defin e thei r  inne r  differenc e i n th e sam e wa y a s fo r  sinusoida l  hulls .  Bu t  i t  i s  i n genera l 

fals e tha t  th e resultin g pai r  o f  signal s (ai(i )  — b2{t),bi{t )  — a2{t) )  wil l  contai n î o onl y i f 

5i  n  5 2 7 ^  0 .  Theore m 4  require s tha t  {ai{t) ,  bi{t) )  an d {a2{t) ,  b2{t)) ,  b e sinusoida l  hulls ,  a s 

define d i n sectio n 3 . 

5 Discussion 

On the present view, a complex two-dimensional scene is represented by a collection of 

"devices" ,  eac h broadcastin g eithe r  a  singl e sin e wav e (representin g a  singl e point )  o r  a 

pai r  o f  periodicall y varyin g signal s (representin g a  conve x region) .  B y pipin g th e output s o f 

thes e device s throug h suitabl e transformin g units ,  geometrica l  operation s lik e translatio n an d 

rotatio n ca n b e performed .  Moreover ,  b y pipin g th e sam e output s throug h ye t  othe r  devices , 

test s fo r  relation s lik e collinearit y an d proximit y o f  point s an d overla p o f  region s ca n b e 

made.  Th e computatio n involve d i n thes e operation s an d test s i s trivial ,  i n marke d contras t 

t o th e nightmaris h proble m o f  determinin g intercept s o f  curve s expresse d a s equation s in , 

say ,  a  Cartesia n co-ordinat e system .  I t  i s  a s i f  th e sinusoida l  representatio n "flatten s out " 

th e proble m o f  determinin g th e membershi p o f  a  poin t  i n a  conve x region ,  yieldin g th e easie r 

proble m o f  determinin g whethe r  on e signa l  lie s betwee n tw o othe r  signal s ove r  a  perio d o f 

time . 

I t  wil l  b e objecte d tha t  thi s assessmen t  ignore s th e difficul t  tas k o f  convertin g bac k an d 

fort h betwee n a  Cartesia n co-ordinat e representatio n an d th e sinusoida l  hul l  representation . 
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But  thi s woul d b e t o mis s th e poin t  o f  th e presen t  proposal .  Tha t  proposa l  i s  no t  tha t  region s 

be represente d b y equation s o f  boundin g curves ,  an d tha t  thos e equation s b e converte d int o 

sinusoida l  hul l  signal s i n orde r  t o perfor m transformation s an d test s o n them .  Rather ,  i t  i s 

tha t  th e equation s o f  boundin g curve s ca n b e dispense d wit h altogether :  al l  w e hav e i s th e 

collectio n o f  signal-emittin g devices .  Thus ,  t o kno w wha t  a  squar e is ,  o r  a  triangl e o r  a  circl e 

or  a n oval ,  ou r  syste m woul d hav e t o b e abl e t o activat e a  devic e outputtin g th e appropriat e 

signals ,  no t  stat e a n equatio n i n Cartesia n co-ordinate s (o f  course :  th e devic e i n questio n 

migh t  hav e t o stor e it s signal s a s a  pai r  o f  equation s a{t )  =  ... ,  b{t )  =  .. .) .  T o repeat :  th e 

polic y i s no t  t o augmen t  traditiona l  co-ordinat e representations ,  bu t  t o dispens e wit h them . 

So conceived ,  th e fat e o f  th e propose d representationa l  syste m depend s o n ho w wel l  i t 

ca n interfac e wit h visua l  inpu t  an d moto r  ouput :  n o goo d doin g awa y wit h co-ordinat e 

representation s i n favou r  o f  sin e waves ,  i f  i t  the n become s impossibl e for ,  say ,  a  robo t  t o 

determin e th e shape s o f  thing s i t  i s  lookin g at ,  o r  t o adjus t  it s  movement s i n conformit y wit h 

it s belief s abou t  th e spatia l  arrangemen t  o f  it s  environment .  Thes e ar e therefor e importan t 

question s fo r  futur e wor k i n thi s area .  Othe r  pendin g question s concer n th e extensio n o f 

th e propose d syste m t o dea l  wit h non-conve x shapes ,  3-dimensiona l  space ,  uncertaint y an d 

movin g scenes .  Finally ,  o f  course ,  m a n y implementatio n details ,  som e non-trivial ,  remai n 

outstanding . 

6 Conclusion 

This paper has presented a system for detailed representation of convex plane figures. Its 

utilit y  derive s fro m th e facilit y  i t  provide s t o rotat e an d translat e suc h regions ,  an d t o detec t 

overlap s betwee n them .  Wor k remain s t o b e don e t o exten d an d implemen t  th e syste m 

as propose d here .  However ,  th e result s presente d abov e sugges t  that ,  fo r  detaile d spatia l 

representations ,  traditiona l  co-ordinat e system s m a y b e considerabl y les s efficien t  tha n th e 

curren t  approach . 
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A n Unsupervise d P D P Learnin g M o d e l  fo r  Actio n Plannin g 

Yoshiro Miyata 

Bel l  Communicat ion s Researc h 

Whenever we have in mind something that we wish to bring about in the environment, we must 

find  a n appropriat e sequenc e o f  action s tha t  wil l  resul t  i n th e desire d state .  Fo r  example ,  i f  w e decid e t o 

move fro m on e plac e t o another ,  w e nee d t o find  a n appropriat e pat h betwee n th e tw o place s an d a n 

appropriat e sequenc e o f  actions .  Likewise ,  whe n w e reac h fo r  a n objec t  w e mus t  fin d a n ar m 

configuratio n suc h tha t  th e arm' s ti p touche s th e objec t  a s wel l  a s a  se t  o f  muscl e contraction s tha t  wil l 

resul t  i n tha t  configuration .  Thes e ar e problem s w e encounte r  an d solv e wit h eas e hundred s o f  time s 

ever y day .  Wha t  i s th e mechanis m tha t  enable s u s t o ma p fro m th e representatio n o f  a  goa l  t o th e 

representatio n o f  th e actio n pla n fo r  realizin g tha t  goal ,  an d ho w ca n suc h capabilit y  b e learne d fro m 

experience ? 

Much wor k ha s focusse d o n executio n o f  actions ,  namely ,  ho w a  representatio n o f  actio n i s 

converte d int o th e righ t  sequenc e o f  action s (fo r  example ,  Rumelhar t  &  Norman ,  1982 ;  Mackay ,  1982 ; 

Rosenbaum,  Hindorf f  &  Muiu-o ,  1987) .  No t  muc h wor k ha s bee n don e t o understan d plannin g o f  actions , 

namely ,  ho w t o find  a n appropriat e actio n sequenc e t o achiev e a n environmenta l  state .  Work s i n thi s 

domai n hav e tende d t o requir e hand-wirin g o f  tas k specifi c  structure s int o th e syste m an d thu s ar e no t 

readil y applicabl e t o mor e genera l  situation s (fo r  example ,  Hinto n &  Smolensk y 1984 ;  Anzai ,  1984) . 

Recent  developmen t  o f  learnin g algorithm s fo r  Paralle l  Distribute d Processin g (PDP )  network s 

(Rumelhar t  &  McClelland ,  1986) ,  especiall y th e back-propagatio n (BP )  algorith m (Rumelhart ,  Hinton ,  & 

Williams ,  1986) ,  enable s a  networ k t o lear n tas k specifi c  structure s base d o n genera l  principles .  Ther e 

hav e bee n extention s o f  th e B P algorith m t o sequentia l  actio n executio n (Jorda n 1986 ;  Miyat a 1987 ) 

whic h hav e show n tha t  th e network s exhibi t  a  numbe r  o f  characteristic s observe d i n huma n action s 

(Miyat a 1988) .  However ,  a s discusse d below ,  plarmin g o f  action s require s mor e tha n learnin g a  singl e 

input/outpu t  mapping ,  whic h th e B P algorith m i s designe d t o do . 

THE COMPUTATIONAL REQLIREMENTS 

Figur e 1  illustrate s th e computationa l  requirement s o f  th e situation s tha t  ar e considere d i n thi s 

paper .  T h e proces s start s f ro m Ed̂ s.r̂ d ,  a  representatio n o f  s o m e desire d environmenta l  state .  T h e syste m 

generate s a  representatio n o f  a n actio n plan ,  Api^n ,  wh ic h i s  the n execute d {A) .  O n e requiremen t  i s  tha t 

ther e i s n o teache r  tha t  give s th e syste m th e desire d actions .  T h e feedbac k provide d t o th e syste m fo r 

G o al 

desire d 

V 

M c t l o n 
Figur e 1 .  Th e computationa l  requirements  fo r  th e frame -

work :  (1 )  Feedbac k fo r  learnin g i s th e environmenta l  stat e a s 

th e result  o f  a n actio n plan ;  (2 )  A  goa l  onl y partiall y  speci -
fies  th e desire d environmenta l  state .  Thes e requirement s ar e 
not  easil y handle d b y th e smgl e mappin g learnin g scheme . 

feedbac k 
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MI  Y  A T A 

learning is the environmental state as the result of executing the actions, Ef^jhack (the environment as the 

teache r  requirement) .  Anothe r  requiremen t  i s tha t  Ejt,irr d ma y b e onl y partiall y  specifie d b y a  goa l  o f  th e 

task .  Fo r  example ,  i n a  shi p navigatio n task ,  th e desire d trajector y i s usuall y onl y partiall y  constraine d 

by ,  sa y a  gat e o r  a  channe l  (th e goa l  a s partia l  specificatio n o f  environmen t  requirement) .  State d mor e 

precisely ,  a  singl e goa l  specifie s onl y som e o f  th e dimension s necessar y t o represen t  al l  possibl e goals . 

Peopl e see m t o b e abl e t o lear n an d pla n action s i n situation s define d b y thes e requirement s (se e Anzai , 

1984) . 

A c o m m o n learnin g schem e i s t o characteriz e a  tas k a s a  mappin g fro m on e representationa l  spac e 

t o another ,  an d t o trai n a  networ k b y presentin g pair s o f  vector s fro m th e inpu t  an d th e outpu t  space .  On e 

difficult y wit h applyin g thi s schem e t o actio n plannin g i s tha t  ih e feedbac k provide d t o th e learne r  fro m 

th e environmen t  doe s no t  necessaril y  specif y wha t  action s (outputs )  th e learne r  shoul d hav e produced . 

Anothe r  difficult y i s  that ,  i n orde r  t o generat e a n output ,  th e inpu t  t o a  mappin g mus t  alway s b e specifie d 

completely .  Thi s conflict s wit h th e goa l  a s partia l  specificatio n o f  environmen t  requirement .  Thi s pape r 

present s on e approac h t o thes e problem s an d propose s a  framewor k i n whic h th e task-specifi c  structur e i s 

learne d a s multipl e mapping s an d plarmin g i s accomplishe d vi a interactio n o f  thes e mapping s tha t 

incorporate s a  constrain t  satisfactio n process . 

THE EAE NETWORK 

The basic structure of the network, called the EAE (Environment-Action-Environment) network, is 

s h o w n i n Figur e 2-(A) .  Ther e i s a  se t  o f  units ,  calle d th e E-units ,  fo r  representin g a n environmenta l  state , 

an d anothe r  set ,  calle d th e A-units ,  fo r  representin g a n actio n plan .  Ther e ar e tw o mapping s i n th e 

network :  £ - > A mapp in g i s th e m a p p i n g fro m th e E-unit s t o th e A-units ;  an d A - ^ E mapp in g i s th e 

m a p p i n g f ro m th e A-unit s t o th e E-units .  E a c h mapp in g i s implemente d throug h a  laye r  o f  hidde n units . 

Figur e 2 .  (A )  Th e basi c stmctur e 

of  th e E A E network .  E-unit s 
represent  a n environmenta l  stat e 

and A-unit s a n actio n plan .  TTi e 

E — >A mappin g map s fro m th e 
E-unit s t o th e A-units ,  an d th e 

A —^ E mappin g fro m th e A-unit s 
t o th e E-units ,  eac h throug h a  se t 

of  hidde n units .  (C )  TTi e networ k 

was applie d t o a  shi p steerin g task . 

The shi p move s a t  a  constan t 
spee d alon g th e Y-axi s o f  a  2 -

dimensiona l  spac e an d th e net -

wor k control s th e acceleratio n o f 
th e shi p alon g th e X-axis .  (B )  Th e 

tw o matrice s o f  square s sho w a n 

activatio n patter n i n th e E-unit s 

representating  a  trajector y o f  th e 
shi p an d a n activatio n patter n i n 

th e A-unil s representin g a n actio n 
plan . 
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The EAE network has been applied lo a task of navigating a ship in a 2-dimensional space (Figure 

2-(C)) ,  simila r  t o a n experimenta l  tas k use d b y Anza i  (1984) .  T h e shi p m o v e s a t  a  constan t  spee d alon g 

th e Y-axis ,  an d th e network' s actio n control s th e acceleratio n alon g th e X-axis .  T h e E-unit s represen t  a 

trajector y o f  th e ship ,  an d th e A-unit s a  sequenc e o f  action s fo r  controllin g th e ship .  A  tria l  consist s o f  1 0 

tim e steps .  A  trajector y fo r  a  trial ,  s h o w n o n th e right ,  i s  represente d a s th e activatio n patter n i n th e (110 ) 

E-unit s s h o w n a s a n 10x1 1 matri x o f  square s (Firug e 2-(B)) .  Eac h r o w o f  1 1 unit s represent s th e X -

positio n o f  th e shi p a t  a  poin t  i n tim e b y a  coars e coding .  T h e patter n i n th e (20 )  A-units ,  s h o w n a s a n 

10x 2 matrix ,  represent s a n actio n pla n fo r  a  trial .  A  pai r  o f  unit s i n eac h ro w represent s th e contro l  valu e 

at  a  poin t  i n time .  Tli e ship' s acceleratio n t o th e right  i s  proportiona l  t o th e activatio n o f  th e right  uni t 

minu s th e activatio n o f  th e lef t  unit .  I n addition ,  ther e i s a  se t  o f  unit s (no t  s h o w n i n th e figure )  fo r 

representin g th e context ,  i.e. ,  th e ship' s initia l  positio n an d velocity .  Thes e unit s ar e full y  cormecte d t o 

bot h hidde n layers . 

T h e networ k learn s b y executin g m a n y quasi-rando m action s an d observin g wha t  trajectorie s ar e 

generated .  T h e E—>. A mapp in g receive s th e trajector y a s th e inpu t  an d use s th e actio n a s th e target .  (I n 

othe r  words ,  i t  learn s th e knowledg e o f  th e for m "t o ge t  thi s trajector y d o thi s action". )  T h e A - ^ E 

mappin g learn s usin g th e sam e action/trajector y pair ,  bu t  th e actio n a s th e input ,  an d th e trajector y a s th e 

target .  ("I f  I  d o thi s actio n the n thi s trajector y results." )  Bot h mapping s ar e learne d onl y b y interactin g 

wit h th e environment . 

Afte r  th e mapping s i n th e networ k wer e traine d t o s o m e criterion ,  th e networ k w a s give n variou s 

kind s o f  goal s an d i t  w a s abl e t o find  a n appropriat e actio n pla n fo r  eac h o f  th e goals .  T h e plannin g 

proces s start s fro m a  specificatio n o f  a  goal .  A  goa l  i n thi s tas k i s s o m e par t  o f  th e trajector y tha t  th e shi p 

must  follow ,  suc h a s a  gat e o r  a  charmel .  Figur e 3  illustrate s a n exampl e goa l  whic h i s a  channe l  tha t  th e 

shi p mus t  b e steere d into .  Thi s goa l  i s  specifie d b y th e activatio n patter n s h o w n i n th e middle ,  i n whic h 

th e unit s representin g a  par t  o f  th e trajector y ar e give n activatio n value s representin g th e goal .  T h e 

activatio n o f  othe r  E-unit s ar e no t  constraine d b y th e goal ,  an d ar e give n s o m e defaul t  initia l  value ,  i n thi s 

case ,  al l  zeros .  W h e n give n suc h a  goal ,  th e networ k trie s t o fill  i n th e unspecifie d par t  o f  th e trajector y a s 

wel l  a s a n actio n sequenc e tha t  wil l  resul t  i n tha t  trajectory .  T h e plaimin g proces s i s  achieve d b y th e 

followin g step s (se e Figur e 4 ) : 

1 A goal is set by clamping some E-units and zero activation in other units. 

2 F r o m thi s pattern ,  th e E - ^ A mapp in g generate s a n actio n pla n i n th e A-units .  I f  a  complet e 

trajector y i s specifie d i n th e E-units ,  thi s mapp in g ca n generat e a n appropriat e actio n pla n t o achiev e 

th e trajectory .  Howeve r ,  becaus e th e trajector y i s  onl y partiall y  specified ,  th e generate d pla n i s 

unlikel y t o b e appropriate . 

-7 9 

EAE 
networ k 

Contro l 
A-unlc s •••• • 

Action s 

Goal 

[-unit s  OOOOf* -
7? 

;  J  1  s 6  ;  «  « 

W^f^mj^^ x 

Figur e 3 .  A  goa l  i s  give n b y specifyin g ac -
tivatio n value s o f  som e E-unit s representing 
partia l  trajectory ,  an d th e networ k trie s t o 
find  activatio n pattern s i n th e othe r  E-unil s 
representing  th e rest  o f  th e trajectory ,  a. s 
wel l  a s a n activatio n patter n i n th e A-unit s 
representing  a n actio n pla n fo r  achievin g th e 
trajectory . 
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Figur e 4 .  Afte r  th e goa l  i s  specifie d i n 

th e E-units ,  th e networ k map s bac k an d 

fort h betwee n th e E-unit s an d A-unit s 
unti l  th e pattern s settl e int o a  stabl e 

state . 
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3 T h e A  - ^ E mapp in g generates ,  fro m th e actio n plan ,  a  predicte d trajector y a s th e resul t  o f  executin g 

th e plan . 

4 Thi s predicte d trajector y m a y no t  satisf y th e constrain t  o f  th e goal .  So ,  th e E-unit s representin g th e 

goa l  ar e give n th e origina l  value s again . 

5 T h e step s 2 ,  3 ,  an d 4  ar e repeate d unti l  th e pattern s settl e int o a  stabl e state . 

Figure 5 shows the series of patterns in the network during the process of planning after 1, 3, and 5 

cycles .  T h e leftmos t  co lum n (E )  show s th e pattern s i n th e E-units ,  afte r  eac h tim e th e goa l  i s  set .  T h e 

secon d co lum n (A )  show s th e pattern s i n th e A-units .  T h e thir d co lum n (Action )  show s th e actua l  contro l 

value s represente d b y thes e patterns .  T h e rightmos t  co lum n (Trajectory )  show s wha t  th e trajectorie s 

wou l d hav e looke d like ,  i f  th e action s wer e actuall y executed .  A s ca n b e seen ,  th e networ k w a s abl e t o 

graduall y improv e th e actio n plan .  I n thi s example ,  th e pattern s wer e stabl e afte r  5  cycles.  Thi s i s on e o f 

Actio n 

Figur e 5 .  Th e activatio n panem s i n th e E-unit s (E ) 

and th e A-unit s (A )  durin g th e proces s o f  planning , 
afte r  1 .  3 ,  an d 5  cycles .  Thes e pattern s represen t  th e 

trajectorie s an d action s show n (Trajectory ,  an c Ac -

tion) .  Th e proces s start s fro m th e representatio n o f 

th e goa l  i n th e E-unit s (botto m left )  an d th e pattern s i n 
th e E-unit s an d i n th e A-unit s ar e iterativel y mappe d 

t o eac h othe r  unti l  the y ar e stabl e (cycl e 5) . 
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the most difficult cases, because a slight adjustment in the final direction of the ship requires a large 

chang e i n th e initia l  portio n o f  th e trajectory .  Figur e 6  show s th e trajectorie s foun d b y th e networ k fo r  9 

differen t  goal s an d 3  differen t  initia l  conditions . 

ANALYSIS 

Next, I present an analysis of the planning procedure and show that, under a number of 

assumptions ,  th e proces s i s expecte d t o find  a n appropriat e actio n plan .  First ,  I  m a k e fou r  assumptions . 

I n figxire  7 ,  E-spac e i s th e spac e o f  al l  th e possibl e activatio n pattern s tha t  ca n occu r  i n th e E-units .  A -

spac e i s th e spac e o f  al l  th e possibl e activatio n pattern s tha t  ca n occu r  i n th e A-units .  T h e first 

assumptio n i s tha t  al l  point s i n A-spac e ar e possible ,  i.e. ,  the y correspon d t o actua l  physica l  actions .  Thi s 

i s reasonabl e becaus e thes e pattern s caus e th e physica l  actions .  T h e secon d assumptio n i s tha t  onl y s o m e 

point s i n E-spac e represen t  possibl e physica l  environmenta l  states .  Thi s i s  reasonabl e becaus e s o m e 

physica l  state s canno t  b e achieve d b y an y action .  Furthermore ,  s o m e pattern s m a y no t  correspon d t o an y 

physica l  state .  T h e thir d assumptio n i s  tha t  th e syste m learn s th e tw o mapping s perfectly .  T h e fourt h 

assumptio n i s tha t  thes e mapping s generaliz e t o n e w pattern s base d o n similaritie s t o th e learne d patterns . 

Goals 

H 

Righ t 
Figur e 6 .  Th e trajectorie s foun d b y th e net -
woi k fo r  9  differen t  goal s (A ,  B .  .. .  I )  an d 3 

Straigh t  differen t  initia l  condition s (Right .  Straight , 
Left) . 
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Such property has been demonstrated in many PDP networks (e.g., Cottrell, Munro, & Zipser, 1987; 

Chauvin .  1987) . 

Under  thes e assumptions ,  th e plannin g proces s ca n b e analyze d a s follows .  (Se e Figur e 8. )  I n E -

space ,  th e E p region s ar e th e point s tha t  represen t  possibl e physica l  states .  Fo r  an y particula r  goal ,  s o m e 

dimension s o f  E-spac e ar e constraine d b y th e goal .  Thes e dimensions ,  represente d b y th e horizonta l  axi s 

i n th e figure ,  correspon d t o th e E-unit s tha t  ar e give n specifi c  value s b y th e goal .  T h e othe r  dimension s 

ar e no t  constraine d b y th e goal .  Thus ,  th e goa l  define s a  hyperplan e i n th e space ,  calle d th e E c plane , 

whic h i s  parpendicula r  t o al l  th e constraine d dimensions .  Th e tas k o f  th e plannin g i s t o find  a  possibl e 

state ,  a  stat e tha t  ca n b e achieve d b y som e action ,  tha t  als o satisfie s th e constrain t  o f  th e goal .  Suc h a 

stat e i s represente d b y a  poin t  i n a n E ^  regio n tha t  i s als o o n th e E c plane . 

T h e E A E networ k searche s fo r  suc h a  poin t  b y mappin g bac k an d fort h betwee n th e tw o spaces . 

T h e networ k start s fro m e^^) ,  a  poin t  i n th e E c plan e wit h zer o activatio n value s fo r  th e unconstraine d 

dimensions .  Thi s poin t  i s  mappe d b y E-^ A mappin g t o a  poin t  i n A-space ,  a(0) ,  an d the n mappe d bac k b y 

/4—>£•  mapp in g t o a  poin t  i n E-space ,  êi;') .  Thi s poin t  mus t  fal l  withi n a n E p regio n becaus e al l  point s i n 

A-spac e ar e possibl e an d mus t  b e mappe d t o a  poin t  representin g a  possibl e state .  Thi s poin t  m a y n o 

longe r  o n th e E c plane ,  an d s o th e goa l  constrain t  i s  impose d agai n b y projectin g ont o th e E c plane .  Thi s 

correspond s t o clampin g o f  som e E-unit s t o th e goal .  Usin g thi s poin t  a s th e n e w startin g point ,  th e 

proces s i s repeated .  I f  i t  find s a  solutio n afte r  s o m e iteration ,  th e poin t  n o longe r  move s becaus e a  poin t 

i n th e E p region s i s  m a p p e d t o itself .  F ro m th e assumptio n tha t  th e mapping s generaliz e base d o n 

similarit y betwee n patterns ,  o r  i n thi s cas e similaritie s define d a s th e distanc e betwee n points ,  i t  ca n b e 

s h o w n that ,  th e distanc e betwee n th e point s o n th e E c plan e (e^o) ,  eP^ ,  eS- \  •  •  • )  an d th e point s i n th e E p 

region s (̂ î) ,  ep),.. )  wil l  kee p decreasing .  Thus ,  th e networ k wil l  eithe r  fin d a  solutio n o r  fal l  int o a  loca l 

m i n i m u m ,  dependin g o n th e shap e o f  th e E p region s i n relatio n t o th e E c plane . 

Figur e 8 .  A n analysi s o f  th e plannin g process . 

A solutio n i s a  poin t  i n E-spac e tha t  bot h i s  pos -
sibl e (i n a n E p region)  an d satisfie s th e goa l  (o n 

th e E c plane) .  Th e networ k searche s fo r  suc h a 
poin t  b y mappin g bac k an d fort h t>etwee n E -
spac e an d A-space . 
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SUMMARY AND EXTENSION 

The EAE network gives one explanation of how learning and planning of actions can be 

accomplished ,  usin g onl y feedbac k fro m th e environmen t  an d w h e n th e desire d stat e o f  th e environmen t 

i s onl y partiall y  specified .  Obviously ,  i n orde r  t o evaluat e th e framewor k i t  i s  necessar y t o tes t  o n m a n y 

differen t  task s an d als o t o compar e th e performanc e o f  th e networ k mor e closel y t o tha t  o f  humans .  T h e 

advantag e o f  th e E A E framewor k i s tha t  i t  doe s no t  nee d an y domai n specifi c  structure ,  excep t  a  desig n o f 

representatio n o f  th e environmen t  an d o f  th e actions ,  an d thu s i t  i s  readil y applicabl e an d testabl e i n othe r 

domains .  Furthermore ,  th e framewor k ca n b e extende d i n severa l  interestin g ways .  First ,  i t  i s  obviou s 

tha t  peopl e ca n modif y a  plaime d sequenc e o f  action s base d o n feedbac k fro m th e environment ,  especiall y 

when th e actio n i s slow .  Th e syste m coul d us e feedbac k fro m th e environmen t  during  th e executio n o f  a n 

actio n pla n t o adjus t  it s  predictio n o f  futur e state s an d th e actio n plan .  Thi s woul d allo w accurat e 

performanc e withou t  perfec t  predictio n an d therefor e withou t  perfec t  learnin g o f  th e mappings .  Second , 

th e framewor k provide s a  possibl e wa y t o mode l  automatizatio n o f  a  skil l  w h e n action s an d 

environmenta l  context s ar e sufficientl y correlate d (Shiffri n &  Schneider ,  1977) .  I n suc h situations ,  th e 

syste m coul d estabUs h a  mappin g fro m th e context s t o actions ,  whic h coul d spee d up ,  o r  possibl y 

eliminat e th e nee d for ,  th e proces s o f  generatin g prediction s an d comparin g wit h explici t  repesentation s 

of  goals . 
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I .  In t roduct io n 

T h e h u m a n visua l  syste m ha s a  remarkabl e abilit y  t o dis -
criminat e betwee n differen t  type s o f  movement .  Th e clcissi c 
illustratio n o f  thi s abilit y  i s  Johannson' s Movin g Ligh t  Dis -
pla y ( M L D )  [Johansson,  1973] .  Reflectiv e pad s wer e place d 
at  th e joint s o f  a n acto r  dresse d i n black ,  an d th e acto r  il -
luminated .  Film s wer e take n o f  th e acto r  walking ,  jumpin g 
an d makin g variou s othe r  movement s agains t  a  blac k back -
drop .  W h e n thes e film s wer e show n t o subjects ,  the y al l 
recogni2e d th e displa y t o b e o f  a  perso n walking ,  jumping , 
etc. ,  bu t  reporte d singl e frame s t o b e meaningles s pattern s 
of  dots .  A  presentatio n tim e o f  n o mor e tha n 20 0 mse c wa s 
sufficien t  fo r  al l  subject s t o mak e th e correc t  discrimina -
tion .  I n force d choic e experiments ,  al l  subject s accuratel y 
identifie d 6  h u m a n an d 3  puppe t  generate d pattern s wit h 
a presentatio n tim e o f  40 0 msec .  Furthe r  experiment s [Ko -
zlowsk i  an d Cutting ,  1977 ,  Cuttin g an d Kozlowski ,  1977 ] 
demonstrate d th e sensitivit y o f  thi s faculty :  subject s coul d 
determin e th e actor' s gender ,  an d coul d eve n identif y th e 
acto r  i f  (s)h e wa s know n t o th e subject . 

Thi s pape r  describe s th e earl y stage s o f  a n attemp t  t o 
produc e a  computationa l  accoun t  o f  thi s capability ,  con -
sisten t  wit h th e psychologica l  an d neurophysiologica l  lit -
erature .  Th e followin g sectio n discusse s dat a o n th e hu -
m an visua l  syste m whic h m a y she d hgh t  o n M L D process -
ing .  Sectio n 3  introduce s Feldman' s Fou r  Frame s compu -
tationa l  architectur e [Feldman ,  1985 ]  fo r  th e visua l  sys -
tem ,  outUne s th e lo w leve l  processin g w e believ e occurs , 
an d develop s an d motivate s ou r  targe t  representatio n th e 
scenario .  Sectio n 4  describe s th e processin g architectur e 
whic h activate s scenario s usin g th e outpu t  o f  th e lo w leve l 
system ,  an d detail s it s implementatio n i n a  connectionis t 
network . 

II. MLD Processing in the 

H u m an Visua l  Sys te m 

Ther e ar e tw o obviou s way s th e motio n informatio n avail -
abl e i n th e Johannso n experiment s coul d b e use d t o gen -
erat e th e percept s o f  perso n an d walking ,  o r  th e singl e per -

' correspondence should be sent to the first address 
^An earl y versio n o f  thi s pape r  i s t o appea r  i n Proceeding s o f 
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cep t  o f  walkin g person .  T h e firs t  metho d woul d b e t o us e 
th e motio n informatio n t o inde x directl y int o memory ,  im -
plyin g a  memor y representatio n ric h i n tempora l  informa -
tion .  Thi s metho d place s motio n informatio n i n a  cen -
tra l  positio n vis-a-vi s th e recognitio n process .  Th e secon d 
metho d woul d us e th e motio n informatio n t o reconstruc t 
variou s stati c qualitie s o f  th e scen e objec t  (suc h a s struc -
ture) ,  an d us e thos e stati c qualitie s t o inde x int o memor y 
and recogniz e th e object .  Havin g recognize d th e object , 
th e motio n o f  variou s ke y part s o f  th e objec t  coul d b e use d 
t o discriminat e betwee n gaits .  I n thi s secon d method ,  th e 
motio n informatio n i s use d i n tw o ways :  t o recove r  stati c 
qualities ;  an d t o disambiguat e a  smal l  numbe r  o f  gaits . 

I n thi s pape r  w e addres s th e first  method ,  bu t  d o no t 
rul e ou t  th e second .  Suc h a  motion-specifi c  proces s an d 
memory structur e mus t  pla y a  rol e i n M L D experiments . 
Johansson' s subject s coul d distinguis h gai t  wit h a  presen -
tatio n tim e o f  les s tha n a  quarte r  o f  a  cycl e o f  th e periodi c 
motio n (i.e .  les s tha n a  quarte r  o f  a  ste p i n walkin g o r  run -
ning )  [Johansson ,  1976] .  Thi s implie s tha t  phasa l  relation -
ship s betwee n joint s throughou t  a  cycl e o f  th e gai t  mus t 
be represente d i n memory .  Recognitio n mus t  b e base d o n 
invariant s an d th e absolut e do t  motion s i n a n M L D ar e 
not  invarian t  wit h respec t  t o scal e o r  rotatio n i n th e im -
age plane .  Somethin g lik e th e Johannson' s Visua l  Vecto r 
Analysi s [Johansson ,  1973 ]  mus t  b e takin g place ,  wit h th e 
movement  o f  dot s treate d a s relativ e t o tha t  o f  othe r  dots . 
Relativ e spee d o f  rotatio n abou t  a  join t  o f  th e limb s con -
necte d a t  th e join t  i s  invarian t  wit h respec t  t o scal e an d 
rotatio n i n th e imag e plane ,  an d m a y b e a  goo d candidat e 
fo r  th e recognitio n process .  Howeve r  th e fac t  tha t  upside -
down M L D s ar e no t  recognize d a s suc h [Sumi ,  1984] ,  whil e 
upsid e dow n movin g stic k figures  ar e easil y recognize d (ou r 
own informa l  observation )  implie s tha t  th e motio n invari -
ant s use d i n recognitio n canno t  b e compute d b y th e visua l 
syste m fo r  upsid e dow n M L D s .  Thi s implicate s top-dow n 
feedbac k i n th e computatio n o f  th e invariants ,  unde r  th e 
assumptio n tha t  th e gai t  i s  represente d i n memor y fo r  th e 
objec t  i n it s norma l  orientation .  Th e memor y representa -
tio n the n provide s n o hel p i n computatio n o f  invariant s fo r 
movin g object s i n a n unfamilia r  orientation . 

Furthe r  evidenc e fo r  memor y structure s devote d t o 
representatio n o f  sequenc e an d tim e i s provid e i n [Freyd , 
1983] .  Sh e presente d singl e frame s o f  a  motio n sequenc e t o 
subjects ,  an d the n teste d thei r  memor y fo r  othe r  frame s 
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fro m th e sam e sequence .  Subject s foun d i t  harde r  t o dis -
tinguis h frame s late r  i n th e sequenc e fro m th e stimulu s 
fram e tha n the y di d t o distinguis h frame s eor/ieri n th e se -
quenc e fro m th e stimulu s frame .  [O'Connel l  an d Gerard , 
1985 ]  foun d tha t  childre n develo p th e abiht y t o reproduc e 
familia r  sequence s earhe r  tha n th e abilit y  t o reproduc e th e 
same event s prevente d i n a n unfamUia r  sequence ,  implyin g 
an earl y developmen t  o f  representatio n o f  sequence .  [Rune -
son an d Frykholm ,  1983 ]  argu e persuasivel y tha t  represen -
tatio n o f  bod y motio n i s couche d i n term s o f  causa l  factor s 
as wel l  a s descriptiv e component s (i.e .  forc e an d mas s a s 
wel l  a s velocity) .  MLD ' s o f  actor s Uftin g boxe s wer e pre -
sente d t o subject s wh o ha d n o difficult y discriminatin g th e 
box' s weigh t  qualitatively .  I f  th e acto r  attempte d t o de -
ceive ,  no t  onl y wa s th e deceptio n detecte d bu t  bot h rea l 
and intende d weight s wer e discriminable .  Althoug h w e wil l 
ignor e causau l  factor s i n ou r  model ,  the y wil l  hav e t o b e 
integrate d eventually . 

Whateve r  th e interpretatio n o f  th e psychologica l  re -
sults ,  i t  i s  clea r  ther e mus t  b e a  memor y structur e ric h i n 
informatio n abou t  chang e i n th e environment .  Brai n dam -
aged patient s provid e neuroanatomical  evidenc e fo r  a  sepa -
rat e recognitio n proces s base d o n motio n alone .  Lesion s t o 
th e tempora l  lob e ca n lea d t o th e inabiUt y t o identif y faces , 
whil e leavin g intac t  th e abilit y  t o identif y fro m bod y mo -
tion ;  an d lesion s t o parieta l  corte x ca n impai r  recognitio n 
fro m bod y motio n whil e leavin g objec t  recognitio n unim -
paire d [Damasio ,  1988] .  [Perre t  e l  a/. ,  1985 ]  foun d cell s 
i n th e superio r  tempora l  sulcu s o f  th e macaqu e monke y 
whic h responde d selectivel y t o differin g bod y motion s i n 
view ,  int o vie w an d ou t  o f  view .  [Chitt y e t  a/. ,  198 7 (i n 
submission) ]  foun d cell s i n th e sam e are a tha t  responde d 
selectivel y t o M L D displays ,  t o M L D display s wit h lim b 
segment s suggeste d b y contour ;  als o som e cell s selectiv e 
fo r  stati c for m whic h responde d t o M L D stimuli ,  imply -
in g computatio n o f  for m fro m motion .  Al l  thes e result s 
indicat e representatio n an d recognitio n o f  sequenc e i s ex -
plicitl y  performe d i n th e visua l  system . 

III. Four Frames 

We take as a basis for our computational model the Four 
Frame s architectur e [Feldman ,  1985 ]  fo r  th e visua l  system , 
and it s extensio n t o dea l  wit h kinematic s [Feldman ,  1988] . 
Usin g thi s computationa l  framework ,  w e ma y addres s th e 
questio n o f  ho w M L D imag e sequence s ar e processe d int o 
percepts .  O f  th e fou r  frame s (retinotopic ,  stable-feature , 
world-knowledg e an d environmental) ,  w e shal l  focu s o n 
th e interactio n betwee n th e stable-featur e fram e an d th e 
world-knowledg e formulary . 

A. Retinotopic to Stable-Feature 

The firs t  frame ,  th e retinotopi c frame,  i s  "intende d t o 
model  th e vie w o f  th e worl d tha t  change s wit h eac h ey e 
movement "  [Feldman ,  1985 ,  pag e 265] .  I n ou r  cas e th e in -
formatio n i n th e retinotopi c fram e a t  an y instan t  i s a  rep -
resentatio n o f  th e do t  patter n imag e o n th e retin a a t  tha t 

instant ,  modulate d b y th e recepto r  propertie s an d thei r 
tim e characteristics .  Th e mos t  sahen t  informatio n her e 
wil l  b e retina l  smea r  du e t o th e motio n o f  th e dots .  Th e 
secon d frame ,  th e stable-featur e frame,  compute s intrinsi c 
feature s o f  th e scen e bein g viewed ,  whic h d o no t  chang e 
wit h eye-movement .  Fo r  ou r  purposes ,  th e firs t  importan t 
featur e encode d i n th e stable-featur e fram e wil l  b e th e mo -
tio n o f  th e dots .  Whethe r  vi a th e shor t  rang e proces s o r 
apparen t  motion ,  th e stabl e featur e fram e wil l  provid e a t 
eac h instan t  th e velocit y an d positio n o f  eac h do t  i n th e 
movin g pattern .  Considerabl e wor k ha s bee n don e o n th e 
detaihn g th e kin d o f  computation s necessar y fo r  transfor -
matin g motio n informatio n fro m th e retinotopi c t o stable -
featur e frame  [Hildreth ,  1983] .  W e assum e thi s computa -
tio n i s performe d alon g th e line s suggeste d i n [Feldman , 
1988 ]  an d [Olson ,  1988] . 

However ,  a s state d i n th e previou s section ,  th e posi -
tio n an d motio n parameter s fo r  eac h do t  i n th e M L D im -
ages ar e no t  suitabl e dat a t o us e i n indexing .  Th e stable -
featur e frame  mus t  als o comput e th e invariant s i n term s 
of  whic h objec t  motio n i s represente d i n th e nex t  frame, 
th e world-knowledg e formulary .  W e suggeste d abov e tha t 
fo r  biologica l  motio n relativ e spee d o f  rotatio n o f  th e tw o 
lim b segment s abou t  thei r  c o m m o n join t  migh t  b e suc h a n 
invariant .  I n fac t  w e als o nee d t o kno w directio n o f  rota -
tion ,  an d wil l  nee d som e relativ e positiona l  information , 
suc h a s angl e forme d a t  th e joint .  I n th e followin g sub -
sectio n w e develo p a  representatio n fo r  biologica l  motion , 
th e scenario ,  base d o n relativ e angula r  velocit y an d rela -
tiv e angula r  positio n o f  lim b segments .  W e assum e tha t 
th e invariant s use d t o represen t  scenario s ar e compute d i n 
th e stabl e featur e frame  fro m th e positio n an d velocit y pa -
rameter s o f  th e M L D dots ,  usin g top-dow n feedback .  Th e 
natur e o f  th e feedbac k an d th e detail s o f  th e computatio n 
ar e har d unsolve d problems ,  bu t  w e woul d assum e a t  leas t 
tha t  th e feedbac k i s fro m th e sam e typ e o f  memor y use d t o 
hol d scenarios .  Th e recognitio n proble m i s the n t o inde x 
int o scenari o memor y from  th e invarian t  value s compute d 
i n th e stable-featur e frame . 

B. Representing Biological Motion in the 

Wor ld -Knowledg e Formular y 

Under  th e Fou r  Frame s analysis ,  scenari o memor y i s con -
taine d i n th e world-knowledg e formulary .  Thi s fram e i s 
"th e observer' s genera l  knowledg e o f  th e world ,  includin g 
item s no t  dealin g wit h eithe r  visio n o r  space "  [Feldman , 
1985 ,  pag e 266] .  Knowledg e o f  type s o f  movement s o f  type s 
of  object s i s genera l  knowledg e o f  th e world . 

Our  scenari o representatio n wil l  b e couche d i n term s 
of  visua l  events .  Informall y a n even t  i s an y significan t 
chang e i n on e o f  th e invariant s specifyin g th e objec t  an d 
motion .  A  for m even t  coul d b e arriva l  a t  coUnearit y o f  var -
iou s objec t  features ,  a  colo r  even t  a  chang e i n color ,  an d a 
motio n even t  a  chang e i n spee d o r  directio n o f  movement . 

T o mak e ou r  tas k tractable ,  w e mak e th e followin g as -
sumptions .  Th e motio n t o b e recognize d i s tha t  o f  a n artic -
ulate d stic k figure  wit h brigh t  spot s a t  th e joints ,  movin g 
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paralle l  t o th e imag e plan e an d viewe d orthogonally .  I f 
th e trun k o f  th e figur e i s moving ,  w e assum e th e imag -
in g syste m i s trackin g th e cente r  o f  rotatio n o f  th e trunk , 
so tha t  i n th e imag e th e trun k i s undergoin g pur e rota -
tion .  T h e limb s M e rotatin g abou t  a n en d o f  th e trunk , 
an d s o on .  Thu s w e hav e a  movemen t  whic h ca n b e com -
pletel y describe d b y th e lengt h o f  eac h stic k i n th e fig -
ure ,  an d th e chang e i n angl e a t  eac h join t  ove r  time .  W e 
shal l  cissum e tha t  th e chang e i n join t  angl e ove r  tim e i s 
piecewis e linear ,  i.e .  a  sequenc e o f  segment s o f  constan t 
angula r  velocity .  Thi s treatmen t  i s simila r  t o tha t  o f  [Jo -
hansson ,  1973 ]  an d recall s Cutting' s hierarch y o f  "center s 
of  momen t "  [Cutting ,  1981] .  A s i n th e relate d Tinke r  To y 
recognitio n projec t  [Coope r  an d Hollbach ,  1987] ,  w e hav e 
cissume d a  principa l  view s treatmen t  an d feature s whic h 
ar e invarian t  t o scale^ .  A s viewpoin t  changes ,  s o tha t  mo -
tio n i s n o longe r  paralle l  t o th e imag e plane ,  thes e angula r 
positio n an d velocit y cue s var y httl e an d ca n b e considere d 
invarian t  fo r  th e purpose s o f  indexing . 

We hav e no w delimite d th e clas s o f  movement s i n suc h 
a wa y tha t  a  complet e representatio n i s possible .  Eac h 
join t  undergoe s a  sequenc e o f  constan t  angula r  velocit y 
changes ,  whic h fo r  biologica l  movement s suc h a s walkin g 
i s periodic .  T h e se t  o f  sequence s togethe r  wit h informa -
tio n co-ordinatin g the m describ e th e motio n completely : 
sufficientl y t o unambiguousl y regenerat e it .  Suc h a  se t  o f 
sequence s o f  event s constitut e a  scenario . 

Th e fundamenta l  motio n even t  unde r  thes e assump -
tion s i s a  chang e i n angula r  velocity .  T h e choic e o f  angula r 
velocit y a s th e basi s o f  motio n representatio n i s du e t o dat a 
suggestin g tha t  w e hav e velocit y informatio n avaihbl e fo r 
a variet y o f  tasks ,  bu t  no t  an y highe r  derivativ e suc h a s 
acceleratio n [Jagacinsk i  e t  ai ,  1983 ,  Todd ,  1981 ,  Runeson , 
1975] .  Ther e ar e cell s sensitiv e t o rotatio n [Sait o e t  ai , 
1986 ,  Sakat a e t  ai ,  1985] ,  althoug h no t  sufficientl y highl y 
tune d fo r  particula r  velocities .  Howeve r  th e outpu t  o f  sev -
era l  broEwll y tune d cell s ca n b e combine d t o achiev e finer 
tuning .  [Ferre t  e t  ai ,  1985 ]  foun d cell s sensitiv e t o velocit y 
change ,  whic h woul d b e require d t o detec t  ou r  events .  Bu t 
thes e neurophysiologica l  dat a ar e mor e a n indicatio n o f 
what  i s possibl e i n th e visua l  syste m rathe r  tha n definitiv e 
evidenc e fo r  a  particula r  computationa l  o r  representationa l 
scheme . 

A simpl e graphica l  representatio n follow s fro m th e 
specificatio n o f  a  scenari o give n above .  W e represen t  eac h 
event ,  o r  poin t  (i n time )  whe n th e angula r  velocit y changes , 
by a  grap h node .  T h e node s ar e labele d wit h th e ne w an -
gula r  velocit y an d th e absolut e angl e o f  th e join t  a t  tha t 
time .  Directe d edge s betwee n node s represen t  sequence , 
eac h edg e bein g labele d wit h th e tim e betwee n th e tw o 
nodes .  Eac h sequenc e i s represente d b y suc h a  graph .  T h e 
grap h i s cycUca l  i f  th e sequenc e i s periodic .  T h e graph s fo r 
th e sequence s ar e linke d wit h directe d edge s tha t  specif y 
th e co-ordinatio n betwee n th e sequences ,  usin g label s o n 

'I n fac t  cell s selectiv e fo r  face s b y principl e vie w hav e bee n foun d 
i n th e macaqu e monke y [Ferre t  e t  at. ,  1987] . 

Figur e 1 :  abstrac t  scenari o a n d g rap h 

the edges as before. 
Figur e 1  show s a n exampl e abstrac t  scenari o an d it s 

associate d graph .  A t  th e to p o f  th e figure  w e sho w tw o 
connecte d pendula ,  rotatin g a t  joint s A  an d B .  Th e top -
most  stic k i s stationary .  Ove r  th e cours e o f  eigh t  tim e 
steps ,  th e pendul a underg o th e motio n depicte d fro m lef t 
t o right .  Inter-ste p motio n i s o f  constan t  angula r  velocity . 
Thu s i t  i s  eaisil y  see n tha t  th e uppe r  pendulu m (A )  oscil -
late s wit h perio d 8 ,  an d th e lowe r  pendulu m (B )  oscillate s 
wit h perio d 4 .  Fo r  eac h pendulum ,  a  cycl e o f  thi s arti -
ficial  oscillatio n consist s o f  tw o constan t  angula r  velocit y 
segments ,  on e clockwis e an d on e counter-clockwise .  I n th e 
grap h w e represen t  change s o f  angula r  velocit y b y nodes . 
Thu s ther e ar e tw o node s fo r  join t  A ,  show n i n th e uppe r 
dotte d box ,  correspondin g t o th e tw o change s o f  directio n 
of  rotatio n durin g th e 8  ste p cycle .  Similarl y fo r  join t  B 
ther e ar e fou r  node s correspondin g t o th e fou r  change s o f 
directio n durin g tw o cycle s o f  th e 4  ste p period .  Th e node s 
ar e labele d wit h th e angl e a t  th e join t  an d th e ne w angula r 
velocit y a t  th e joint .  Fo r  example ,  th e leftmos t  nod e i n th e 
dotte d bo x fo r  A  specifie s tha t  thi s even t  occur s whe n th e 
join t  angl e i s 21 0 degree s an d th e ne w angula r  velocit y i s 
-1 5 degrees/step .  Withi n eac h dotte d bo x ar e th e sequenc e 
link s indicatin g th e orde r  o f  th e nodes .  Link s betwee n th e 
dotte d boxe s indicat e coordinatio n o f  th e join t  sequences . 
Th e critica l  simulataneit y link s ar e show n b y th e tw o line s 
wit h arrow s a t  bot h ends . 

IV. Connectionist Network 

Implementation 

The preceding section described the information avaih-
bl e i n th e stable-featur e fram e an d th e world-knowledg e 
formulary .  Fo r  ou r  implementation ,  th e stable-featur e 
fram e provide s th e inpu t  representation ,  an d th e world -
knowledg e formular y th e memor y representation .  Recog -
nitio n i s th e proces s o f  usin g th e stable-featur e fram e in -
formatio n t o activat e structure s i n th e world-knowledg e 
formulary . 
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JOINT ANBLE (dtgrait ) 

W vjj/  \^ 

ANGULAR VELOCITY(  (tagregs/t 1 u-stap ) 

EVENT DETECTOR 

Figur e 2 :  inpu t  m o d u l e 

A. Input and Scenario Representation 

The stable-featur e fram e wil l  comput e th e invariant s use d 
fo r  recognition .  Th e invariant s w e hav e chose n ar e th e an -
gula r  positio n an d velocit y a t  eac h joint .  Usin g th e uni t 
valu e principl e [Ballard ,  1986 ]  w e hav e a s inpu t  represen -
tatio n a  numbe r  o f  inpu t  modules ,  eac h providin g th e angl e 
and angula r  velocit y fo r  on e joint . 

Figur e 2  show s a n inpu t  module .  Eac h mpu t  modul e 
consist s o f  a  se t  o f  angle ,  a  se t  o f  angula r  velocit y units ,  an d 
a singl e uni t  t o detec t  event s (chang e i n angula r  velocity) . 
Eac h angl e an d velocit y uni t  respond s t o a  rang e o f  val -
ues ,  show n b y th e tw o number s i n eac h unit ;  fo r  example , 
th e first  angl e uni t  respond s t o join t  angle s fro m 0  t o 4 5 
degrees .  Thi s figure  i s a n exampl e o f  a n inpu t  modul e fo r 
illustrativ e purposes .  I n th e implementation ,  w e actuall y 
use m a n y mor e unit s t o represen t  th e 36 0 degre e range . 
Th e patter n o f  activit y o f  thes e unit s ove r  tim e describe s 
th e kinematic s o f  th e joint .  W e assum e tha t  th e stabl e 
featur e fram e ha s segmente d th e imag e informatio n int o 
informatio n fo r  eac h joint ,  an d activate s th e appropriat e 
number  o f  inpu t  modules . 

H o w shoul d w e represen t  scenarios ? T h e graphica l 
representatio n develope d abov e i s naturall y implemente d 
as a  connectionis t  network^ .  Eac h grap h nod e i s repre -
sente d b y a  unit ,  an d eac h directe d labele d edg e b y a  lin k 
wit h a n associate d time-delay .  T h e unit s hav e a  sit e fo r 
primin g activatio n whic h arrive s alon g thes e dela y links , 
and anothe r  sit e fo r  inpu t  fro m th e lowe r  level s o f  th e vi -
sua l  system .  Initiall y  al l  unit s receiv e a  smal l  amoun t  o f 
primin g activation .  Unit s expec t  activatio n t o arriv e a t 
bot h site s simultaneously .  I f  primin g activatio n o r  inpu t 
activatio n arrives ,  bu t  no t  both ,  the n th e event s i n th e im -
age ar e no t  correspondin g t o th e scenari o represented .  I f 
th e imag e event s d o indee d correspon d t o th e scenari o rep -
resented ,  the n primin g activatio n shoul d flow  throug h th e 
network ,  buildin g u p a s i t  doe s so .  Fo r  periodi c motion s 
thi s activatio n shoul d saturat e quickly .  Figur e 1  i s  eas -
il y  re-interpretabl e a s a  connectionis t  network ,  th e grap h 

( S H ( S y - . 

*  I n ou r  network s unit s hav e on e o r  mor e lite a a t  whic h link s arrive , 
and wher e inpu t  activatio n i s processe d Thi s enable s differentia l 
treatmen t  o f  inputs . 

Figur e 3 :  evaluatio n n e t w o r k 

node s becomin g scenari o even t  units . 

These scenario event units are complex. The unit has 
fou r  sites :  on e receive s inhibitio n fro m othe r  even t  unit s i n 
th e sam e sequence ;  on e receive s primin g fro m even t  unit s 
tha t  represen t  simultaneou s event s i n othe r  sequences ;  an -
othe r  receive s primin g fro m precedin g events ;  an d th e las t 
receive s inpu t  originatin g i n th e inpu t  modules .  T h e site s 
comput e relativel y comple x function s o f  thei r  inputs ,  suc h 
as s u m o f  square s an d exponentia l  decay .  T h e uni t  out -
pu t  i s a  multiplicativ e functio n o f  th e tota l  primin g (les s 
inhibition )  an d th e inpu t  activation . 

A scenario is recognized when activation flows around 
th e networ k representin g it .  I t  i s  a  simpl e matte r  t o attac h 
a networ k t o th e scenari o networ k t o detec t  whe n an d h o w 
strongl y activatio n i s flowing  throug h th e scenari o network . 
T h e outpu t  o f  thi s evaluatio n networ k i s a  measur e o f  h o w 
simila r  th e inpu t  i s t o thi s particula r  scenario .  Figur e 3 
illustrate s th e evaluatio n network .  T h e dotte d boxe s fro m 
Figur e 1  ar e reproduced ,  togethe r  wit h th e tim e ste p coun t 
( 0 t o 8) .  T h e evaluatio n networ k i s th e bundl e o f  five  unit s 
at  th e botto m o f  th e diagram .  T h e centra l  uni t  i s  th e sum -
mator ,  whic h compute s th e final  evaluation .  T h e fou r  pe -
riphera l  unit s represen t  th e fou r  tim e step s a t  whic h event s 
tak e plac e fo r  thi s scenario ;  the y ar e labelle d i n th e dia -
gra m wit h th e tim e step s the y represent .  I f  th e scenari o 
even t  unit s ar e activate d i n th e correc t  order ,  the n the y wil l 
activat e thes e evaluatio n unit s i n th e correc t  order .  T h e 
soli d link s represen t  th e correc t  orde r  o f  activation .  Thes e 
hav e a n associate d dela y equa l  t o th e tim e ste p differenc e 
betwee n th e sourc e an d destinatio n units .  T h e dotte d link s 
ar e reveres e directio n inhibitor y links ,  wit h n o dela y asso -
ciated .  T h e link s ensur e tha t  th e evaluatio n unit s wil l  no t 
become significantl y activ e unles s the y ar e bein g activate d 
i n th e correc t  order .  T h e centra l  summatio n uni t  check s 
tha t  onl y on e i s activ e a t  a  time . 
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B .  R e c o g n i t i o n 

Assumin g th e inpu t  describe d above ,  i.e .  a t  eac h tim e 
step ,  fo r  eac h join t  i n th e image ,  a  readou t  o f  th e angl e 
and angula r  velocit y a t  tha t  joint ,  ho w d o w e inde x int o 
scenari o memory ? W e woul d lik e th e indexin g algorith m 
t o b e toleran t  o f  missin g dat a point s (fo r  example ,  du e t o 
occlusion) ,  an d t o incrementall y converg e o n th e correc t 
scenari o a s mor e an d mor e dat a arrives .  A t  th e sam e tim e 
we mus t  avoi d exponentia l  growt h i n th e numbe r  o f  unit s 
and link s require d a s th e numbe r  o f  scenari o memorie s in -
creases .  W e woul d als o hk e t o b e abl e t o tak e advantag e 
of  evidenc e base d o n structura l  o r  othe r  stati c qualitie s o f 
th e objec t  i f  i t  i s  available . 

Our  inpu t  module s detec t  change s i n angula r  veloc -
ity ,  thu s discretizin g th e inpu t  int o a  se t  o f  sequence s o f 
event s a t  whic h angula r  velocitie s chang e fo r  eac h joint . 
Thes e sequence s ar e exactl y analogou s t o th e sequence s 
of  event s represente d b y th e node s i n th e scenari o graph . 
For  a  give n scenari o w e mus t  matc h th e inpu t  sequence s 
agains t  th e store d sequence s t o determin e whic h inpu t  se -
quenc e correspond s t o whic h store d join t  sequence .  No t 
onl y mus t  a  mappin g fro m inpu t  t o scenari o b e established , 
th e co-ordinatio n betwee n inpu t  sequence s mus t  matc h th e 
co-ordinatio n betwee n join t  sequence s i n th e scenario .  W e 
must  perfor m thi s matc h fo r  eac h scenari o memory .  I f  w e 
assume a  solutio n t o th e first  proble m (matchin g a  par -
ticula r  scenari o agains t  th e input) ,  the n w e ca n achiev e 
recognitio n tim e independen t  o f  th e numbe r  o f  scenario s 
store d i n memor y a t  a  cos t  o f  linea r  increas e i n th e num -
ber  o f  unit s an d links :  w e matc h agains t  al l  scenari o m e m-
orie s i n parallel .  Thi s i s  trivia l  t o d o i n a  connectionis t 
network ;  w e simpl y duplicat e th e matchin g machiner y fo r 
eac h scenario . 

C. The Correspondence Problem 

Solvin g th e correspondenc e proble m i s harder .  We can -
not  wai t  unti l  w e hav e al l  th e dat a befor e attemptin g t o 
match .  Thi s mus t  als o b e a n incrementa l  proces s ove r  time . 
Our  approac h i s t o attemp t  t o matc h al l  inpu t  sequence s 
agains t  al l  store d sequence s i n parallel .  Agai n i t  i s  trivia l 
t o achiev e paralle l  matchin g i n a  connectionis t  network ,  i f 
one i s willin g t o pa y th e pric e i n term s o f  th e numbe r  o f 
unit s an d link s required . 

Figur e 4  give s a  schemati c outlin e o f  th e functiona l  ar -
chitectur e w e adop t  t o solv e th e correspondenc e problem . 
Thi s diagra m show s fou r  functiona l  units ,  depicte d b y th e 
bol d boxes .  Th e inpu t  module s an d evaluatio n network ,  a t 
th e to p o f  th e diagram ,  wer e detaile d above .  I n thi s figure 
we sho w thre e inpu t  module s labelle d # X ,  # Y an d # Z .  O n 
th e lef t  i s a n exampl e scenari o grap h network ,  wit h thre e 
even t  sequence s labelle d # A ,  # B an d # C .  Eac h dotte d 
box i n th e scenari o grap h represen t  th e even t  sequenc e fo r 
one join t  sequence ,  a s i n Figur e 1 .  Ther e b  on e scenari o 
grap h networ k fo r  eac h scenari o i n memory .  I n th e mid -
dl e o f  Figur e 4  i s th e gri d o f  bindin g network s (th e dotte d 
boxes) .  Ther e i s on e suc h gri d fo r  eac h scenari o grap h i n 
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Figur e 4 :  functiona l  architecbtur e 

memory.  A  binde r  gri d i s alway s compose d o f  n  b y n  bind -
in g networks ,  wher e n  i s th e numbe r  o f  even t  sequence s i n 
th e scenari o whic h th e binde r  gri d i s associate d with .  Th e 
heav y arrow s betwee n th e functiona l  unit s indicat e activa -
tio n flow,  th e stripe d arrow s indicatin g top-dow n feedbac k 
not  ye t  implemented .  Eac h inpu t  modul e send s activatio n 
t o th e colum n o f  bindin g network s belo w i t  i n th e dia -
gram .  Eac h ro w o f  bindin g network s send s activatio n t o 
th e scenari o even t  sequenc e whic h i s directl y t o it s left ,  an d 
receive s feedbac k from  tha t  even t  sequence .  Th e scenari o 
even t  sequence s sen d activatio n t o th e evaluatio n networ k 
as show n i n Figur e 3 . 

The functio n o f  th e binde r  gri d i s t o estabhs h a  on e t o 
one mapping ,  o r  correspondence ,  betwee n th e activ e inpu t 
module s an d th e even t  sequence s i n th e scenari o graph . 
The inpu t  i s a  time-varyin g patter n o f  activatio n ove r  th e 
set  o f  inpu t  modules .  Ther e i s on e inpu t  modul e fo r  eac h 
join t  i n th e scene .  Th e th e time-varyin g patter n a t  a n 
inpu t  modul e shoul d matc h th e expecte d patter n repre -
sente d i n on e o f  th e scenari o sequences .  Th e binde r  gri d 
compare s i n paralle l  th e sequenc e o f  event s a t  eac h inpu t 
modul e wit h th e event s i n eac h scenari o even t  sequence . 
Thi s  i s achieve d b y havin g a  separat e bindin g networ k fo r 
eac h input-module/scenario-sequenc e pair .  Thu s th e to p 
lef t  dotte d bo x i n th e binde r  gri d i n Figur e 4  represent s th e 
bindin g networ k tha t  i s attemptin g t o matc h th e event s  ar -
rivin g a t  inpu t  modul e # X wit h th e event s represente d i n 
scenari o sequenc e # A .  Bindin g network s wit h competin g 
interpretation s ar e arrange d t o inhibi t  eac h other ,  s o tha t 
i f  a  consisten t  interpretatio n ca n b e foun d ther e wil l  b e ex -
actl y on e bindin g networ k activ e i n eac h ro w an d colum n 
of  th e grid . 

I f  th e matc h betwee n th e inpu t  event s i s clos e t o th e 
sequence s i n a  scenario ,  a  goo d bindin g wil l  b e found ,  ac -
tivatio n wil l  flow  aroun d th e scenari o network ,  an d th e 
evaluatio n networ k wil l  becom e active .  I f  ther e i s a  par -
tia l  match ,  th e activatio n i n th e scenari o networ k wil l  b e 
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Figur e 5 .  bindin g ne twor k detail s 

lower ,  an d les s consisten t  i n time ,  s o tha t  th e evaluatio n 
networ k ma y becom e somewha t  active .  Th e bes t  matc h i s 
foun d b y readin g of f  th e activit y o f  th e summato r  unit s i n 
th e evaluatio n networ k fo r  eac h scenario . 

Figur e 5  show s th e detail s fo r  on e bindin g network . 
At  th e to p i s a n inpu t  module .  I t  ha s a  se t  o f  unit s tune d 
t o a  particula r  angula r  rang e an d anothe r  se t  tune d t o par -
ticula r  angula r  velocity .  Uni t  E  i s a n even t  detectin g unit , 
connecte d t o al l  th e velocit y tune d unit s i n th e module ; 
i t  fires  whe n th e angula r  velocit y changes ,  ou r  definitio n 
of  a n event .  A t  th e lef t  o f  Figur e 5  i s a  sequenc e networ k 
fro m a  scenario ,  simila r  t o th e dotte d boxe s i n Figur e 1 . 
I n th e middl e i s a  bindin g network . 

A bindin g networ k perform s tw o functions :  i t  peisse s 
on inpu t  event s fro m it s inpu t  modul e t o it s sequenc e 
network ;  an d i t  compare s th e event s occurrin g i n th e in -
put  modul e wit h thos e occurrin g i n th e sequenc e network . 
Event s ar e differentiate d b y th e angl e an d th e angula r  ve -
locit y a t  th e joint ,  an d occu r  whe n th e angula r  velocit y 
changes .  Fo r  eac h even t  represente d i n th e sequenc e net -
work ,  ther e i s a  pai r  o f  unit s i n th e bindin g network ,  a 
detecto r  unit ,  labele d D ,  an d a  relay ,  labele d R .  I n Fig -
ur e 5  ther e ar e fou r  suc h pairs ,  correspondin g t o th e fou r 
even t  unit s i n th e scenari o sequence .  W e sho w th e link s fo r 
one pair .  Th e detecto r  uni t  fires fires  whe n th e appropriat e 
even t  occur s i n th e inpu t  module ,  i.e .  whe n al l  thre e input s 
fro m th e inpu t  modul e ar e active .  T h e rela y uni t  passe s o n 
activatio n fro m th e detecto r  uni t  t o th e appropriat e even t 
uni t  i n th e scenari o sequenc e network ,  modulate d b y th e 
leve l  o f  activatio n o f  th e bindin g unit ,  labele d B .  T h e de -
tecto r  uni t  als o send s activatio n t o th e bindin g unit .  Thi s 
bindin g uni t  ha s a  sit e fo r  eac h even t  represente d i n th e 
sequenc e network .  Eac h sit e receive s activatio n fro m a  net -
wor k even t  uni t  an d fro m th e correspondin g detecto r  unit . 
I f  a  sit e receive s inpu t  fro m th e detecto r  unit ,  i t  expect s 

inpu t  soo n afte r  fro m th e sequenc e network .  Otherwis e 
ther e i s a  mis-matc h occurring .  Th e bindin g uni t  check s 
tha t  th e site s ar e receivin g activatio n i n thi s fashion ,  an d 
i f  s o increase s it s activatio n level .  Otherwis e it s activatio n 
decreases . 

Al l  bindin g network s connecte d t o th e sam e inpu t 
modul e hav e thei r  bindin g unit s arrange d i n a  mutuall y 
inhibitor y networ k (se e Figur e 4) .  Similarl y al l  bindin g 
network s connecte d t o th e sam e sequenc e networ k ar e ar -
range d s o tha t  thei r  bindin g unit s inhibi t  eac h other .  Thus , 
eve n wit h locall y ambiguou s input ,  s o lon g a s globall y th e 
inpu t  i s determinate ,  th e correc t  scenari o shoul d b e th e 
most  highl y activated .  I f  evidenc e fo r  matchin g i s availabl e 
fro m othe r  sources ,  fo r  instanc e for m o r  colo r  matching ,  i t 
ca n b e use d t o influenc e th e scenari o matc h b y providin g 
inpu t  t o th e bindin g unit s i n th e bindin g networks . 

D. Preliminary Qualitative Results 

Th e architectur e ha s bee n implemente d usin g th e 
Rocheste r  Connectionis t  Simulato r  [Goddar d e t  ai ,  1988 ] 
fo r  tw o scenario s -  on e abstract ,  an d on e correspondin g t o 
a runnin g stic k figure.  Unsurprisingly ,  wit h suc h distinc t 
choices ,  th e networ k ha d n o proble m wit h discriminatin g 
inputs .  Th e result s depen d o n th e actua l  parameter s use d 
i n th e activatio n function s an d i n th e time-delaye d links . 
As expected ,  presentin g perfec t  inpu t  cause s th e scenari o 
networ k t o saturat e quickl y (withi n on e cycl e o f  th e mo -
tion) .  Presentin g imperfec t  input ,  e.g .  wit h on e o f  th e in -
put  module s inactivate d t o simulat e occlusion ,  cause d th e 
scenari o networ k t o activat e mor e slowly .  Recognitio n wa s 
fairl y robus t  ove r  quit e larg e paramete r  variations .  Over -
al l  i t  i s  clea r  tha t  th e architectur e solve s th e problem ,  an d 
moreove r  tha t  i t  ca n b e tune d alon g severa l  dimensions : 
speed ,  sensitivit y t o missin g data ,  sensitivit y t o incorrec t 
data .  Exactl y ho w th e networ k shoul d b e tune d i s a  mat -
te r  fo r  furthe r  research ,  an d wil l  requir e psychophysica l 
experiments . 

V. Conclusions 

We have introduced a representation for articulated stick 
figure  motio n tha t  i s  naturall y implemente d i n a  massivel y 
paralle l  network .  A  networ k architectur e fo r  indexin g int o 
thi s memor y representatio n fro m biologicall y plausibl e in -
pu t  ha s bee n designed .  T h e result s o f  th e preliminar y im -
plementatio n an d test s ar e encouraging . 
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Analyse s o f  scientifi c  reasoning ,  fro m 

compute r  simulatio n (e.g. ,  Langle y e t  al. , 

1987 )  t o biographica l  analyse s o f  famou s 

scientist s (e.g. ,  Tweney ,  1985) ,  ofte n rel y 

on a  prototypica l  mode l  o f  th e har d sciences , 

especiall y physics .  O n th e basi s o f  thi s 

prototype ,  scientifi c  inquir y ha s usuall y 

been modele d i n term s o f  th e discover y o f 

laws ,  lik e Newton's ,  Boyle' s o r  Ohm's--th e 

kind s o f  simpl e formula e learne d i n introduc -

tor y scienc e classes .  Althoug h simple ,  eac h 

la w explain s a  broa d clas s o f  event s o r 

relations .  Thes e law s hav e exception s an d 

complications ,  especiall y i n exoti c conditions , 

but  basically ,  F  =  m a fo r  al l  kind s o f  masse s 

and al l  kind s o f  forces ,  an d P V =  n R T fo r 

al l  kind s o f  gasse s i n al l  kind s o f  containers . 

The law s are ,  i n principle ,  deterministicall y 

correct ,  and ,  withi n th e bound s o f  measure -
ment  error ,  th e dat a abou t  the m ar e con -

sisten t  an d unambiguous . 

Unfortunately ,  thi s mode l  o f  scienc e i s 

not  a  goo d representatio n o f  hypothesi s 

testin g an d scientifi c  reasonin g i n informa l 

settings .  I n general ,  th e subject s o f  everyda y 

reasonin g (e.g. ,  th e behavio r  o f  children ,  th e 

performanc e o f  automobiles ,  th e judgment s 

of  editors )  ar e no t  subjec t  t o simpl e ex -

planations .  I n a  lawfu l  science ,  eve n sligh t 
discrepancie s fro m th e la w ar e matter s t o b e 

reckone d with .  Wit h intuitiv e theories ,  hal f 

righ t  i s  no t  hal f  bad :  On e i s ofte n please d 

wit h a n explanator y valu e noticeabl y bette r 

tha n zero ,  an d th e domai n o f  applicabilit y  o f 

suc h theorie s i s usuall y quit e restricte d (e.g. , 

one chil d o r  on e automobile) .  Intuitiv e 

scientist s mus t  als o dea l  wit h considerabl e 

ambiguit y i n th e relation s betwee n hypoth -

eses an d data .  Typically ,  th e magnitud e o f 
th e measuremen t  erro r  i s nearl y th e sam e a s 

th e magnitud e o f  th e effect s unde r  study . 

Hypothese s hav e ambiguou s implication s 
abou t  th e phenomen a tha t  shoul d o r  shoul d 

not  b e observed ,  an d observe d dat a hav e 

ambiguou s implication s a s t o ho w o r  wheth -

er  a  hypothesi s shoul d b e revised . 

The fundamenta l  differenc e betwee n th e 

law-base d prototyp e o f  scienc e an d th e tas k 

of  reasonin g i n dail y lif e i s th e degre e o f 

uncertaint y an d complexit y i n th e environ -

ment .  B y uncertainty ,  I  mea n tha t  phenom -

ena mus t  b e regarde d a s probabilistic ,  an d 

not  subjec t  t o complet e explanatio n o r 
prediction .  B y complexity ,  I  mea n tha t 

phenomen a aris e fro m th e simultaneou s 

influenc e o f  numerou s an d ofte n inscrutabl e 

contributor y factors .  Althoug h I  focu s o n 

informa l  reasoning ,  man y professiona l 

scientist s als o fac e hig h uncertaint y an d 

complexity ,  particularl y i n "soft "  o r  "inex -

act "  fields ,  lik e th e socia l  sciences ,  o r  i n 

newer ,  les s well-establishe d domain s suc h a s 

high-temperatur e superconductor s today . 

Uncertaint y an d complexit y hav e impor -

tan t  implication s fo r  th e kind s o f  hypoth -

eses peopl e form .  I n lawfu l  domains ,  i t 

may b e a  reasonabl e approximatio n t o sa y 

tha t  scientist s searc h fo r  th e "true "  ex -

planation .  I n inexac t  domains ,  n o hypoth -

esi s i s expecte d t o yiel d nearl y perfec t 

predictio n o r  nearl y complet e explanation . 

Instead ,  th e hypothesi s ma y stat e tha t  ther e 
i s a n associatio n betwee n tw o things ,  o r 

tha t  a  certai n facto r  shoul d hav e a  sig -

nifican t  effec t  o n a  behavio r  o f  interest . 

The goa l  i s  no t  t o discove r  th e righ t  rul e 

or  law .  Th e goa l  ma y instea d b e th e 

developmen t  o f  a  theor y tha t  i s  "prett y 

good "  accordin g t o domain-specifi c  stan -

dards ,  o r  on e tha t  i s significantl y bette r 

tha n th e previou s hypothesis ,  o r  th e goa l 

may b e merel y t o achiev e predictiv e ac -

curac y bette r  tha n chance . 

Uncertaint y an d complexit y hav e paralle l 

effect s o n th e proces s o f  testin g hypoth -

eses .  Wit h probabilisti c  hypotheses ,  ther e 
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ar e n o logicall y determine d "critical "  tests , 

nor  an y logica l  mandat e a s t o ho w t o modif y 

th e hypothesi s i n respons e t o ne w data . 

Thus ,  th e processe s o f  hypothesi s testin g an d 

revisio n becom e matter s o f  accumulatio n an d 

interpretatio n o f  evidence ,  an d a  proces s o f 

zeroin g i n o n a  hypothesi s tha t  meet s th e 

hypothesis-tester' s goal . 

Ther e i s a  fairl y  extensiv e bod y o f  re -

searc h o n th e psychologica l  processe s o f 

hypothesi s testing ,  an d thi s wor k ha s pro -

duce d a  numbe r  o f  interestin g finding s 

concernin g th e abilitie s an d failing s o f 

human hypothesi s tester s (se e Klayma n &  Ha , 

1987 ;  Nisbet t  &  Ross ,  1980 ;  Waso n &  John -

son-Laird ,  1972) .  I n thi s paper ,  however ,  I 

focu s o n a n are a o f  researc h no t  usuall y 

associate d wit h th e stud y o f  scientifi c  rea -

soning .  Thi s researc h ha s gon e unde r  a 

variet y o f  names ,  bu t  ca n b e referre d t o 

genericall y a s cu e learning .  Cue-learnin g 

task s requir e th e subjec t  t o mak e judgment s 

base d o n on e o r  mor e cue s tha t  provid e onl y 

partia l  an d imperfec t  information ,  an d t o us e 

feedbac k t o tr y t o improv e th e accurac y o f 

thos e judgments .  Thus ,  cu e learnin g cap -

ture s th e flavo r  o f  everyda y reasonin g bette r 

tha n man y hypothesi s testin g tasks . 

Cue learning 

The development of cue learning in the 

1950' s wa s base d o n Ego n Brunswik' s (1956 ) 

principl e o f  "probabilisti c  functionalism, " 

th e principl e tha t  judgment s i n natura l 

environment s mus t  b e derive d fro m a  com -

binatio n o f  multiple ,  imperfec t  cues .  Thus , 

th e centra l  goa l  o f  th e paradig m i s t o stud y 

ho w peopl e lear n t o relat e cue s t o judgment s 

i n probabilisti c  environments .  Cue-learnin g 

task s hav e thre e basi c elements :  a  criterio n 

(somethin g th e subjec t  mus t  lear n t o predic t 

or  estimate) ,  cue s (informatio n fro m whic h 

t o mak e th e estimate )  an d feedbac k (infor -

matio n abou t  th e accurac y o f  th e estimate s 

made) .  A s i n natura l  learnin g environments , 

th e criterio n i s no t  full y  predictabl e fro m 

th e availabl e cues .  Fo r  example ,  th e crite -

rio n value ,  Y ,  migh t  b e determine d b y th e 

formul a Y  =  1/ 3 A  +  2/ 3 B  +  C  +  e ,  wher e 

A,  B ,  an d C  ar e cues ,  an d e  i s a  numbe r 

fro m a  rando m numbe r  generator . 

Cue learnin g actuall y encompasse s sev -

era l  differen t  kind s o f  learning .  First , 

ther e i s th e matte r  o f  "cu e discovery " 

(Klayman ,  1988) ,  th e proces s o f  findin g 

vali d cue s t o us e i n makin g predictions . 

Then ,  give n a  se t  o f  cues ,  ther e i s th e 

matte r  o f  ho w thos e cue s shoul d b e com -

bined .  Thi s include s determinin g whethe r 

effect s ar e additiv e o r  multiplicative ,  an d 

th e relativ e importanc e weigh t  t o giv e eac h 

cue .  Then ,  ther e i s th e tas k o f  determinin g 

th e for m o f  th e differen t  cue-criterio n 

functions .  Fo r  example ,  i t  ma y b e that , 

othe r  thing s bein g equal ,  th e criterio n ha s 

a positiv e linea r  relatio n t o cu e A ,  a  nega -

tiv e linea r  relatio n t o cu e B ,  an d a  U -

shape d relatio n t o C . 

Cue learnin g capture s som e o f  th e com -

plexit y an d uncertaint y o f  real-lif e hypoth -

esi s testing .  Th e behavio r  o f  interes t  i s  a 

functio n o f  a  numbe r  o f  simultaneou s fac -

tors ,  ther e i s onl y a  corelationa l  associa -

tio n betwee n an y cu e an d th e criterion ,  an d 

al l  th e availabl e cues ,  take n together , 

canno t  completel y predic t  o r  explai n th e 

dependen t  measure .  Furthermore ,  th e 

feedbac k on e get s i s ambiguou s i n th e sens e 

tha t  a  discrepan t  findin g ma y revea l  a n 

inaccurac y i n th e mode l  yo u ar e using ,  o r 

i t  ma y b e attributabl e t o rando m error ;  i f  a 

chang e i s indicated ,  i t  i s  no t  clea r  jus t 

what  th e chang e shoul d be .  Thus ,  i t  shoul d 

perhap s b e n o surpris e tha t  man y cue -

learnin g studie s hav e foun d tha t  i t  i s 

difficul t  fo r  peopl e t o lear n fro m feedbac k 

i n suc h situation s (se e Brehmer ,  1980 ; 

Klayman ,  i n press) . 

Hypotheses in cue learning 

During the first couple of decades of 

cue-learnin g research ,  no t  muc h attentio n 

was pai d t o th e matte r  o f  hypotheses .  Cu e 

learnin g wa s regarde d a s a  proces s o f 

learnin g t o associat e certai n criterio n 

value s wit h certai n value s o f  eac h cue . 
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alon g wit h som e proces s o f  averagin g an d 

interpolation .  However ,  ther e i s a  growin g 

bod y o f  evidenc e abou t  th e crucia l  rol e tha t 

hypothese s pla y i n learnin g i n comple x an d 

uncertai n environments .  I n thi s regard , 

ther e i s no w a n importan t  bridg e betwee n 

cue-learnin g researc h an d mor e mainstrea m 

researc h i n learnin g an d scientifi c  reasoning . 

Where d o th e hypothese s com e from ? 

Excep t  whe n th e learnin g tas k i s presente d 

abstractl y (e.g. ,  wit h cue s identifie d onl y a s 

A,  B ,  an d C) ,  hypothese s wil l  o f  cours e b e 

derive d fro m th e learner' s knowledg e an d 

theorie s abou t  th e causa l  structur e o f  th e 

environment .  Worl d knowledg e ma y sugges t 

specifi c  function s (e.g. ,  tha t  th e relatio n 

betwee n effor t  an d performanc e i n a  tas k i s 

a positiv e one ,  wit h diminishin g returns) ,  o r 

provid e mor e genera l  hint s (e.g. ,  t o loo k a t 

personalit y variable s i n thi s situation) .  A t 

th e mos t  genera l  level ,  on e ma y fal l  bac k o n 

genera l  cue s t o causalit y suc h a s tempora l 

and spatia l  proximit y (se e Einhor n &  H o -

garth ,  1986) . 

On th e othe r  hand ,  ther e i s als o evidenc e 

of  a  genera l  defaul t  hierarch y o f  hypothese s 

tha t  follow s a  sor t  o f  principl e o f  intuitiv e 

parsimony .  Give n severa l  cue s fro m whic h 

t o mak e judgments ,  subject s hypothesiz e 

mostl y abou t  ho w th e cue s ough t  t o b e 

combined ,  an d the y see m t o pa y littl e atten -

tio n t o th e matte r  o f  cue-criterio n function s 

(Brehmer ,  1987) .  However ,  i f  the y us e th e 

cue s t o mak e estimate s i n th e meantime , 

the y mus t  mak e som e assumption s abou t  th e 

underlyin g functions ,  a t  leas t  d e facto . 

Brehme r  foun d tha t  subjects '  response s 

implie d a  defaul t  assumptio n o f  simpl e linea r 

cue-criterio n relations .  Thi s i s als o th e 

most  commo n initia l  hypothesi s abou t  th e 

cue-criterio n functio n i n one-cu e task s 

(Brehmer ,  1974) .  I n a  tas k involvin g cu e 

discovery ,  i n whic h th e se t  o f  usefu l  cue s 

was no t  full y  specifie d i n advanc e (Klayman , 

1988) ,  subjects '  hypothese s wer e almos t 

exclusivel y i n th e for m o f  "th e mor e o f  this , 

th e mor e o f  [o r  th e les s of ]  that. "  Sub -
ject s seldo m expresse d an y hypothese s abou t 

ho w muc h o f  thi s o r  ho w muc h o f  that ,  an d 

ther e wer e fe w hypothese s abou t  interac -

tion s amon g cues .  Response s implie d a 

defaul t  assumptio n o f  linea r  cue s tha t 

combine d additively . 

Ther e i s littl e evidenc e tha t  intuitiv e 

parsimon y i s a  consciou s strategi c principle . 

Rather ,  i t  ca n b e viewe d a s a n outcom e o f 

th e feedback-encodin g process .  A  simpl e 

way t o encod e feedbac k i s t o observ e tha t 

a chang e i n a  cu e tend s t o b e associate d 

wit h som e directio n o f  chang e i n th e cri -

terio n ("thi s  on e ha d mor e achievemen t 

motivatio n an d di d wors e o n th e test") . 

Thi s leve l  o f  encodin g permit s cu e dis -

covery ,  sinc e th e learne r  coul d perceiv e th e 

existenc e o f  a n effect .  Slightl y mor e 

comple x encodin g migh t  includ e som e infor -

matio n abou t  th e magnitud e o f  chang e ("... a 

lo t  mor e achievemen t  motivatio n an d di d a 

littl e worse...") .  Thi s yield s informatio n 

abou t  th e averag e magnitud e o f  th e rela -

tionship ,  bu t  nothin g abou t  it s shape .  Th e 

onl y wa y t o recogniz e a  nonlinea r  relatio n 

i s t o kee p trac k o f  th e relatio n betwee n 

th e magnitud e o f  change s an d th e absolut e 

magnitud e o f  th e cue .  Fo r  example ,  th e 

relatio n Y  =  log(A' )  implie s tha t  th e large r 

X is ,  th e smalle r  th e chang e i n Y  wit h a 

give n chang e i n X .  Similarly ,  perceptio n o f 

interaction s woul d requir e encodin g th e 

relatio n betwee n X ^  an d 7  a s a  functio n o f 

A'j .  Nonmonotoni c function s an d disordina l 
interaction s ma y b e particularl y har d t o 

learn ,  becaus e eve n th e directio n o f  chang e 

wil l  b e observe d t o vary ,  an d th e learne r 

may conclud e tha t  n o consisten t  relation -

shi p exists . 

Evidenc e fro m a  numbe r  o f  cue-learnin g 

studie s support s thi s orderin g o f  tas k dif -

ficulty :  Peopl e lear n th e identit y o f  cue s 

befor e the y lear n ho w bes t  t o combin e 

them ;  the y lear n additiv e combination s mor e 

easil y tha n others ;  an d the y lear n linea r 

relation s mor e easil y tha n nonlinea r  one s 

(se e Klayman ,  i n press) .  Par t  o f  th e dif -

ficult y ma y b e tha t  peopl e simpl y fai l  t o 

conside r  hypothese s furthe r  dow n thei r 

hierarchy ,  bu t  i t  i s  als o th e cas e tha t  th e 

mor e comple x function s ar e simpl y mor e 
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difficul t  t o perceiv e (Brehmer ,  1980) .  Th e 
defaul t  hierarch y o f  hypothese s als o inter -
act s wit h worl d knowledge .  O n th e on e 
hand ,  som e o f  th e mor e comple x functions , 
suc h a s nonmonotoni c cue s an d disordina l 
interactions ,  ma y b e learnabl e i f  on e ha s a 
prio r  hypothesi s t o guid e th e encodin g o f 
th e data .  O n th e othe r  hand ,  peopl e see m 
pron e t o encod e thei r  worl d knowledg e i n 
term s o f  simple r  function s an d combination s 
as wel l  (Klayman ,  i n press ;  Sniezek ,  1986) . 

Testing hypotheses 

In the law-discovery model of reasoning, 
investigator s ca n reasonabl y expec t  t o deter -
min e whethe r  thei r  hypothese s ar e righ t  o r 
wrong .  (A t  least ,  followin g Poppe r  (1959) , 
you shoul d b e abl e t o determin e whethe r  o r 
not  you r  hypothesi s ha s bee n falsifie d yet) . 
I n cu e learning ,  though ,  th e goa l  i s  no t  t o 
fin d ou t  i f  th e hypothesi s i s wron g (becaus e 
i t  alway s is) ,  bu t  wher e i t  i s  wrong ,  an d 
ho w i t  migh t  b e fixed .  Hypothesi s testin g 
and revisio n i s thu s a  proces s o f  gradua l 
refinement ,  startin g wit h genera l  idea s abou t 
th e type s o f  thing s t o consider ,  an d movin g 
t o mor e complet e an d specifi c  (an d hopefull y 
more accurate )  hypothese s (see ,  e.g. ,  Klay -
man,  1988 ;  Klah r  &  Dunbar ,  1988 ;  Lakatos , 
1978) . 

H ow the n i s feedbac k use d t o tes t  hy -
pothese s derive d fro m worl d knowledge , 
previou s feedback ,  an d defaul t  rules ? Re -
searc h o n hypothesis-testin g behavio r  sug -
gest s tha t  hypothesi s testin g unde r  condi -
tion s o f  uncertaint y an d complexit y i s a  ver y 
difficul t  task .  A  numbe r  o f  thes e difficultie s 
hav e com e unde r  th e rubri c o f  "perseveranc e 
of  beliefs "  (Ros s &  Lepper ,  1980 )  o r  "confir -
matio n bias "  (Fischhof f  &  Beyth-Marom , 
1983;  Klayma n &  Ha ,  1987) .  Fo r  example , 
peopl e ten d t o interpre t  ambiguou s evidenc e 
i n a  wa y tha t  favor s thei r  curren t  hypoth -
esis .  I n a  probabilisti c  environment ,  feedbac k 
i s alway s ambiguou s i s tha t  i t  i s  neve r  clea r 
whethe r  deviation s fro m th e expecte d ar e 
meaningfu l  o r  "just "  random .  Peopl e ma y 
"immunize "  thei r  hypotheses ,  b y acceptin g 

result s tha t  confor m t o thei r  hypotheses , 
whil e attributin g unexpecte d finding s t o 
rando m erro r  mor e tha n i s justifie d (Gor -
man,  1986) .  Peopl e als o us e a  "positiv e tes t 
strategy "  i n whic h attentio n i s focuse d o n 
th e abilit y  o f  th e curren t  hypothesi s t o 
predic t  an d explai n observe d events ,  wit h 
littl e consideratio n give n t o possibl e alter -
nativ e hypothese s (Klayma n &  Ha ,  1987 , 
1988) . 

The genera l  implicatio n o f  thes e aspect s 
of  hypothesi s testin g i s tha t  subject s wil l 
be slo w t o rejec t  earl y hypotheses .  Thi s 
need no t  alway s b e th e case ,  however .  I n 
some situations ,  peopl e see m ver y pron e t o 
changin g hypotheses ,  an d ma y hur t  them -
selve s b y rejectin g goo d ones .  Thi s wil l 
happe n i f  learner s hav e unrealisti c expecta -
tion s abou t  ho w goo d a  goo d hypothesi s 
ought  t o be ,  i.e. ,  i f  the y underestimat e th e 
impac t  o f  hidde n variable s an d rando m 
error .  A  numbe r  o f  studie s hav e docu -
mente d people' s tendenc y t o underestimat e 
th e rol e o f  chanc e (se e Langer ,  1975 ,  fo r 
example) ,  especiall y i n th e absenc e o f  worl d 
knowledg e abou t  th e underlyin g mechanism s 
(Nisbet t  e t  al. ,  1983) .  Th e resul t  ca n b e a 
fickl e hypothesi s tester ,  wh o reject s an d 
replace s hypothese s o n th e basi s o f  insuffi -
cien t  negativ e evidence .  Thi s patter n ha s 
been observe d i n a  variet y o f  learnin g 
studie s (Brehmer ,  1980 ;  Mynatt ,  Dohert y & 
Tweney ,  1978) . 

Hypotheses and learning from feedback 

The real object of cue learning, and 
learnin g fro m experienc e i n general ,  i s  no t 
so muc h t o tes t  hypotheses ,  bu t  t o revis e 
and improv e them .  Fro m th e abov e discus -
sion ,  i t  migh t  appea r  tha t  whe n dat a mee t 
hypothesis ,  th e prospect s fo r  appropriat e 
learnin g ar e poor .  However ,  th e us e o f 
feedbac k t o choos e an d revis e hypothese s 
can hav e differen t  outcomes ,  dependin g o n 
th e relatio n betwee n hypothese s an d incom -
in g data . 

Not  surprisingly ,  peopl e mak e mor e ac -
curat e judgment s whe n thei r  hypothese s ar e 
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congruen t  wit h th e data ,  fo r  example ,  whe n 

th e cu e labele d "monthl y debt "  i s  negativel y 

relate d t o "credi t  rating "  (Muchinsk y an d 

Dudycha ,  1975) .  On e straightforwar d ex -

planatio n fo r  thi s findin g i s tha t  peopl e d o 

not  nee d t o lear n fro m outcom e feedbac k i f 

the y alread y hav e appropriat e hypotheses . 

However ,  evidenc e als o suggest s tha t  con -

gruen t  hypothese s ca n facilitat e subsequen t 

learning .  Fo r  example ,  Camere r  (1981 )  foun d 

tha t  subject s learne d t o us e a  multiplicativ e 

interactio n presen t  i n outcom e feedbac k 

when dimension s wer e labele d i n a  wa y tha t 

suggeste d th e interaction .  ( M B A student s 

perceive d a n interactio n betwee n pric e 

change s an d trad e volum e i n predictin g a 

commoditie s market. )  I n contrast ,  subject s 

who wer e no t  give n feedbac k di d no t  mani -

fes t  an y suc h interactio n i n thei r  estimates , 

nor  di d subject s give n feedbac k wit h un -

labele d cues . 
Withou t  a  concret e hypothesis ,  subject s 

fac e th e tas k o f  learnin g th e association s 

betwee n myria d cu e value s an d a  whol e 

rang e o f  criterio n values .  Uncertaint y an d 

complexit y mak e thi s abstractio n proces s al l 

th e mor e difficult .  A n appropriat e hypoth -

esi s ca n provid e a  usefu l  wa y t o organiz e 
feedbac k i n encoding ,  aggregation ,  an d 

recall .  Dat a ca n b e encode d a s supportin g 

or  contradictin g th e hypothesis ,  an d pas t 

experience s ca n b e summarize d i n term s o f  a 

limite d numbe r  o f  prio r  hypotheses ,  rathe r 

tha n a  larg e numbe r  o f  individua l  feedbac k 

data .  I f  a  basi c hypothesi s abou t  a  cu e 

seems valid ,  learner s ma y the n b e abl e t o 

use feedbac k t o refin e thei r  idea s abou t  th e 

shap e o f  th e functio n an d it s relatio n t o 

othe r  cues . 

But  wha t  i f  feedbac k i n a  learnin g situa -

tio n contradict s th e expectation s yo u brin g 

t o it ? On e migh t  expec t  misleadin g hypoth -

eses t o seriousl y interfer e wit h learning , 

sinc e goo d bu t  counterintuitiv e hypothese s 

may neve r  b e considered ,  an d poo r  bu t 

plausibl e hypothese s ma y persevere .  Indeed , 

severa l  studie s hav e foun d tha t  task s tha t 

elici t  inaccurat e hypothese s ar e a s har d t o 

lear n a s purel y abstrac t  one s (Miller ,  1971 ; 

Camerer ,  1981 )  o r  harde r  (Adelman ,  1981) . 

On th e othe r  hand ,  som e studie s fin d tha t 

th e information-processin g benefit s o f  a 

concret e hypothesi s ma y eve n overrid e 

misleadin g expectations .  Fo r  example , 

Muchinsk y an d Dudych a (1975 )  an d Snieze k 

(1986 )  repor t  tha t  subject s learne d meaning -

full y labelle d relation s bette r  tha n abstrac t 

ones eve n whe n th e dat a seeme d anomalous . 

I n suc h cases ,  subject s a d libbe d ne w 

hypothese s o r  reinterprete d th e data ,  an d 

the n use d th e ne w interpretation s t o encod e 

subsequen t  feedback .  Fo r  example ,  som e o f 

Sniezek' s subject s invente d convolute d 

meteorologica l  theorie s t o interpre t  dat a 

suggestin g tha t  temperatur e increase d a s 

one go t  furthe r  nort h o f  th e equator . 

Conclusions 

People are constantly forming, testing, 

and revisin g hypothese s abou t  ho w th e 

worl d works ,  wha t  wil l  happe n next ,  o r 

what  th e consequence s o f  a n actio n wil l  be . 

Thi s informa l  scientifi c  reasonin g differ s i n 

importan t  way s fro m th e prototyp e o f  sci -

enc e a s th e discover y o f  laws .  Theorie s 

abou t  everyda y phenomen a ar e o f  limite d 

explanator y powe r  an d scope ,  an d dat a ar e 

pron e t o considerabl e erro r  an d ambiguity . 

As researc h o n cu e learnin g illustrates , 

uncertaint y an d complexit y i n th e environ -

ment  affec t  th e natur e o f  hypotheses ,  th e 

goal s o f  hypothesi s testing ,  an d th e pro -

cesse s b y whic h dat a ar e encoded ,  aggre -

gated ,  an d interpreted . 

Of  course ,  uncertaint y an d complexit y 

ar e encountere d i n th e forma l  practic e o f 

scienc e a s well .  However ,  th e professiona l 

scientis t  i s  i n a  positio n t o us e tool s suc h 

as controlle d experimentatio n an d statistica l 

methods .  Thes e technique s certainl y hel p 

wit h th e problem s o f  testin g an d revisin g 

hypothese s i n a  probabilisti c  environment . 

Eve n informa l  setting s sometime s permi t 

experimentatio n an d quantification .  Edu -

cate d laypeopl e hav e a  fai r  degre e o f 

intuitio n abou t  som e basi c principle s o f 

experimentation ,  an d the y ma y lear n an d 
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reaso n mor e effectivel y whe n the y ar e abl e 

t o appl y thos e principle s (Klayman ,  1988 ; 

Nisbet t  e t  al. ,  1983) . 

On th e othe r  hand ,  th e availabilit y  o f 

scientifi c  method s doe s no t  eliminat e th e 

difficultie s o f  usin g ambiguou s dat a t o tes t 

and revis e hypotheses .  Th e conduc t  o f 

scienc e i s seldo m a s nea t  an d clea r  a s th e 

law-discover y prototype ,  o r  a s th e resultin g 

publishe d article s mak e i t  soun d (see ,  e.g. , 

Mitroff ,  1974) .  Informa l  thinkin g play s a n 

importan t  rol e i n formin g ne w theorie s an d 

hypotheses ,  choosin g an d evaluatin g researc h 

methods ,  an d interpretin g findings .  Thus , 

many o f  th e phenomen a o f  informa l  reason -

in g ar e likel y t o hav e relevanc e t o th e 

professiona l  conduc t  o f  scienc e a s well , 

especiall y i n les s exac t  domains . 

A thoroug h understandin g o f  informa l 

scientifi c  reasonin g i s stil l  a  lon g wa y off . 

However ,  ther e i s som e convergenc e i n 

recen t  wor k usin g a  variet y o f  differen t 

paradigms :  Hypothesi s testin g i s bein g 

viewe d i n a  broade r  context ,  a s on e o f  th e 

critica l  step s i n a n interactiv e proces s o f 

discovery ,  testing ,  an d revisio n o f  idea s 

(Holland ,  e t  al. ,  1986 ;  Johnson-Laird ,  1983 ; 

Klah r  &  Dunbar ,  1988 ;  Klayma n &  Ha ,  1987 ; 

Lakatos ,  1978 ;  Langle y e t  al. ,  1987) .  Th e 

cours e o f  thi s reasonin g proces s i s a  func -

tio n o f  worl d knowledge ,  prio r  theories , 

basi c processin g characteristics ,  an d infor -

matio n fro m data .  Thi s vie w o f  hypothesi s 

testin g i s muc h mor e comple x tha n earlie r 

models ,  bu t  i t  i s  als o mor e likel y t o b e a t 

leas t  hal f  right . 
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I n t r o d u c t i o n 

We are interested in computational explanations of the nature of human problem solving. 

I n th e past ,  man y artificia l  intelligenc e (AI )  system s hav e implemente d proble m solvin g i n a 

problem-spac e framewor k (Newell ,  1980) .  I n thi s paradigm ,  a  proble m consist s o f  a n initia l 

state ,  a  goa l  state ,  an d a  se t  o f  operator s tha t  ca n b e use d t o transfor m th e initia l  stat e 

int o th e goa l  state .  Thes e system s hav e bee n moderatel y successfu l  i n providin g a  forma l 

analysi s o f  proble m solving ,  bu t  the y fai l  t o exhibi t  man y aspect s o f  huma n cognition .  W e 

hav e develope d a  theor y o f  proble m solvin g tha t  account s fo r  som e o f  thes e phenomena .  I n 

addition ,  w e hav e buil t  EUREKA,  a  syste m tha t  instantiate s thi s theory ,  an d w e hav e teste d 

th e syste m i n a  variet y o f  domains ,  includin g scientifi c  reasonin g tasks . 

Characteristics of Human Problem Solving 

We hav e develope d ou r  theor y i n a n attemp t  t o accoun t  fo r  man y o f  th e characteristic s 

of  huma n proble m solving .  Thus ,  w e wil l  begi n b y discussin g som e o f  thes e characteristics . 

Heuristi c methods .  Human s d o no t  attac k problem s blindly .  I n particular ,  whe n a  perso n 

encounter s a  ne w problem ,  h e wil l  no t  star t  applyin g al l  hi s knowledg e i n rando m pattern s 

unti l  h e solve s it .  Rather ,  h e use s heuristics ,  o r  educate d guesse s an d rule s o f  thumb ,  t o 

gmde hi s searc h fo r  a  solution .  On e typ e o f  systemati c heuristi c proble m solvin g tha t  ha s 

see n som e succes s i n A I  i s means-end s analysi s (Erns t  &  Newell ,  1969 ;  Fike s &  Nilsson , 

1971) .  A t  eac h decisio n point ,  thes e system s attemp t  t o appl y a n operato r  tha t  reduce s th e 

difference s betwee n th e curren t  proble m stat e an d th e goal .  I n thi s way ,  th e searc h fo r  a 

solutio n i s directe d dow n promisin g paths . 

Non-system.ati c nature .  However ,  human s d o no t  solv e problem s i n a  ver y systemati c 

manner .  I f  a  perso n finds  himsel f  stuc k a t  som e point ,  h e ca n usuall y no t  remembe r  al l 

th e step s h e too k i n reachin g tha t  point .  I n man y cases ,  h e wil l  simpl y star t  th e proble m 

agai n fro m th e beginning ,  ofte n duplicatin g previousl y faile d path s i n hi s ne w attempts .  I n 

contrast ,  mos t  o f  th e A I  wor k o n proble m solvin g ha s employe d memory-intensiv e methods , 

suc h a s depth-firs t  an d best-firs t  search .  Thes e technique s assum e a  larg e memor y i n whic h 

the y ca n stor e al l  previou s goal s an d states .  Usin g thi s memory ,  the y ca n 'backtrack '  t o an y 

earlie r  poin t  i n th e problem ,  a s wel l  a s avoi d duplicatin g pas t  failures .  Ohlsso n (1987 )  ha s 

studie d th e non-systemati c natur e o f  huma n proble m solving ,  bu t  mos t  curren t  system s wil l 

attemp t  t o explor e thei r  entir e proble m spac e systematicall y i f  the y canno t  find a  solution . 

Performanc e im,provemen t  an d Einstellung .  Human s lear n whil e the y solv e problems . 

One aspec t  o f  thi s learnin g involve s improve d performance .  Thi s ca n b e see n whe n a  huma n 
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transfer s knowledg e an d method s fro m a  previou s proble m t o solv e a  ne w proble m mor e 

easily .  I n general ,  w e expec t  human s t o ge t  bette r  a s the y solv e a  se t  o f  simila r  problem s 

(Ohlsson ,  1987) ,  bu t  ther e ar e als o instance s whe n learnin g cause s negativ e transfer .  On e 

exampl e o f  thi s i s Einstellung ,  o r  th e 'set '  effect .  I n thi s case ,  a  perso n ha s becom e s o use d 

t o solvin g problem s i n a  certai n wa y tha t  h e ignore s a  muc h simple r  solutio n (Luchins ,  1942 ; 

Neves &  Anderson ,  1981) . 

Respons e t o externa l  stimuli ;  Insight .  Finally ,  human s ar e influence d b y thei r  environ -

ment .  Externa l  cue s ca n ofte n ai d a  perso n i n solvin g a  proble m (Dreistadt ,  1969) .  Cue s 

can als o caus e peopl e t o experienc e flashes  o f  insight .  Hadamar d (1949 )  ha s detaile d fou r 

stage s i n episode s o f  scientifi c  insight .  Th e first  stag e i s preparation ,  i n whic h a  scientis t 

work s o n a  proble m fo r  som e tim e wit h ou t  success .  W h e n h e get s frustrate d an d cease s 

wor k o n th e problem ,  h e enter s th e incubatio n stage .  Som e tim e late r  (fro m a  fe w second s 

t o a  fe w years) ,  illuminatio n o r  insigh t  occurs ,  durin g whic h a  potentia l  solutio n suddenl y 

pops int o th e scientist' s  head .  Finally ,  durin g verification ,  h e work s ou t  th e detctil s  o f  hi s 

solution .  W e hav e argue d elsewher e (Langle y &  Jones ,  1988 )  tha t  illuminatio n occur s whe n 

an environmenta l  cu e cause s th e scientis t  t o suddenl y retriev e a n operato r  whic h wil l  ai d i n 

solvin g hi s problem . 

The Eureka System 

E u r e k a i s a  runnin g LIS P progra m designe d t o mode l  som e o f  th e processe s o f  scientifi c 

discover y an d proble m solving .  I t  consist s o f  a  memor y component ,  a  proble m solve r  an d a 

simpl e learnin g mechanism .  Th e memor y componen t  ca n b e describe d a t  variou s level s o f 

abstraction ,  s o w e wil l  begi n wit h a  low-leve l  descriptio n an d the n discus s th e highe r  leve l 

dat a representatio n a s i t  applie s t o proble m solving . 

Memory representation and retrieval 

E u r e k a include s a  long-ter m memory ,  represente d a s a  semanti c networ k consistin g o f 

node s (concepts )  connecte d b y a  smal l  se t  o f  labele d link s (relations) .  Eac h lin k ha s a n 

associate d trac e strength ,  whic h represent s th e strengt h o f  th e connectio n betwee n th e tw o 

attache d nodes .  Fo r  example ,  a  lin k connectin g 'bird '  t o 'wings '  woul d probabl y hav e a 

large r  trac e strengt h tha n a  lin k connectin g 'bird '  t o 'legs' .  E U R E KA doe s no t  embod y th e 

notio n o f  a  specifi c  short-ter m o r  workin g memory .  However ,  eac h nod e als o ha s associate d 

wit h i t  a  leve l  o f  activation ,  whic h exhibit s ho w muc h attentio n th e concep t  receive s durin g 

proble m solving .  Usin g thi s representation ,  retrieva l  o f  concept s i s implemente d a s a  for m 

of  spreadin g activatio n (Quillian ,  1968 ;  Anderson ,  1976 ,  1983). ^  W h e n a  nod e i s activated , 

i t  'spreads '  it s  activatio n t o nearb y node s i n th e semanti c network .  A s activatio n spread s 

fro m a  node ,  thi s activatio n i s divide d u p betwee n al l  th e connecte d node s i n proportio n t o 

th e trac e strength s o f  th e link s involved . 

Eureka' s memor y i s furthe r  organize d int o conceptua l  unit s tha t  ar e use d b y th e 

problem-solvin g component .  Eac h o f  thes e unit s consist s o f  a  collectio n o f  node s i n th e 

semanti c network .  Thes e collection s includ e operators ,  problem-spac e states ,  an d deriva -

^  Th e typ e o f  spreadin g activatio n w e us e i s a  bi t  differen t  fro m tha t  introduce d b y Quillian ,  i n whic h 
activatio n wa s use d t o find  pathway s betwee n tw o concepts .  Ou r  approac h i s mor e simila r  t o tha t  use d b y 
Anderso n (1976 )  an d b y Holland ,  Holyoak ,  Nisbett ,  &  Thagar d (1986 )  i n thei r  wor k o n analogy . 
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tiona l  trac e structures .  Operator s an d problem-spac e graph s ar e well-documente d concept s 

i n proble m solvin g (Newell ,  1980) ,  bu t  th e thir d notio n bear s a  mor e in-dept h explanation . 

We hav e borrowe d th e ide a o f  derivationa l  trace s fro m Carbonel l  (1986) .  Thes e ar e record s 

of  problem-solvin g episode s i n whic h informatio n i s store d abou t  th e system' s goal s an d it s 

reason s fo r  makin g certai n choices .  Derivationa l  trace s ca n b e use d t o remembe r  th e detail s 

of  previou s attempt s t o solv e problem s an d t o ai d i n solvin g simila r  problems . 

I n E u r e k a ,  a  derivationa l  trac e i s represente d a s a  tree .  Eac h nod e i n th e tre e represent s 

a goal ,  an d it s childre n represen t  th e subgoal s tha t  mus t  b e satisfie d i n orde r  t o achiev e 

tha t  goal .  Th e syste m distinguishe s betwee n tw o type s o f  goals :  T R A N S F O RM a  problem -

spac e stat e int o anothe r  state ,  o r  APPL Y a n operato r  t o a  problem-spac e stat e (Erns t  & 

Newell ,  1969) .  I f  a  nod e i n th e derivationa l  trac e ha s n o children ,  i t  mean s tha t  eithe r 

no subgoal s wer e require d t o satisf y th e goa l  (success )  o r  n o subgoal s coul d b e foun d whic h 

woul d hel p satisf y th e goa l  (failure) .  Durin g proble m solving ,  activatio n i s sprea d throughou t 

th e derivationa l  trac e structur e an d th e res t  o f  memor y t o ai d i n choosin g operators . 

Problem-solving component 

Eureka' s basi c problem-solvin g metho d i s means-end s analysis ,  simila r  t o tha t  use d i n 

G PS (Erns t  &  Newell ,  1969 )  an d STRIP S (Fike s &  Nilsson ,  1971) .  A  T r a n s f o r m goa l 

ca n b e satisfie d b y firs t  applyin g a n operato r  (i.e. ,  settin g u p a n APPL Y goal )  an d the n 

recursivel y TRANSFORMing th e result .  A n APPL Y goa l  ca n b e satisfie d b y TRANSFORMing 

th e curren t  problem-spac e stat e t o matc h th e precondition s o f  th e operato r  t o b e applied , 

and the n APPLYin g th e operato r  t o th e resultin g state .  However ,  ther e ar e a  fe w importan t 

differences . 

Give n a  T R A N S F O RM goal ,  STRIP S woul d exhaustivel y searc h it s se t  o f  operator s an d 

choos e th e 'best '  on e (usin g means-end s analysis )  t o APPLY .  I n contrast ,  E U R E KA retrieve s a 

smal l  se t  o f  operator s b y spreadin g activatio n throughou t  it s memor y fro m node s representin g 

th e curren t  problem-spac e stat e an d goal .  Th e syste m the n passe s thes e operator s o n t o a 

STRIPS-Uk e matche r  t o decid e whic h one s migh t  b e useful .  Th e remainin g operator s ar e 

weighte d accordin g t o ho w easil y the y wer e retrieve d an d ho w usefv d the y hav e bee n i n th e 

past .  Finally ,  th e syste m select s a  singl e choic e a t  rando m base d o n thes e values .  I f  n o usefu l 

operator s ar e foun d fo r  a  give n goeJ ,  th e proble m solve r  fails . 

Anothe r  importan t  differenc e fro m STRIPS-lik e proble m solver s i s tha t  E U R E KA doe s 

not  hav e th e abilit y  t o backtrack .  Instead ,  whe n th e syste m fail s t o solv e a  problem ,  i t 

start s ove r  fro m th e initia l  T R A N S F O RM goa l  fo r  tha t  problem .  E U R E KA attempt s t o solv e 

th e proble m repeatedly ,  bu t  i t  ma y duplicat e previou s problem-solvin g path s i n th e process . 

The mode l  continue s workin g unti l  th e proble m i s solve d o r  unti l  i t  become s 'frustrated ' 

and quits .  Frustratio n occur s whe n th e initia l  goa l  ha s a  ver y hig h failur e rate .  Tabl e 1 

summarize s th e th e system' s problem-solvin g component . 

Learning and memory maintenance 

I n additio n t o standar d problem-solvin g actions ,  E U R E KA maintain s a  larg e derivationa l 

trac e structur e i n it s long-ter m memory .  Wheneve r  th e syste m encounter s a  ne w situatio n 

durin g proble m solvin g (e.g .  a  ne w problem-spac e stat e o r  a  ne w derivation-trac e node) ,  i t 

add s thi s situatio n t o th e derivationa l  trace .  I n thi s fashion ,  a  recor d o f  al l  previou s proble m 
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Table 1. Eureka's basic problem-solving dgorithm. 

TRANSFORN(Statel,State2 ) 
I f  State l  satisfie s State 2 

Then Retiim(Statel ) 
Els e Le t  Reminding s b e a  se t  o f  instantiate d operator s retrieve d 

throug h spreadin g activation ; 
Let  OpA b e a n operato r  selecte d a t  rando m fro m an y 

Reminding s tha t  reduc e difference s betnee n State l  an d State2 ; 
I f  OpA i s empt y 

Then Retum(Fail ) 
Els e Le t  State 3 b e APPLY(OpA,Statel) ; 

I f  State 3 i s Fai l 
Then Retum(Fail ) 
Els e Retum(TRANSF0RN(State3,State2) ) 

APPLY(OpA,Statel) 
I f  OpA ca n b e applie d t o State l 

Then Retum(EXECnTE(OpA.Statel) ) 
Els e Le t  State 2 b e TRANSFORM(Statel,Preconditions(OpA)) ; 

I f  State 2 i s Fai l 
Then Retum(Fail ) 
Els e Retum(APPLY(0pA,State2) ) 

solvin g behavio r  i s stored .  I f  a  ne w situatio n ha s alread y bee n store d i n memory ,  th e trac e 

strength s o f  th e link s involve d i n tha t  situatio n ar e increase d slightly .  I n addition ,  specia l 

action s ar e take n upo n th e succes s o r  failur e o f  a  goal .  Count s ar e kep t  t o recor d ho w ofte n 

eac h goa d ha s succeede d o r  failed ,  an d whe n a  goa l  succeed s th e trac e strength s o f  th e node s 

involve d i n th e goa l  ar e increased .  Thes e count s ar e use d t o estimat e th e probabilit y  tha t 

th e goa l  wil l  succee d o r  fai l  i n th e future . 

Evaluation of the Eureka Model 

We hav e discusse d a  numbe r  o f  phenomen a tha t  ou r  theor y shoul d handle .  I n orde r  t o 

tes t  th e theory ,  w e hav e implemente d i t  i n th e E U R E KA system .  Further ,  w e hav e designe d 

a numbe r  o f  problem s i n variou s domain s t o tes t  th e syste m alon g thes e lines .  I n thi s 

sectio n w e describ e som e experiment s w e hav e ru n wit h respec t  t o th e huma n problem -

solvin g characteristic s w e describe d earlier . 

Non-systematic ,  heuristi c methods .  E U R E KA use s a  varian t  o f  means-end s analysi s tha t 

does no t  hav e th e abilit y  t o backtrack .  I n addition ,  i t  use s spreadin g activatio n an d count s 

of  previou s failure s an d successe s t o ai d i n conflic t  resolution .  Sinc e trac e strength s ar e 

update d whe n familia r  situation s ar e encountered ,  th e syste m ca n ge t  stuc k repeatin g old , 

unsuccessfu l  behavior .  However ,  th e syste m trie s t o avoi d previousl y faile d states ,  s o i t  ca n 

brea k ou t  o f  thi s behavior .  Thi s encourage s th e syste m t o explor e a  wid e are a i n th e proble m 

space .  W e teste d ou r  syste m o n a  numbe r  o f  smal l  'block s world '  an d 'chemica l  structure' ^ 

problems .  E U R E KA solve d thes e problem s afte r  a  smal l  amoun t  o f  exploration .  W h e n give n 

more complicate d problem s (wit h n o previou s problem-solvin g memory) ,  th e syste m coul d 

not  overcom e th e larg e proble m space .  I t  explore d a  larg e sectio n o f  th e space ,  bu t  coul d 

^  Thes e problem s ar e base d o n Kekule' s proble m o f  detetminin g th e structur e o f  variou s molecule s in -
cludin g benzen e (Farber ,  1966) . 
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Table 2. 'Blocks-world' problems with two blocks. 

Proble m Goa l 

A ove r  Tabl e 

B ove r  Tabl e 

A ove r  B 

A o n B 

Lengt h o f 
Optima l  Solutio n 

3 

3 

5 

7 

Number  o f 
Attempt s 

Withou t 
learnin g 

10 

Wit h 
learnin g 

1 

1 

1 

1 

Percentag e o f 
Space Searche d 

Withou t 
learnin g 

65. 0 

Wit h 
learnin g 

5. 0 

5. 0 

8. 3 

15. 0 

Tabl e 3 .  'Blocks-world '  problem s wit h thre e blocks . 

Proble m Goa l 

A ove r  Tabl e 

B ove r  Tabl e 

C ove r  Tabl e 

A ove r  B 

B ove r  C 

B o n C 

A ove r  B  o n C 

A o n B  o n C 

Lengt h o f 
Optima l  Solutio n 

3 

3 

3 

5 

5 

7 

11 

13 

Number  o f 
Attempt s 

Withou t 
learnin g 

10 

Wit h 
learnin g 

3 

1 

1 

2 

1 

1 

1 

1 

Percentag e o f 
Space Searche d 

Withou t 
learnin g 

30. 0 

Wit h 
learnin g 

6. 2 

0. 6 

0. 6 

4. 0 

1. 0 

1. 4 

2. 2 

2. 6 

not  fin d th e solutio n paths . 

Performanc e improvement .  E U R E KA doe s hav e th e abilit y  t o improv e it s performanc e 

base d o n previou s experiences .  W e gav e th e syste m th e sam e set s o f  'blocks-world '  an d 

'chemical-structure '  problems .  However ,  thi s tim e w e ordere d th e problem s fro m simples t  t o 

hardes t  an d di d no t  eras e th e system' s memor y afte r  eac h problem .  I n thi s case ,  th e syste m 

was abl e t o solv e al l  problem s presente d t o i t  withi n thre e attempts .  Table s 2  an d 3  provid e 

dat a fro m run s i n th e 'blocks-world '  domain .  Withi n eac h table ,  th e initia l  state s ar e th e 

same.  Th e optima l  solutio n lengt h i s th e siz e o f  th e smalles t  derivatio n trac e require d t o 

solv e th e problem . 

Einstellung .  Ou r  theor y explain s Einstellun g i n term s o f  th e trac e strength s o n link s i n 

th e semanti c networ k an d th e succes s count s kep t  fo r  eac h state .  Recal l  tha t  trac e strength s 

ar e increase d wheneve r  a  goa l  i s  satisfied .  Thi s cause s th e syste m t o retriev e th e successfu l 

operator s i n simila r  situations .  Combine d wit h th e recor d o f  succes s counts ,  thi s encourage s 

th e syste m t o duplicat e pas t  successfu l  behavio r  i n new ,  simila r  situations .  T o tes t  thi s effect , 

we gav e E U R E KA a  serie s o f  'wate r  jug '  problem s (Luchins ,  1942) .  Th e first  fe w problem s 
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require d simila r  solutio n paths ,  an d EUREKA exhibite d improvemen t  i n duplicatin g thi s pat h 

wit h eac h ne w problem .  Th e las t  proble m coul d b e solve d usin g th e sam e solution ,  o r  b y 

usin g a  uniqu e solutio n tha t  require d onl y on e operato r  application .  Th e syste m chos e t o 

duplicat e th e solutio n pat h i t  ha d becom e familia r  wit h fro m th e previou s problems ,  a s 

humans ofte n d o i n suc h situations . 

Respons e t o externa l  stimuli .  A s show n i n th e earlier ,  ther e ar e time s whe n E U R E KA 

canno t  solv e a  give n problem ,  eve n i f  i t  ha s al l  th e appropriat e operator s store d i n memory . 

Thi s ca n aris e becaus e th e proble m spac e i s to o larg e o r  becaus e th e appropriat e operator s 

ar e neve r  retrieve d fro m memory .  However ,  th e syste m ca n solv e thes e problem s i n th e 

presenc e o f  th e appropriat e externa l  cues .  W e teste d th e syste m wit h th e previou s difficul t 

problems ,  an d wit h a  proble m simulatin g Archimedes '  discover y o f  th e principl e o f  displace -

ment ^  (Dreistadt ,  1968) .  Durin g eac h o f  thes e problem s w e activate d usefu l  concept s i n 

long-ter m memory .  Th e activatio n fro m thes e concept s cause d th e appropriat e operator s t o 

be chose n t o solv e th e problems .  Th e syste m wa s thu s abl e t o solv e problem s i t  coul d no t 

normall y solv e withou t  cue s fro m th e environment .  W e fee l  thi s provide s a n initie d accoun t 

of  th e illuminatio n stag e o f  scientifi c  insight .  Thes e experiment s exhibi t  ho w a  perso n migh t 

be unabl e t o solv e a  proble m an d the n suddenl y discove r  a  solution . 

Discussion and Future Work 

We hav e presente d a  numbe r  o f  characteristic s o f  huma n proble m solvin g an d a  theor y 

tha t  account s fo r  them .  Thes e includ e heuristi c an d non-systemati c proble m solving ,  perfor -

mance improvement ,  Einstellung ,  an d stimulus-drive n proble m solving .  Ou r  theor y explain s 

thes e characteristic s i n term s o f  memor y retrieval .  W e hav e implemente d thi s theor y i n a 

compute r  simulatio n calle d EUREKA,  an d hav e teste d it s behavio r  i n a  numbe r  o f  situations . 

The resiilt s  o f  thes e studie s indicat e tha t  th e mode l  account s fo r  th e characteristic s w e hav e 

discussed .  W e fee l  thes e result s len d suppor t  t o ou r  explanatio n o f  huma n proble m solvin g 

i n term s o f  memor y retrieved . 

We pla n t o exten d ou r  theor y an d th e E U R E KA syste m t o accoun t  fo r  aneJogica l  proble m 

solvin g an d episode s o f  insight .  W e hav e show n tha t  spreadin g activatio n ha s certai n prop -

ertie s tha t  allo w transfe r  i n problem-solvin g behavior .  W e believ e tha t  th e sam e propertie s 

can b e exploite d t o sugges t  an d elaborat e analogica l  solution s base d o n previou s problems . 

We als o believ e tha t  w e wil l  b e abl e t o accoun t  fo r  insightfu l  problem-solvin g experience s 

lik e thos e o f  Kekule ,  Archimedes ,  an d Darwi n (Barlow ,  1959) .  Elsewher e (Langle y &  Jones , 

1988 )  w e hav e describe d insigh t  a s a  combinatio n o f  effect s fro m analog y an d memory-limite d 

proble m solving .  W e pla n t o buil d thes e idea s int o th e E U R E KA system ,  an d w e ar e hopefu l 

tha t  th e result s o f  futur e experimentatio n wil l  furthe r  suppor t  ou r  theory . 

^  I n thi s pioblem ,  th e goa l  i s t o prov e tha t  a  crow n i s mad e o f  pur e gold .  Th e solutio n metho d involve s 

determinin g th e volum e o f  th e crow n an d comparin g tha t  t o th e volum e o f  a  gol d bric k o f  th e sam e weight . 

However ,  th e crown' s volum e canno t  b e meeisure d b y meltin g i t  down ,  becaus e tha t  woul d destro y th e crown . 
Archimedes '  ke y operator ,  whic h resulte d i n th e formulatio n o f  th e principl e o f  displacement ,  wa s t o measur e 
th e volum e o f  th e crow n b y immersin g i t  i n wate r  an d measurin g th e amoun t  o f  wate r  displaced . 
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E M P I R I C A L A N A L Y S ES A N D C O N N E C T I O N I ST M O D E L I N G O F R E A L - T I M E 
H U M AN I M A G E U N D E R S T A N D I NG 

IRVING BIEDERMAN, THOMAS W. BLICKLE, GINNY JU, H. JOHN HILTON, AND 
J O HN E .  H U M M EL 

UNIVERSITY OF MINNESOTA 

In less than 100 msec, humans can accurately interpret Images of objects and scenes 
tha t  hav e neve r  bee n experience d previously ,  o r  tha t  ar e extensivel y degraded ,  o r  ar e viewe d 
fro m a  nove l  orientation .  Recen t  researc h an d theor y (Biederman ,  1987a ,  b ,  c )  sugges t  tha t 
thi s achievemen t  ma y b e base d o n a  proces s tha t  decompose s comple x visua l  entitie s int o 
simpl e components ,  typicall y a t  region s o f  matche d concavities .  Suc h concavitie s ar e almos t 
alway s produce d whe n shape s ar e arbitraril y  joine d (Hoffma n &  Richards ,  1985) .  Th e 
resultan t  component s activat e th e closes t  fittin g member  o f  a  particula r  se t  o f  conve x o r  singly -
concav e edge-base d volumetri c primitives ,  calle d geons ,  tha t  ar e invarian t  unde r  change s i n 
viewpoin t  an d visua l  nois e an d allo w object s s o represente d t o posses s th e sam e invariance . 
The geon s requir e onl y categorica l  classificatio n o f  edg e characteristic s (e.g. ,  straigh t  v s curved ; 
paralle l  v s nonparallel ;  verte x type )  rathe r  tha n precis e metri c specificatio n (e.g. ,  degre e o f 
curvatur e o r  lengt h o f  a n edge) .  Th e latte r  typ e o f  Judgment s carmo t  b e mad e wit h sufficien t 
spee d o r  accurac y b y human s t o b e th e controllin g processe s fo r  rea l  tim e huma n objec t 
recognition . 

The capacity to represent the 106 objects that people can rapidly classify derives from 
an allowanc e o f  severa l  viewpoin t  invarian t  relation s (e.g ,  TOP-OF ,  CENTER-CONNECTED) 
define d fo r  joine d pair s o f  geon s suc h tha t  th e sam e subse t  o f  geon s represen t  differen t  object s 
i f  the y ar e i n differen t  relation s t o eac h other .  A  descriptio n o f  th e inpu t  consistin g o f  geon s + 
relation s i s matche d agains t  a  simila r  typ e o f  descriptio n i n memory .  Fo r  example ,  on e kin d o f 
lam p ca n b e describe d a s a  cylinde r  CENTERED U N D ER T H E LARGER E N D o f  a  cone . 
Matchin g i s grade d i n tha t  th e activatio n o f  a  representatio n wil l  b e slowe r  (an d o f  lowe r 
maximu m value )  whe n imag e description s diffe r  i n geon s o r  relations .  Geon s thu s pla y a  rol e 
highl y analogou s t o th e rol e playe d b y phoneme s i n speec h perception . 

A Principle of Geon Recovery, derived from the theory, can account for the major 
phenomena o f  objec t  recognition :  I f  a n arrangemen t  o f  tw o o r  thre e geon s ca n b e recovere d 
fro m th e image ,  object s ca n b e quickl y recognize d eve n whe n the y ar e occluded ,  rotate d i n 
depth ,  novel ,  extensivel y degraded ,  o r  lackin g customar y detail ,  color ,  an d texture . 

Empirical Studies of Human Image Understanding 

An extensive series of experiments on the perception of briefly presented pictures by 
human observer s ha s provide d empirica l  suppor t  fo r  th e theory .  I n thes e experiment s th e subjec t 
names o r  verifie s briefl y presente d (10 0 msec. )  objec t  pictures .  Reactio n time s an d error s ar e th e 
primar y dependen t  variables .  Som e ke y results : 

1. Simple line drawings showing only the edges t)f the major geons are identified as rapidly as 
ful l  color ,  texture d image s (Biederma n &  Ju ,  1988) .  Thi s document s th e sufficienc y o f  edge -
base d description s i n accountin g fo r  th e initia l  activatio n o f  a  representatio n o f  a n object . 

2. When only two or three geons of a a complex object (such as an airplane or elephant) are 
visible ,  recognitio n ca n b e fas t  an d accurat e (though ,  predictably ,  no t  a s fas t  a s wit h th e 
complet e image) .  Thi s support s th e derivatio n o f  th e sufficienc y o f  thre e geons . 
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3. Complex objects requiring six or more geons to appear complete are not recognized any more 
slowl y tha n simpl e object s (suc h a s a  flashligh t  o r  cup) .  Thi s i s consisten t  wit h a  mode l  positin g 
paralle l  activatio n o f  th e geon s i n favo r  o f  a  seria l  contou r  tracin g process ,  suc h a s 
eyemovement s o r  th e kind s o f  seria l  routine s posite d b y Ullma n (1984) . 

4. If contour is deleted so that an object's geons cannot be recovered from the image (by 
deletin g cusp s fo r  parsin g an d alterin g vertices )  th e objec t  i s  rendere d unrecognizable .  I f  th e 
same o r  greate r  amoun t  o f  contou r  i s delete d bu t  i n suc h a  manne r  tha t  th e geon s ca n b e 
recovere d throug h smoot h continuation ,  object s remai n identifiable .  Thi s resul t  establishe s th e 
necessit y o f  th e contour s posite d b y R B C . 

5. A surprising finding in the previous experiment was the large disruptive effect on error rates 
and reactio n times  o f  interruptin g (deleting )  contour ,  suc h a s woul d b e produce d whe n viewin g 
an objec t  behin d ligh t  foliage ,  eve n whe n th e contou r  coul d b e restore d b y routine s fo r  smoot h 
continuation .  Thi s suggest s tha t  th e routine s fo r  contou r  restoratio n ar e no t  particularl y rapid . 

6. In the studies described in the previous paragraph, the contour that was removed was 
remove d fro m ever y geo n i n th e object .  Identificatio n performanc e i s als o slowe d whe n object s 
ar e missin g geon s (parts )  wit h th e res t  o f  th e objec t  intact ,  suc h a s woul d occu r  i f  th e objec t  wa s 
partiall y  occlude d b y a  soli d surface .  Accordin g t o th e theory ,  th e effec t  o f  missin g o r  occlude d 
geon s i s o n th e matchin g stage ,  rathe r  tha n o n th e initia l  determinatio n o f  th e geons . 

7. Rotation of the object in the plane slows recognition to a much greater extent than rotation in 
dept h (i n contras t  t o mos t  robo t  visio n models) .  Accordin g t o th e theory ,  rotatio n i n th e plan e 
affect s th e TOP-O F relatio n bu t  th e geo n description s themselve s ar e largel y unaffecte d b y 
rotatio n i n depth . 

8. Complementary images of objects, in which altemative vertices and edges have been deleted, 
so tha t  di e composit e wil l  revea l  th e origina l  intac t  image ,  a s illustrate d i n th e uppe r  portio n o f 
figur e 1 ,  ar e treate d equivalently .  Thi s suggest s tha t  th e memoria l  representatio n ca n b e 
describe d i n term s o f  geon s rathe r  tha n th e precis e imag e feature s tha t  elicite d th e geons . 

A Connectionist Model of RBC 

Hummel, Biederman, Gerhardstein and Hilton (1988) are implementing a connectionist 
model  o f  R B C a s show n i n Figur e 2 .  Th e mode l  i s a  thre e layere d networ k whic h take s a s it s 
inpu t  a n activatio n vecto r  representin g th e vertice s an d cusp s i n di e imag e o f  a n objec t  a s show n 
i n Figur e 3 .  Th e mode l  give s a s outpu t  a n activatio n vecto r  representin g a  geon-base d 
descriptio n o f  th e objec t  fro m whic h th e imag e wa s derived .  Retinotopi c mappin g i s preserve d 
i n al l  thre e o f  th e model' s layers .  Give n th e spatiall y  specifie d verte x an d edg e description s i n 
th e inpu t  vector ,  a  majo r  goa l  o f  thi s effor t  i s t o determine :  a )  i f  parsin g o f  a n imag e o f  a n objec t 
int o it s constituen t  geon s ca n b e achieved ,  an d b )  i f  th e spatia l  relation s amon g th e geon s an d th e 
globa l  propertie s o f  th e geon s themselve s (i.e. ,  parallelism ,  symmetry) ,  ca n b e derived . 

The model's first layer is organized into 182 hexagonally arranged edge and vertex 
detector s a t  thre e spatia l  scale s (20 '  [N=138] ,  40 '  [N=37] ,  an d 80 '  [N=7]) .  Th e receptiv e field s 
of  adjacen t  detector s overla p and ,  together ,  spa n th e centra l  4 o o f  th e visua l  field .  Eac h o f  th e 
detector s ha s 2 6 node s fo r  expressin g th e variou s vertice s (Y ,  Arrow ,  Tangen t  Y ,  L ,  T) ,  th e edg e 
type s comprisin g the m (straight ,  curved ,  o r  cusp )  a t  on e o f  eigh t  orientations . 

The next (or hidden) layer is organized into 119 100-node clusters, each of which is 
terme d a  geo n field .  Eac h geo n field  receive s inpu t  fro m seve n contiguou s featur e detector s a t  a 
give n scal e an d passe s input ,  1:1 ,  t o a  correspondin g geo n field  i n th e uppe r  layer .  Eac h detecto r 
i s mappe d t o it s seve n contiguou s geo n field s a t  th e appropriat e scale .  Th e se t  o f  seve n detector s 
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mapped to their middle and upper layer geon fields is termed a column. The representation in 
th e lowe r  an d uppe r  layer s hav e bee n designe d a  prior i  t o expres s genera l  assumption s abou t 
edge codin g an d RBC' s objec t  representations ,  respectively .  A s th e mode l  i s bein g traine d t o 
recogniz e object s throug h bac k propagation ,  th e representatio n i n th e middl e laye r  wil l  emerg e 
as a  functio n o f  th e constraint s o f  th e mappin g betwee n th e lowe r  an d uppe r  layers . 

The columns all have identical connection matrices and no connections exist between 
columns .  I n thi s manner ,  th e respons e o f  th e syste m wil l  b e identica l  independen t  o f  wher e a n 
objec t  happen s t o fal l  i n th e visua l  field .  A  significan t  econom y i n th e numbe r  o f  connection s 
result s from  thi s columna r  organization .  I n tota l  th e mode l  contain s 17,93 2 node s (4,73 2 i n th e 
firs t  laye r  [2 6 node s pe r  featur e detecto r  X  18 2 detectors] ,  12,00 0 i n th e middl e laye r  [10 0 pe r 
geon fiel d fo r  12 0 geo n fields] ,  an d 1,20 0 i n th e to p laye r  [1 0 pe r  geo n fiel d fo r  12 0 geo n 
fields]) .  Wit h th e syste m full y interconnecte d thi s woul d resul t  i n 71,184,00 0 connections .  Bu t 
th e columna r  restrictio n result s i n onl y 2,304,00 0 connections ,  a  saving s o f  96.76 % i n th e 
number  o f  connections . 

The upper layer codes distributed representations of geons by locally representing geon 
attributes ,  suc h a s whethe r  th e cros s sectio n i s straigh t  o r  curved .  I n thi s laye r  relation s amon g 
th e geon s ar e represente d implicitl y  i n term s o f  th e spatia l  relation s amon g th e pattern s o f 
activatio n representin g thos e geons .  Th e distribute d codin g o f  geon s a t  thi s laye r  produce s a n 
object-centere d representation . 
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Figure 1. Complementary images of a single object. When viewed separately, these images are 

treate d equivalently . 
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Figur e 2 .  Th e connectionis t  mode l  o f  objec t  recognition . 
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Figur e 3 .  A n exampl e o f  th e codin g o f  a  singl e object ,  a  flashlight .  Th e firs t  tw o value s b y eac h 

verte x giv e th e X  an d Y  coordinates .  T h e nex t  valu e i s th e scal e a t  whic h tha t  verte x woul d 

be detected ,  th e first  lette r  provide s th e verte x typ e ( A =  Arrrow ,  F  =  Fork ,  L  =  L ,  T  =  T .  Th e 

followin g letter s an d number s specif y th e edg e typ e ( S =  straight ,  C  =  Curved )  an d orientatio n 

of  tha t  edg e (eigh t  values) .  Cusp s ar e designate d wit h a  K . 

Rashligh t 

7.30,5.6 3 16TC8S3C4 K 

8.10.5.6 3 1 6 TS1S5S7 K 8.10,5.1 5 1  AS3S4S 5 

7.00 ,  5.4 5 4  LS7C 4 

4.55. 5.45 4 YS3C6C4 

4.55 .  8.0 0 4  YS3C8C2 

^ 

10.13,5.1 5 1  LS7S 4 

•„.0..e3,STS3S,SSK 

15.10,5.60 16 LS7C4 

J 10.50 ,  5.2 8 1  AS7S8S 5 

10.50.5.80 1 LS1S7 

8.48,5.2 8 1  FS3S5S 8 

7.00 .  8.0 0 4  LS7C 2 

8.10.5.7 0 1  LS3S 8 

8.48,5.80 1 AS1S3S8 

15.10.7.6 3 1 6 LS7C 2 

7.30,7.7 0 16TC2C6S3 K 
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1.  Introductio n 

O ne o f  th e principa l  problem s i n natura l 

languag e processin g (NLP )  i s th e rol e o f  con -

tex t  i n understandin g th e sens e o f  a  particula r 

wor d i n a  particula r  situation .  Therefor e th e 

connectionis t  approach ,  whic h ha s fare d quit e 

wel l  i n accountin g fo r  contex t  sensitivity ,  hji s 

become a n attractiv e approac h t o N L P (eg . 

Cottrel l  &  Small ,  1983) .  Thi s repor t  present s 

a networ k tha t  learn s th e spatia l  relationship s 

tha t  ca n b e communicate d throug h th e us e o f 

a locativ e preposition .  Th e goal s o f  thi s net -

wor k wer e t o bot h "decode "  an d encode " 

prepositiona l  phrases .  (Herskovits ,  1986 )  Th e 

decodin g tas k involve s understandin g th e spa -

tia l  relationshi p betwee n tw o noun s (N l  an d 

N2)  describe d b y a  locativ e prepositio n (LP) ; 

consider ,  fo r  example ,  th e differen t  use s o f  th e 

L P i n accesse d b y th e phrase s wate r  i n glas s 

and crac k i n glass ;  i n th e first  case ,  N 2 i s  act -

in g a s a  containe r  fo r  N l  wherea s i n th e 

secon d N l  i s  withi n th e substanc e o f  N 2 .  Th e 

encodin g tas k i s th e convers e problem :  finding 

th e appropriat e prepositio n t o expres s a  give n 

spatia l  relationshi p betwee n tw o particula r 

objects . 

In addition to discovering whether the 

networ k coul d lear n t o encod e an d decod e 

prepositiona l  phrases ,  anothe r  are a o f  interes t 

was studyin g th e context-fre e meaning s o f  th e 

preposition s themselves .  Th e abilit y o f  con -

nectionis t  network s t o complet e partia l  pat -

tern s (e.g .  McClelland ,  Rummelhar t ,  an d Hin -

ton ,  1986 )  make s i t  possibl e t o stud y th e 

respons e o f  th e networ k t o a  prepositio n alone . 

i n th e absenc e o f  th e nouns .  I n thi s case ,  th e 

questio n o f  whethe r  thes e meaning s wer e th e 

same a s th e idea l  meaning s define d b y Hersko -

vit s (1986 )  wa s investigated .  Herskovits' s 

(1986 )  theor y o f  th e meaning s o f  locativ e 

prepositiona l  phrase s i s  buil t  aroun d th e 

notio n o f  a n "idea l  meaning" ,  whic h i s  lik e a 

prototype .  (Herskovits ,  1986 ,  p .  39 )  I t  i s  con -

structe d ou t  o f  th e "perceptuall y salient " 

characteristic s o f  a  se t  o f  object s an d thei r 

relationshi p (Herskovits ,  1986 ,  p .  54) .  He r 

idea l  meaning s o f  th e preposition s in ,  on ,  an d 

at  are : 

The Idea l  meanin g o f  in : 
The inclusio n o f  a  geometri c construc t 
i n a  one- ,  two- ,  o r  three-dimensiona l 
geometri c construct .  (Herskovits ,  1986 , 
p.  48 ) 

The ideal meaning of on: 
For  a  geometri c construc t  X  t o b e 
contiguou s wit h a  lin e o r  surfac e Y ;  i f  Y 
i s th e surfac e o f  a n objec t  O y an d X  i s 
th e spac e occupie d b y anothe r  objec t 
Ox,  fo r  O y t o suppor t  Ox .  (Herskovits , 
1986 ,  p .  49 ) 

The ideal meaning of at: 
For  on e poin t  t o coincid e wit h another . 
(Herskovits ,  1986 ,  p .  50 ) 

Finally ,  th e wa y th e networ k groupe d 

th e noun s use d a s argument s t o th e preposi -

tio n wa s studied .  Th e networ k wa s designe d 

t o buil d it s  o w n interna l  representatio n fo r 

eac h noun .  Onc e again ,  Herskovits' s (1986 ) 

theor y o f  locativ e prepositiona l  phrase s pro -

vide s clue s a s t o n o w th e noun s migh t  b e 
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divide d b y th e system .  Whil e Herskovit s feel s 

tha t  th e idea l  meanin g i s a t  th e cor e o f  eac h 

use o f  a  preposition ,  sh e als o state s tha t  i n 

actua l  us e th e meanin g i s  ofte n change d o r 

shifte d i n som e manner .  (Herskovits ,  1986 ,  p . 

39 )  A  particula r  us e o f  a  prepositiona l 

phrase ,  then ,  ofte n ha s a  meanin g simila r  t o 

(bu t  no t  exactl y th e sam e as )  th e idea l  mean -

in g o f  th e preposition .  Th e structur e sh e use s 

t o hol d th e relationshi p betwee n a n idea l 

meanin g o f  a  prepositio n an d th e meanin g 

embodie d i n a  particula r  instanc e o f  usin g a 

prepositio n i s  calle d a  us e type .  (Herskovits , 

1986 ,  p .  87 )  W e di d no t  represen t  al l  th e us e 

type s i n ou r  simulation ;  i n particular ,  ou r 

curren t  architectur e canno t  suppor t  thos e 

whic h requir e mor e tha n tw o argument s t o th e 

preposition ,  an d w e hav e chose n t o exclud e 

abstrac t  relationship s suc h a s membershi p 

(e.g .  studen t  i n school )  i n ou r  initia l  studies . 

Th e us e type s tha t  wer e represente d I n th e 

stimulu s se t  suggeste d possibl e way s tha t  th e 

networ k migh t  categoriz e th e nouns .  Thes e 

division s ar e show n i n Tabl e 1 . 

2.  N e t w o r k architectur e 

The network currently under study is 

feed-forward ,  wit h a n inpu t  laye r  partitione d 

int o fou r  banks ,  thre e intermediat e banks ,  an d 

an outpu t  laye r  partitione d int o tw o banks , 

organize d a s i n Figur e I . 

The network is a variation of the "encoder 

architecture "  introduce d b y Ackley ,  Hinton , 

and Sejnowsk i  (1986) ,  whic h i s  traine d t o 

replicat e pattern s o f  inpu t  a t  th e outpu t  layer . 

A patter n o f  th e for m NI-LP-N 2 o r  N1-SP-N 2 

i s presente d t o th e networ k b y activatin g fro m 

thre e t o 6v e units :  on e uni t  i n ban k A 

correspondin g t o N l ,  a  noun ;  on e uni t  i n ban k 

D correspondin g t o N 2 ,  a  secon d noun ;  an d 

eithe r  on e uni t  i n ban k C ,  correspondin g t o 

th e LP ,  th e locativ e prepostion ,  o r  fro m on e t o 

Institutio n 

Gap 

Part/Whol e 

Geometri c Entit y 

Spatia l  Entit y 

Physica l  Objec t 

Poin t 

Lin e 

Plan e 

Geographi c Locatio n 

Landmar k 

Generi c Locatio n 

Offer s suppor t 

I s a  Medi a 

Has a n Outlin e 

One o f  a  grou p 

Containe r 

Usabl e Artifac t 

Perso n 

Tabl e 1 .  Possibl e division s o f  nouns , 
correspondin g t o distinction s require d 
by Herskovits . 

SPATIAL LOCATION 
UNITS 

OOaDDnDDOO 

PRfPO t̂TIO N 
UNITS 

•  n o a o 

aaaoaDDDaoDDnan 

oaaa a 

(  2- ;  !«• !  " I 
Inoununitj l 

/ \ 

DDDDOODOOa 
SPATIAL LOCATCH 

UNITS 

c 
onaa o 
PRtPOSITON 

>*IIT « 

•  D D D D 

(  ZSloti l  ̂  

F igur e I .  N e t w o r k architectur e fo r  th e 
prepositio n task .  Input s ar e presente d 
at  th e lowes t  layer ,  acros s eithe r  b a n k s 
A,  B ,  an d D  o r  A ,  C ,  an d D .  Th e bol d 
arrow s indicat e th e flow  o f  informatio n 
fro m on e ban k t o another .  Fo r 
example ,  ever y uni t  i n ban k F 
contribute s t o th e activatio n o f  ever y 
uni t  i n ban k G .  Afte r  eac h patter n 
presentation ,  th e output s a t  H  an d I  ar e 
compare d wit h th e correspondin g S P 
and L P component s o f  th e inpu t  patter n 
(banl< 3 U  an d C )  t o generat e a n erro r 
signa l  fo r  th e learnin g procedure . 
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thre e unit s i n ban k B ,  whic h correspon d t o th e 

SP portio n o f  th e input ,  th e unit s tha t 

describ e th e spatia l  relationshi p betwee n th e 

tw o nouns .  Tabl e 2  give s a  lis t  o f  al l  o f  th e 

unit s tha t  hav e bee n used .  Becaus e th e net -

wor k receive s incomplet e stimuli ,  an d th e out -

put  leve l  i s  traine d t o suppl y bot h th e L P an d 

SP units ,  th e networ k ca n b e sai d t o perfor m 

a patter n completio n task . 

Banks E and F receive information 

exclusivel y fro m bank s A  an d D  respectively . 

Therefore ,  th e weigh t  matri x fro m A  t o E  (le t 

thi s matri x b e denote d [A,Ej )  mus t  adap t  suc h 

tha t  representation s o f  N l  ar e distribute d i n a 

manner  tha t  facilitate s solutio n o f  th e task . 

Similarly ,  F  mus t  com e t o giv e appropriat e 

representation s o f  N 2 .  Carefu l  stud y o f  thes e 

representation s wil l  b e a  majo r  componen t  o f 

th e tas k analysis .  I t  shoul d b e note d tha t 

matri x [A,E ]  i s  constraine d t o b e equa l  t o 

matri x  [D,F] ;  tha t  is ,  a  give n nou n come s t o 

hav e th e sam e representatio n i n ban k E  a s i t 

has i n ban k F ,  s o tha t  importan t  propertie s o f 

noun s whe n the y occu r  i n th e first  positio n 

may carr y ove r  t o situation s wher e the y occu r 

i n th e second . 

3.  Simulat io n 

3125 (25 X 5 X 25) pattern combinations 

ca n b e forme d wit h th e twenty-fiv e noun s an d 

five  prepositions ;  o f  these ,  9 9 wer e chose n t o 

constitut e a  "trainin g corpus" .  Durin g eac h 

trainin g cycle ,  tw o input-outpu t  pair s wer e 

presente d t o th e network .  Th e first  half-cycl e 

consiste d o f  presentin g N l  o n ban k A ,  L P o n 

ban k C ,  an d N 2 o n ban k D ;  a n erro r  signa l 

was generate d b y comparin g th e resultin g 

respons e a t  H  an d I  wit h th e desire d response , 

consistin g o f  S P an d L P respectively .  Thi s 

erro r  signa l  wa s applie d usin g th e back -

propagatio n procedur e o f  Rumelhart ,  Hinton , 

an d William s (1986 )  t o adaptivel y modif y th e 

weigh t  value s throughou t  th e network .  T h e 

secon d half-cycl e use d th e sam e stimulu s pat -

ter n excep t  th e inpu t  consiste d o f  N l  o n ban k 

A,  S P o n ban k B ,  an d N 2 o n ban k D .  Eac h 

uni t  i n th e networ k respond s a s a  semi-linea r 

functio n o f  it s inpu t  values ;  tha t  is ,  th e input s 

wer e linearl y s u m m e d t o giv e a  ne t  activatio n 

valu e X ,  fro m whic h th e respons e r  wa s calcu -

late d usin g th e logisti c function : 

r  = 
1 - .  ' 

1 +  e 

Noun Unit s 

(25 ) 

Bank s A  an d D 

Semanti c Unit s 

(10 ) 

Bank B 

Prepositio n Unit s 

(5 ) 
Bank C 

cloud s lak e 

sky rive r 

plan e roa d 

boat  cit y 

wate r  islan d 

Nl  ove r  N 2 

N2 ove r  N l 

Nl  a t  edg e o f  N 2 

Nl  embedde d i n N 2 

N2 contain s N l 

i n a t 

campsit e tabl e 

schoo l  glas s 

hous e bow l 

floor  crac k 

roo m chi p 

Nl  withi n borde r  < 

Nl  touchin g N 2 

Nl  nea r  N 2 
Nl  fa r  fro m N 2 

N2 support s N l 

on unde r 

book 

Bowers 

gras s 

man 
fish 

Df  N 2 

abov e 

Tabl e 2 .  L'ai t  label s fo r  codin g inpu t  pattern s acros s bank s A ,  B ,  C ,  an d D 
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Th e networ k require d fro m 1,50 0 t o 

2,50 0 passe s throug h th e corpu s t o lear n th e 

prepositiona l  phrase s wit h a n averag e erro r  o f 

les s tha n 2 % .  Variou s test s wer e performe d o n 

th e traine d networ k i n orde r  t o determin e th e 

idea l  meanin g o f  eac h prepositio n an d th e 

network' s classificatio n o f  th e variou s nouns . 

Specifically ,  th e questio n o f  whethe r  th e net -

wor k woul d follo w Herskovits' s (1986 )  theor y 

fo r  th e preposition' s meaning s an d th e type s 

of  noun s tha t  ca n b e argument s t o th e prepo -

sitio n wa s studied .  I n addition ,  th e rol e o f 

contex t  i n determinin g th e meanin g o f  a 

prepositiona l  phrase ,  an d th e response s o f  th e 

networ k t o nove l  stimul i  wer e investigated . 

Th e followin g paragraph s wil l  dea l  wit h eac h 

of  thes e findings  separately . 

Afte r  training ,  t o tes t  whethe r  th e net -

wor k develope d idea l  meaning s consisten t  wit h 

Herskovit s (Se e Introduction) ,  eac h L P (Ban k 

C)  wa s presente d t o th e networ k alone ,  an d 

th e S P outpu t  (Ban k H )  wa s observed .  Th e 

outpu t  representation s ar e show n i n Figur e 2 ; 

filled  rectangle s indicat e positiv e activit y 

values ,  an d ope n rectangle s indicat e negativ e 

activities . 

Not e tha t  durin g training ,  onl y th e 

prepositio n at ,  alway s co-occur s wit h th e sam e 

SP representation .  Whil e th e meaning s o f  on , 

at ,  an d abov e d o matc h thos e tha t  woul d b e 

expected ,  th e meanin g o f  i n i s no t  inclusion ,  a s 

woul d b e predicted .  Thi s i s  probabl y du e t o 

th e hig h numbe r  o f  phrase s tha t  hav e t o d o 

wit h a  physica l  objec t  embedde d i n som e 

medium ,  e.g .  th e cloud s i n th e sky .  Th e sam e 

i s tru e fo r  th e prepositio n under ,  wher e th e 

majorit y o f  th e trainin g example s wer e 

phrase s suc h as ,  th e fish  unde r  th e water . 

The distribute d representation s o f  th e 

noun s wer e als o studied .  Becaus e th e weigh t 

matrice s [A,E |  an d [D,F ]  wer e constraine d t o 

hav e th e sam e values ,  th e representatio n o f  a 

nou n i s th e sam e i n bank s E  an d F ;  thes e ar e 

show n i n Figur e 3a .  W e wer e no t  abl e t o 

determin e a  clea r  meanin g fo r  eac h uni t  i n th e 

distribute d nou n representations .  However , 

th e similarit y structur e o f  thi s representatio n 

was reveale d throug h cluste r  analysis ;  th e 

organizatio n impose d upo n th e hidde n unit s 

by thi s networ k vi a th e learnin g procedur e i n 

• • • a a n n n 
abov e 

•  D D d - h D c z , - . 
icfe r 

D D  • 

u n 

-  D  D  •  _  • 
o n 

•  D  n 
?t 

•  a n 

•  •  • D a a 
I n 

Figur e 2 .  Ban k I  (spatial )  outpu t 
generate d fro m preposition s alone . 
Afte r  trainin g fo r  fro m 150,00 0 t o 
250,00 0 patter n presentation s (unti l  a 
ver y lo w erro r  i s  achieve d b y th e 
network )  th e syste m i s  probe d b y 
observin g th e outpu t  o f  th e H  (SP )  ban k 
t o eac h L P (ban k C )  input .  Th e 
positivel y value d output s (dar k 
rectangles )  correspon d to :  tr » = 
embedded io ,  an d touching ;  o n =  1  ove r 
2,  touching ,  an d supporte d by ;  a t  = 
touching ;  unde r  =  2  ove r  1 ,  embedded , 
and touching ;  an d abov e =  1  ove r  2  an d 
far . 

orde r  t o solv e th e tas k (Figur e 3b) ,  correlate s 

nicel y wit h th e on e predicte d fro m 

Herskovitz' s theor y (Se e Tabl e 1) . 

Th e outpu t  o f  th e networ k i s  contex t 

sensitive ;  man y o f  th e prepositiona l  phrase s 

use d b y th e networ k d o no t  hav e a n outpu t 

representatio n tha t  correspond s t o th e 

preposition' s idea l  meaning .  Th e outpu t 

representatio n o f  a  prepositiona l  phras e i s 

determine d no t  onl y b y th e preposition ,  bu t 

als o b y th e particula r  noun s use d i n th e 

phrase .  Fo r  example ,  th e phras e boa t  i n wate r 

i s generall y associate d wit h th e S P uni t  N l  o n 

to p o f  N 2 an d N l  supporte d b y N 2 ,  wherea s 

fish  i n wate r  fits  muc h mor e nicel y wit h N l 

ernbedde d i n N2 .  T o tes t  contex t  sensitivity , 

al l  th e pattern s o f  on e nou n an d on e preposi -

tio n wer e presente d t o th e network .  A t  times , 

thes e representation s ar e differen t  fro m no t 

onl y th e preposition' s idea l  meaning ,  bu t  als o 

fro m th e final  meanin g o f  a  ful l  prepositiona l 

phras e tha t  incorporate s tha t  nou n an d tha t 

preposition .  A n exampl e o f  thi s i s  show n i n 

Figur e 4 . 
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. 1 1 1 1 
wita r 

D DI  D o a i o I D D I 
IsUn d chi p 

i l l a l 
fis h 

DDIDo IdDD I 
boat  cit y 

_Gi_ l  IDOI O I 
floo r  crac k a a 

- • a i 

_ D I _ I 
plan a 

D I D DD 
roa d 

d d D I i 
house 

D I Q D a m i a 1 
bowl gras s 

O l l l l 
aky 

dDiD d 
rive r 

ddDI i 
schoo l 

= 0 1 - 1 
glas s 

oDIi i 
flower s 

••  roa d 

I I I  c,Dia i  D a D I I 
cloud s lak e campsit e 

linea r 

•  cracJ c 
i- f  c M p 

•  Q l D i 
tabl e 

• a l . i 
book 

physica l 

object s 

generi c 
locatio n 

provid e 
suppor t 

caapsit e 
r—*•  schoo l 
I—••  hous e 

••  roc m 
get̂ raphic ,  » .  cit y 

•»•  Islan d 
*-  boa t 

riTe r 

locatio n 

containmen t 

-• •  bov l 

r C 
•^  plan e 

floo r 
-• •  lak e 

'—»•  glas s 
- » flOVCE S 
- •  boo k 

- •  tabl e 

medi a 

mediu m 
specifi c 

*•  late r 
*  aJc T 

^ ^ 
cloial s 
gras s 

require s 
specia l  mediu m 

- *  fis h 

Figur e 3 .  Distribute d representation s o f  th e nouns .  I n orde r  t o accomplis h th e tas k 
successfully ,  th e learnin g procedur e wa s force d unde r  thi s architectur e t o "discover "  suitabl e 
distribute d representation s fo r  th e nouns ,  (a )  th e nou n representations ;  (b )  th e tre e represent s 
th e annotate d result s o f  a  cluste r  analysi s o n thes e representations . 
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DDIOO D D O D D l l D a i 
il-on-l k 
DD lOa l O a D a O a a D i 
on-lak e 
DD lD O D D a D D D a i D n 
isl-o n p 
D^DnD _ a n U D D a D _ D 
1ake- l 
__Da D d o D D d - I D D d 
isl- l 

.Jo. a al l .DOIO . 
pre p 

Da. i iaBi .QDia. i 
hidde n 

•  -•a a 
man 

_•_•-- . 
[under ] 

.•II I 
wate r 

Figur e 4 .  Cootex t  Sensitivity .  Th e 
network' s outpu t  i n respons e t o eac h 
stimulu s i s  different .  Th e respons e t o 
eac h wor d alon e i s  differen t  fro m tha t 
give n b y on e nou n an d a  preposition , 
and fro m th e respons e t o th e ful l  phrase . 

Figur e 5 .  Networ k processin g o f  th e 
inpu t  ma n (under /  water .  Th e respons e o f 
eac h laye r  i n th e networ k t o th e inpu t  i s 
depicted .  Not e tha t  th e outpu t  unit s fo r 
bot h th e prepositio n unde r  an d th e 
prepositio n i n ar e weakl y activated . 

Th e traine d networ k wa s als o ru n o n a 

stimulu s se t  o f  thirty-thre e nove l  phrases . 

Twenty-thre e wer e interprete d correctly .  O n e 

of  the  mor e interestin g result s (Figur e 5 )  wa s 

th e respons e t o th e phras e m a n [under j  water , 

wher e th e bracket s denot e th e appropriat e 

semanti c representatio n fo r  unde r  ("N 2 ove r 

N l "  an d "N l  embedde d i n N2'') .  W h e n th e 

networ k wa s give n N l ,  N 2 ,  an d SP ,  th e prepo -

sitio n chose n b y th e networ k wa s under .  I n 

addition ,  however ,  anothe r  prepositio n 

receive d activatio n (althoug h les s activatio n 

tha n under) :  in .  S o m e o f  th e result s tha t  wer e 

differen t  fro m th e correc t  respons e wer e plau -

sibl e interpretations .  Fo r  example ,  th e phras e 

gras s o n wate r  evoke s eithe r  o f  tw o image s -

gras s floating  o n water ,  o r  gras s standin g o n 

th e edg e o f  th e water .  Th e network ,  whe n 

give n N l ,  N 2 ,  an d L P gav e th e semanti c unit s 

fo r  th e latte r  relationship ,  whic h initiall y 

surprise d us ,  sinc e w e ha d no t  considere d tha t 

interpretatio n before . 

5.  Discussio n 

The network was able to solve both the 

encodin g an d decodin g tas k wit h negligibl e 

error .  T o solv e th e problem ,  reasonabl e 

meaning s fo r  th e preposition s alone ,  an d rea -

sonabl e distribute d representation s fo r  th e 

noun s wer e developed .  Becaus e o f  this ,  th e 

networ k wa s abl e t o reasonabl y handl e m a n y 

of  th e nove l  inputs .  Perhap s th e mos t 

interestin g aspec t  o f  thi s networ k lie s i n th e 

fac t  tha t  i t  i s  use d t o expres s th e semanti c 

conten t  o f  an y o f  a  numbe r  o f  locativ e prepo -

sition s i n a  variet y o f  contexts .  W e pla n t o 

explor e th e followin g conjecture :  Thi s seman -

ti c representatio n i s  languag e independent , 

therefor e th e mappin g o f  semanti c conten t  t o 

prepositio n i s  learne d i n bot h direction s (i.e . 

preposition s ca n b e decode d int o semantic s 

and semantic s ca n b e encode d int o preposi -

tions) ,  semanti c representation s ca n b e use d t o 

translat e locativ e preposition s fro m on e 

languag e t o another . 

Thus, we plan to explore the potential 

applicatio n o f  thi s wor k t o machin e transla -

tion .  Othe r  possibl e direction s fo r  extendin g 

thi s wor k Includ e (l )  increasin g th e scal e o f 

th e mode l  syste m (bot h i n term s o f  th e word s 

use d an d th e numbe r  o f  inpu t  patterns) ,  [2 ] 

alternativ e architecture s tha t  ca n b e use d fo r 

variation s o n th e encodin g an d decodin g task , 

includin g metaphorica l  use s o f  prepositions , 

and [.3 |  extendin g th e use s o f  th e preposition s 

beyon d concret e spatia l  relationship s t o mor e 

metaphorica l  roles . 
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A C o m p u t a t i o n a l  M o d e l  o f  Syntacti c A m b i g u i t y a s a  Lexica l  Process ^ 

Curt Burgess S.C. Hollbach 

Departmen t  o f  Psycholog y Departmen t  o f  Compute r  Scienc e 

Universit y o f  Rocheste r  Universit y o f  Rocheste r 

Introduction 

The use of semantic information in language comprehension is a matter of controversy. We 

briefl y revie w Frazier' s modula r  seria l  parse r  an d Altman n an d Steedman' s conceptuall y 

drive n parser .  W e propos e a  thir d model ,  base d o n th e wor k o f  Tanenhau s an d Carlso n 

[1988],[Tanenhau s e t  al .  1987] ,  tha t  account s fo r  th e conflictin g result s o f  thes e tw o models . 

We hav e buil t  a  connectionis t  implementatio n o f  ou r  model ,  and ,  base d o n th e behaviou r 

of  th e network ,  mak e a  numbe r  o f  empirica l  predictions . 

The Controversy Defined 

The work of Frazier and her colleagues ([Frazier and Rayner 1982]; [Ferreira and Clifton 

1986] )  i s  probabl y bes t  know n modula r  parser .  The y presen t  considerabl e evidenc e tha t 

th e parse r  use s a  Minima l  Attachmen t  strategy .  Minima l  Attachmen t  i s use d t o explai n 

th e Beve r  sentences ,  e.g. .  Th e hors e race d pas t  th e bar n fell .  Th e strateg y i s straightfor -

ward :  word s ar e attache d t o th e phras e marke r  usin g th e fewes t  possibl e syntacti c node s 

permissabl e b y th e syntacti c rules .  Frazie r  an d Rayne r  [1982 ]  hav e foun d tha t  Non-minima l 

Attachmen t  sentence s tak e longe r  t o rea d tha n Minima l  Attachmen t  sentence s an d tha t 

eye fixation s i n th e disambiguatin g regio n o f  th e sentence s wer e o f  longe r  duratio n tha n 

elsewher e i n th e sentence . 

I t  i s  possible ,  however ,  tha t  a  contextua l  manipulatio n coul d overrid e th e Minima l  At -

tachmen t  preference .  Ferreir a an d Clifto n [1986 ]  conside r  thi s possibility .  Thei r  firs t  exper -

imen t  manipulate s th e animac y o f  th e firs t  nou n phrase .  The y reasone d tha t  th e implausi -

bilit y  o f  a n inanimat e agen t  wit h a  ver b tha t  i s  associate d wit h a n animat e agen t  woul d b e 

sufficien t  t o eliminat e th e garde n pat h i n th e reduce d condition .  Fo r  example ,  conside r  th e 

followin g tw o sentences : 

la .  Th e defendan t  examine d b y th e lawye r  turne d ou t  t o b e unreliable . 

lb .  Th e evidenc e examine d b y th e lawye r  turne d ou t  t o b e unreliable . 

They found that animacy of the first noun phrase had no effect on reading times at either 

th e b y phras e o r  th e secon d verb .  However ,  ey e fixation s wer e longe r  a t  th e firs t  ver b whe n 

i t  followe d a n inanimat e NP ,  suggestin g tha t  ey e fixation s ar e a  vali d measur e o f  semanti c 

anomaly. ^  I t  seems ,  then ,  tha t  th e Minima l  Attachmen t  preferenc e result s i n a  garde n pat h 

regardles s o f  th e animac y informatio n i n th e firs t  NP . 

Ferreir a an d Clifto n conduc t  anothe r  experimen t  i n whic h the y preced e relativ e claus e 

ambiguitie s suc h a s Th e edito r  playe d th e tap e agree d th e stor y w a s a  bi g on e wit h a  para -

grap h tha t  biase s th e interpretatio n o f  th e sentenc e towar d eithe r  a  M in ima l  A t tachmen t 

'  W e wan t  t o than k Mik e Tanenhau s an d Bo b Peterso n fo r  thei r  encouragement ,  patienc e an d man y helpfu l 
suggestions .  Sen d correspondenc e t o Cur t  Burgess ,  Psycholog y Dept ,  Universit y o f  Rochester ,  Rochester , 
NY 1462 7 [email :  R C B U @ U O R D B V . B I T N E T] 

^Apparentl y ey e fixation s reflec t  semanti c a s wel l  a s syntacti c anomaly .  I t  become s les s tha n completel y 
clea r  wha t  th e linkag e i s betwee n ey e fixation s an d particula r  type s o f  psycholinguisti c processing . 
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or  Non-minima l  Attachmen t  interpretation .  Th e result s o f  thi s experimen t  sugges t  tha t  a 

precedin g contextua l  paragrap h wit h a  Non-minima l  Attachmen t  bia s i s unabl e t o influenc e 

th e Minima l  Attachmen t  preferenc e an d tha t  th e contextua l  informatio n i s use d solel y t o 

recomput e th e structura l  aspect s o f  th e sentences . 

Whil e th e Frazie r  an d Rayne r  [1982 ]  an d Ferreir a an d Clifto n [1986 ]  result s appea r  quit e 

convincing ,  thi s structura l  approac h i s no t  withou t  criticism .  Al tman n an d Steedma n [i n 

press ]  propos e tha t  sentence s var y no t  onl y i n structura l  complexity ,  bu t  i n presupposi -

tiona l  complexity .  W h e n a  critica l  sentenc e i n a n experimen t  i s encountered ,  its '  relativ e 

clause s an d prepositiona l  phrase s presuppos e tha t  a  specifi c  se t  o f  entitie s ha s bee n intro -

duce d b y th e context .  Thei r  clai m i s tha t  contex t  i s  ineffectua l  i n th e Ferreir a an d Clifto n 

experimen t  simpl y becaus e th e contex t  i s  impoverishe d an d doe s no t  se t  u p th e necessar y 

presuppositions .  W h e n Altman n an d Steedma n [i n press ]  constructe d Non-minima l  At -

tachmen t  supportin g paragraph s tha t  explicitl y  introduc e eac h entit y i n th e tes t  sentence , 

the y di d no t  find  th e usua l  garde n pat h effect .  Altman n an d Steedman' s result s presen t  a 

seriou s challeng e t o a  simpl e structura l  explanatio n suc h a s offere d b y Frazie r  an d Rayne r 

or  Ferreir a an d Clifton .  I t  appear s tha t  lexica l  o r  semanti c representation s m a y hav e a 

substantia l  rol e t o pla y i n th e structura l  organizatio n o f  a  sentence . 

Thematic Roles and Semantic Ambiguity 

These apparently conflicting results can be reconciled with a lexical access model of syntactic 

ambiguity .  Accordin g t o th e lexica l  acces s model ,  Ferreir a an d Clifton' s failur e t o find  a n 

animac y effec t  (e.g. .  Th e evidenc e examine d b y th e ... )  lie s i n th e lexica l  representatio n 

of  th e verb .  I n thei r  first  experimen t  the y compar e sentence s i n whic h th e first  N P i s 

eithe r  animat e o r  inanimate .  A t  th e b y phras e i n suc h a  sentence ,  th e ver b i s show n t o 

be unambiguousl y a  pas t  participl e (i n th e reduce d version) .  Th e loca l  indeterminac y o f 

th e ver b (i.e. ,  pa.s t  tense/pas t  participle )  i s  a  morphologica l  ambiguit y wit h eac h ver b for m 

havin g it s o w n themati c rol e mapping .  Th e simpl e pas t  tens e tend s t o b e mor e frequen t 

tha n th e pas t  participl e i n mos t  verbs .  Sinc e th e tw o tense s o f  th e ver b ar e incompatible , 

th e les s frequen t  pas t  participl e i s inhibite d b y th e mor e frequen t  pas t  tense .  Fo r  example , 

compar e 

2a. The child bought the dog a leash. 2b. The child bought the dog was pleased. 

In 2a, the preferred tense of bought is used and the two post-verbal NPs fill thematic 

role s tha t  ar e subcatagorize d b y th e verb .  N o garde n pat h i s experience d i n thi s sentence . 

However ,  i n 2 b th e reade r  i s no t  awar e tha t  th e pas t  participl e for m i s necessar y fo r  com -

prehensio n unti l  th e primar y ver b wa s i s encountered .  I n ou r  lexica l  model ,  bot h th e pas t 

tens e an d th e pas t  participl e ar e activate d i n parallel ,  bu t  th e les s preferre d for m i s quickl y 

inhibited .  A s sentenc e processin g continue s i t  become s increasingl y difficul t  t o reactivat e 

th e inhibite d form .  If ,  late r  i n th e sentence ,  th e inhibite d for m o f  th e ver b i s required ,  a 

garde n pat h wil l  occur . 

N o w,  th e result s o f  Altman n an d Steedma n sugges t  tha t  a  garde n pat h ca n b e avoide d 

unde r  th e righ t  contextua l  circumstances." ^  W e agre e an d sugges t  th e followin g mechanis m 

^At  present ,  w e fee l  compelle d t o rejec t  Ferreir a an d Clifton' s argumen t  tha t  a n inanimat e N P i s unabl e 
t o propos e th e initia l  parse .  Ther e ar e a t  leas t  tw o problem s wit h thei r  stimul i  i n experimen t  1 .  Almos t 
hal f  o f  th e inamimat e subject s ca n ac t  a s agen t  (e.g. ,  Th e ca r  towe d ... )  an d a  numbe r  o f  th e sentence s 
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fo r  th e contextua l  effect :  th e les s preferre d pas t  participl e for m o f  th e ver b i s selecte d b y th e 

discours e mode l  a s i t  i s  mad e availabl e b y bottom-u p lexica l  processes .  Th e contextuall y 

inappropriat e for m i s the n inhibited .  Thi s understandin g o f  ho w contex t  ca n serv e t o selec t 

th e appropriat e ver b for m i s important ,  althoug h w e hav e no t  ye t  implemente d thi s i n ou r 

model . 

Th e mode l  w e propose ,  namel y multipl e activatio n o f  th e ver b form s followe d b y con -

textua l  selection ,  parallel s th e researc h o n lexica l  ambiguit y resolution .  I n isolation ,  acces s 

of  ambiguou s wor d meaning s i s a  frequenc y coded ,  multipl e acces s proces s [Burges s an d 

Simpso n 1988a ,  Simpso n an d Burges s 1985] .  Multipl e acces s obtain s eve n i n a  sententiall y 

biasin g contex t  [Seidenber g e t  al .  1982 ,  Burges s e t  al .  i n press] .  Th e notio n o f  paralle l 

bottom-u p activatio n ha s prove d t o b e a  powerfu l  explanator y too l  i n lexica l  processing . 

Compatibl e lexica l  representation s remai n activate d i n suc h a  model ,  whil e incompatabl e 

representation s compet e wit h eac h othe r  base d o n th e entities '  restin g activatio n leve l  an d 

previou s exposur e t o relate d o r  associate d items." ^  I n ou r  model ,  th e garde n pat h occur s 

as a  functio n o f  th e additiona l  tim e an d processin g require d t o inhibi t  th e inappropriat e 

morphologica l  ver b for m an d t o acces s th e appropriat e one . 

I n additio n t o ver b forms ,  themati c role s pla y a n importan t  rol e i n thi s mode l  a s well . 

Earlie r  researc h ha s show n tha t  th e meanin g o f  a  ver b ca n b e distinguishe d fro m it s themati c 

roles .  Tanenhaus ,  Burgess ,  D'Zmur a an d Carlso n [1987 ]  showe d tha t  a  garde n pat h occur s 

wit h a  les s preferre d ver b sens e ambiguit y (3a) ,  bu t  no t  wit h th e preferre d sens e (3b) .  I n 

contrast ,  n o garde n pat h occur s wit h eithe r  th e les s preferre d (3c )  o r  mor e preferre d (3d ) 

themati c rol e ambiguity . 

3a. Bob passed the test to his friend. 3c. Cathy threw the cat off the bed. 

3b.  Bo b passe d th e tes t  t o hi s surprise .  3d .  Cath y thre w th e ca t  som e Friskies . 

Thematic roles behave differently than sense ambiguities. All thematic roles associated 

wit h a  ver b ar e activate d i n paralle l  a t  th e poin t  th e ver b i s retreive d an d ar e provisionall y 

assigne d t o ver b argument s a s soo n a s the y ar e activated .  Role s tha t  ar e subcategorize d b y 

th e ver b remai n activate d eve n i f  unfille d an d thu s allo w fo r  rapi d integratio n o f  concept s 

int o th e discours e model .  Fo r  thi s reaso n the y ar e a n importan t  entit y fo r  rapidl y resolvin g 

loca l  ambiguity . 

The Connectionist Implementation 

We have built a connectionist network that embodies the lexical model of syntactic ambigu-

it y o n th e Rocheste r  Connectionis t  Simulato r  [Goddar d 1987] .  Th e networ k i s displaye d i n 

iconi c for m o n a  Su n Workstation ,  a s depicte d i n Figur e 1 .  Th e implementatio n adhere s t o 

th e localis t  styl e o f  connectionis t  models ,  whic h i s t o sa y tha t  th e networ k i s highl y struc -

ture d an d eac h nod e ha s a  precis e semantics .  Followin g Cottrel l  [1985] ,  w e adop t  a  for m o f 

explode d cas e roles ,  wit h a  distinc t  nod e fo r  eac h elemen t  o f  th e cros s produc t  o f  themati c 

role s an d syntacti c position .  Fo r  inne r  case s suc h a s 'theme '  ther e ca n b e onl y on e syntacti c 

uni t  tha t  play s thi s role ,  henc e ther e ar e inhibitor y link s betwee n al l  competin g syntacti c 

continu e th e ambiguit y beyon d th e b y phrase .  We'v e benefitte d fro m discussion s wit h Mik e Tanenhaus , 
Susan Garnsey ,  To m Beve r  an d Joh n Trueswel l  concernin g this . 

T̂hi s vie w ca n b e contraste d wit h tha t  o f  Marslen-Wilso n an d cohort s [Marslen-Wilso n an d Tyle r  1987 ] 
i n whic h top-dow n processin g provide s fo r  selectiv e acces s o f  lexica l  information . 
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The chil d bough t 
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*  « 
NPl  NP2 nNP2 NP3 

PPl  PP2 VPl  \ 'P2 

dog 

th e 

at 

a 

fo r 

slave r 

uas 

th e petstor e 

leas h 
o 

Mary 

uas unhapp y 

please d 

Themati c Rol e Assignment s 

O •;• 
AgentNPl  AgentPP l  AgentPP 2 LocPP l 

•:• O 
LocPP2 ThemeNPl  ThemeNP2 ThemeNPS 

O •:• 
BenefNPl  BenefNP 2 BenefPP l  BenefPP 2 

Semantic Role Assignments 

•: •  PastPartlclpleVP l 

O PastVP l 

•: •  PastVP 2 

Figur e 1 :  Visua l  displa y pane l  fo r  th e network .  Th e inpu t  sentenc e 'Th e chil d bough t  th e 

dog fo r  Mary '  i s  show n 1 0 iteration s afte r  sentenc e completion . 

assignments. Moreover, a given syntactic unit can oidy take on one interpretation, hence 

ther e ar e inhibitor y link s betwee n al l  competin g themati c interpretations . 

Ther e ar e thre e distinc t  nod e type s i n th e network :  inpu t  nodes ,  rol e assignmen t  nodes , 

and 'other '  nodes .  Th e activatio n functio n fo r  'other '  node s i s simpl y t o se t  th e outpu t  o f 

th e nod e t o th e su m o f  al l  inputs : 

at  =  Tilt , 

wher e a t  i s  th e activatio n leve l  a t  tim e t  an d / < i s th e inpu t  vector .  Inpu t  node s (o r  lexica l 

ite m nodes )  ignor e thei r  inputs ,  a s th e use r  key s activatio n i n b y han d fo r  thes e nodes .  Th e 

effec t  o f  readin g a  wor d i n a  sentenc e i s simulate d b y th e use r  settin g th e activatio n leve l  o f 

th e relevan t  inpu t  nod e t o 1.0 .  Activatio n o f  thi s nod e decay s thereafte r  accordin g t o th e 

recurrenc e relation : 
1 

at  =  ot- i 

In order to enter a stimulus sentence, the user keys in each word in turn, running the 

simulatio n a  fe w step s betwee n eac h word .  Th e gradua l  deca y o f  wor d activatio n mean s 

tha t  b y th e tim e th e las t  wor d o f  th e sentenc e ha s bee n keye d in ,  th e firs t  wor d i s onl y 

marginall y activ e (se e Figur e 1) .  Thu s an y assumption s tha t  hav e bee n mad e earl y o n i n 

sentenc e processin g tak e a  lon g tim e t o revers e whe n invalidate d b y late r  constraints .  Th e 

activatio n functio n fo r  rol e assignmen t  node s incorporate s a  certai n amoun t  o f  inertia .  I f 

th e potentia l  o f  th e uni t  i s  high ,  a  relativel y lo w weigh t  i s accorde d t o th e inpu t  signal , 

whil e i f  th e potentia l  i s  low ,  th e inpu t  signa l  ha s a  large r  impac t  o n th e update d activatio n 

level .  Thi s i s accomplishe d b y dividin g th e inpu t  signa l  (/< )  b y th e prio r  activatio n befor e 

addin g th e whol e t o th e curren t  activation : 

at  =  at- i  + 
ci t 

at- i  +  k ' 
c =  5 ,  fc =  10 . 

Interpretation s ar e advance d a s th e sentenc e progresses .  A  schemati c o f  th e som e o f  th e 

importan t  feature s o f  networ k structur e appear s i n Figur e 2 .  A s show n i n Figur e 2 ,  an y 

number  o f  themati c rol e assignment s ar e possibl e afte r  th e firs t  nou n phras e (NPl) ,  s o al l 

ar e advance d wit h equa l  confidence .  Fo r  th e ver b 'bought '  (VPl )  ther e ar e tw o possibl e 

interpretations :  th e mor e likel y i s th e pas t  tense ,  th e les s likel y th e pas t  participle .  Thu s 

th e pas t  tens e recieve s preferentia l  activation ,  and ,  a s th e tw o interpretation s ar e i n direc t 
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slave r was 

Figur e 2 :  Roug h schemati c o f  networ k structure .  No t  al l  node s an d link s ar e shown .  Bol d 

arrow s indicat e preferentia l  weightin g o n on e o f  multipl e outputs .  Inpu t  node s appea r  a s 

squares ,  rol e node s a s circles ,  an d othe r  node s a s diamonds . 

competition, the second alternative tends to decrease in likelihood as the sentence processing 

continues . 

Th e firs t  nou n phras e encountere d afte r  th e ver b (NP2 )  i s ambiguou s itself ,  bu t  con -

strain s th e rol e o f  N P l  t o eithe r  agen t  (i f  th e ver b i s i n th e pas t  tense) ,  o r  beneficiar y (i f 

th e pas t  participle) .  Th e ambiguit y o f  N P 2 i s resolve d b y th e subsequen t  syntacti c unit : 

i f  N P 3 occurs ,  the n th e themati c rol e assignment s ar e benefNP 2 an d themeNPS ;  bu t  i f  a 

prepositiona l  phras e (PPl )  i s  encountered ,  th e assignmen t  become s themeNP2 ,  wit h th e 

rol e o f  PP l  dependin g o n it s composition . 

I f  a  pas t  tens e ver b (VP2 )  i s no w encountered ,  th e onl y possibl e interpretatio n fo r 

V Pl  become s th e pas t  participle .  B y thi s time ,  however ,  activatio n o n th e pastVP l  rol e 

assignmen t  nod e wil l  hav e reache d significan t  proportions ,  an d wil l  onl y respon d slowl y t o 

th e attemp t  t o inhibi t  it ,  s o th e reversa l  o f  th e semanti c ambiguit y i s a  gradua l  process . 

Upon successfu l  reversal ,  th e interpretatio n o f  N P l  i s altere d fro m agen t  t o beneficiary . 

One syntacti c cu e tha t  wil l  ten d t o increas e th e confidenc e o f  th e pas t  participl e inter -

pretatio n i n mid-sentenc e i s th e occurrenc e o f  a  prepositiona l  phras e immediatel y followin g 

th e verb ,  sinc e t o bu y i s transitive . 

Al l  o f  th e abov e constraint s ar e tabulate d i n Figur e 3 ,  an d timin g result s o f  runnin g th e 

networ k o n th e sampl e stimul i  ar e given .  Ther e ar e thre e classe s o f  sentence :  a  straight -

forwar d pas t  tense ,  understoo d quickly ,  a n unusua l  bu t  clearl y signalle d pas t  participl e 

construction ,  understoo d afte r  a  moderat e delay ,  an d a  misleadin g garde n pat h involvin g a 

pas t  participle ,  understoo d onl y afte r  a  lengthl y reconsideration .  Timin g result s reflec t  th e 

tim e elapse d fro m reachin g th e en d o f  th e sentenc e unti l  eac h o f  th e correc t  themati c an d 

semanti c rol e assignmen t  node s reache s a n activatio n leve l  o f  a t  leas t  0.5 . 

Conclusions 

We have described a model that accounts for a variety of results without appealing to 

Minima l  Attachmen t  strategies .  Th e parse r  differ s fro m tha t  o f  Frazie r  i n severa l  respects . 

I t  utilize s paralle l  activatio n o f  morphologica l  ver b form s tha t  make s availabl e mor e tha n on e 

pars e optio n tha t  ca n the n b e selecte d b y context .  Th e mode l  account s fo r  th e Non-minima l 

Attachmen t  garde n pat h a s a  functio n o f  th e frequenc y asymmetr y o f  th e ver b forms .  Thi s 
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NPggent  'bOUght'pg. t  NP(/, e {PPs } 

The chil d bough t a do g was pleased . 

timin g 
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^ P them e 
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47 

48 

46 

62 

109 

Figur e 3 :  Allowabl e syntacti c form s o f  sentence s usin g 'bought' ,  an d networ k time s fo r 

successfu l  comprehension . 

woul d predic t  tha t  th e magnitud e o f  th e garde n pat h woul d b e relate d t o thi s asymmetry , 

assumin g tha t  contex t  i s  hel d constant .  Thi s mode l  als o predict s tha t  precedin g contex t 

ca n affec t  th e pars e b y selecting ,  afte r  lexica l  access ,  th e appropriat e form .  A s currentl y 

envisioned ,  contex t  doe s no t  selectivel y affec t  acces s bu t  merel y function s a s a  post-acces s 

selectio n mechanism ,  thu s allowin g th e mode l  t o b e modula r  i n nature . 

Th e mode l  i s  close r  i n spiri t  t o ho w Altman n an d Steedma n [i n press ]  hav e conceptualize d 

sentenc e comprehension .  Thei r  contextua l  presupposition s serv e t o selec t  th e appropriat e 

morphologica l  ver b form ,  thu s reducin g th e garde n path .  Th e curren t  proposa l  add s t o 

Altman n an d Steedman' s mode l  i n tha t  w e hav e specifie d th e mechanis m b y whic h contex t 

exert s it s influence .  Th e immediat e empirica l  question s t o b e answere d includ e tracin g th e 

timecours e o f  th e activatio n an d inhibitio n o f  th e morphologica l  ver b form s an d evaluatin g 

th e locu s o f  th e contextua l  effect . 

Neuropsychologica l  Processe s 

Placing syntactic processing in the lexicon raises some intruiging questions concerning the 

locu s o f  processin g i n garde n pat h recovery .  Burges s an d Simpso n [1988a ]  foun d tha t  sub -

ordinat e associate s t o ambiguou s word s ar e rapidl y inhibite d i n th e lef t  hemisphere ,  bu t 

maintai n activatio n ove r  a  relativel y lon g perio d o f  tim e i n th e righ t  hemisphere .  Dominan t 

associate s maintai n activatio n ove r  time ,  bu t  appea r  t o deca y i n th e righ t  hemisphere .  I t  i s 

possibl e tha t  thes e cerebra l  asymmetrie s m a y ai d i n semanti c garde n pat h recover y [Burges s 

and Simpso n 1988b] .  Tha t  is ,  i f  a  sentenc e wa s no t  disambiguate d unti l  afte r  th e ambiguou s 

wor d an d th e subordinat e meanin g wer e needed ,  th e languag e processo r  woul d jus t  acces s 

thi s meanin g fro m th e righ t  hemisphere .  Thi s preclude s th e nee d t o reactivat e th e meanin g 

i n th e lef t  hemisphere .  I f  th e syntacti c lexica l  effect s discusse d abov e ar e bilatera l  i n thei r 

representation ,  the n on e migh t  expec t  a  rol e fo r  th e righ t  hemispher e i n syntacti c garde n 

pat h recovery .  Whil e thi s i s speculative ,  particularl y sinc e synta x i s generall y though t  t o b e 

th e domai n o f  lef t  hemispher e processing ,  Schneiderma n an d Sadd y [i n press ]  hav e reporte d 

tha t  righ t  brai n damage d patient s hav e difficult y insertin g word s int o a  sentenc e whe n th e 
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insertio n require s a  syntacti c reassignmen t  o f  a  word . 

S u m m a ry 

This model proposes a lexically located syntactic processor that makes available multiple 
morphologica l  ver b form s i n parallel .  I t  i s  modula r  i n architecture ,  bu t  differ s fro m th e 
modula r  seria l  parse r  propose d b y Frazier .  Th e mode l  coul d easil y b e extende d t o allo w fo r 
post-acces s contextua l  selectio n o f  th e appropriat e ver b form ,  thu s avoidin g th e Minima l 
Attachmen t  garde n path .  Th e mode l  suggest s tha t  th e natur e o f  thi s contextua l  effect ,  a s 
detaile d b y Altman n an d Steedman ,  i s lexica l  selection .  Severa l  empirica l  issue s involvin g 
frequenc y asymmetrie s o f  th e ver b forms ,  th e spee d o f  retrieva l  an d inhibition ,  an d inter -
action s wit h contex t  wer e discussed .  Thi s researc h i s necessar y i n orde r  t o determin e th e 
correctnes s o f  th e presen t  implementation . 
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A P A R A L L E L M O D EL F O R A D U L T S E N T E N CE P R O C E S S I N Ĝ  
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CARNEGIE MELLON UNIVERSIT Y 

1. INTRODUCTION 

Seria l  deterministi c model s o f  huma n sentenc e processin g (e.g .  Frazier ,  1978 ;  Frazie r  &  Fodor , 

1978 ;  Marcus ,  1980 ;  Berwick ,  1985 )  hav e ha d a  grea t  intuitiv e appeal ,  especiall y whe n contraste d 

wit h unlimite d paralle l  processing .  A  seria l  deterministi c parser ,  fo r  example ,  provide s a  straight -

forwar d accoun t  o f  wh y peopl e ofte n fai l  t o perceiv e ambiguit y an d wh y the y repor t  a  strongl y 

favoure d interpretatio n fo r  ambiguou s sentences .  Seria l  deterministi c processing ,  furthermore ,  give s 

a ver y plausibl e accoun t  o f  ho w peopl e ar e misle d int o a  garden-pat h pars e fo r  certai n strings : 

(1 )  Th e hors e race d pas t  th e bar n fell . 

By virtu e o f  returnin g al l  possibl e grammatica l  parse s fo r  a n inpu t  sentence ,  a n unlimite d 

paralle l  parser ,  b y itself ,  give s u s n o reaso n t o prefe r  on e pars e ove r  another ,  and ,  prim a facie ,  suc h a 

model  fail s  t o accoun t  fo r  th e preferre d reading s o f  ambiguou s input .  Becaus e o f  it s computationa l 

power ,  a  paralle l  parse r  canno t  b e misled ,  sinc e th e non-preferre d analysi s o f  garden-pat h inpu t 

ca n b e carrie d alon g b y th e parallelism .  Hence ,  a  full y  paralle l  parse r  provide s n o obviou s accoun t 

of  garden-pat h phenomena . 

Paralle l  model s o f  processing ,  o n th e othe r  hand ,  ca n provid e a  simpl e accoun t  o f  relativ e 

processin g load. ^  W h e n th e parse r  encounter s ambiguou s input ,  th e numbe r  o f  hypothese s enter -

taine d b y th e parse r  wi U increas e an d mor e computationa l  resource s (memor y an d tim e measure d 

i n numbe r  o f  operations )  wil l  b e used .  Sinc e a  deterministi c mode l  i s committe d t o a  singl e hypoth -

esi s a t  al l  time s (Marcus ,  1980 ;  Berwick ,  1985) ,  th e computationa l  resource s use d b y th e parse r 

shoul d remai n virtuall y constant .  A  deterministi c  model ,  therefore ,  ha s n o obviou s wa y o f  modelin g 

variation s o f  processin g loa d wit h respec t  t o ambiguou s inpu t  (Gorrell ,  1986) . 

Constraine d paralle l  processin g ma y provid e a n accoun t  o f  garden-pat h effect s an d preferre d 

reading s fo r  ambiguou s input ,  o n th e on e hand ,  an d variation s i n th e relativ e complexit y o f  pro -

cessing ,  o n th e other .  A s lon g a s a  paralle l  mode l  i s limite d s o tha t  i t  obtain s garden-pat h an d 

othe r  classi c psycholinguisti c effect s generall y associate d wit h seria l  models ,  i t  i s  a  vali d model . 

Unti l  recently ,  however ,  seria l  model s hav e bee n generall y preferre d t o paralle l  ones ,  sinc e i t  wa s 

not  obviou s ho w t o constrai n th e powe r  o f  a  fuU y paralle l  model . 

I t  ha s bee n observe d i n a  numbe r  o f  studie s tha t  wor d recognitio n i s paralle l  (Swinney ,  1979 ; 

Tanenhaus ,  Leima n &  Seidenberg ,  1979 ;  Seidenberg ,  Waters ,  Sander s & :  Langer ,  1984) .  Sinc e syn -

tacti c processin g make s us e o f  th e result s obtaine d fro m wor d recognition ,  a  deterministi c syntacti c 

processo r  m a y selec t  onl y on e lexica l  ite m fro m thi s list .  I t  i s  unclea r  ho w t o constrai n th e lexica l 

decisio n tas k impose d o n th e parse r  withou t  recours e t o device s suc h a s look-ahea d o r  multipl e 

passe s ove r  th e inpu t  strin g (cf. ,  th e "attentio n shifts "  o f  Marcus ,  1980) .  Evidenc e indicate s tha t 

lexica l  selectio n i s no t  sensitiv e t o pragmati c knowledg e (Swinney ,  1979) .  Followin g Fodo r  (1983) , 

\̂V e woul d lik e t o than k Ric k Kazma n fo r  hi s comment s o n a n earlie r  draf t  o f  thi s paper . 
^On variation s i n relativ e complexit y o f  processing ,  se e Fodor ,  Garret t  L  Bever ,  1968 ;  Holme s fc  Forster ,  1972 ; 

Hakes,  1972 ;  Rayner ,  Carlso n &  Frazier ,  1983 ;  Frazie r  k .  Rayner ,  1987 ;  Shapiro ,  Zuri f  &  Grimshaw ,  1987 ,  amon g 
others . 
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we assume that syntactic processing is "informationally encapsulated"; that is, the syntactic pro-

cesso r  doe s no t  mak e appea l  t o extra-linguisti c pragmati c knowledge .  Furthermore ,  w e assum e tha t 

syntacti c processin g i s automati c i n tha t  i t  i s  fas t  an d no t  subjec t  t o consciou s manipulation .  A 

paralle l  syntacti c processo r  offer s grea t  uniformit y betwee n lexica l  recognitio n an d sentenc e process -

ing .  Paralle l  syntacti c processin g m a y als o illuminat e th e difficul t  tas k o f  selectin g th e syntacticall y 

appropriat e readin g o f  ambiguou s lexica l  item s withou t  appea l  t o problemati c construct s lik e look -

ahea d an d multipl e passe s b y th e parser .  Recently ,  psycholinguist s hav e reconsidere d parallelis m i n 

th e contex t  o f  sentenc e processin g (Kurtzman ,  1985 ;  GorreU ,  1986 ;  Carlso n k  Tanenhaus ,  1986) , 

althoug h fe w explici t  paralle l  model s hav e bee n formulated .  W e wil l  describ e a  paralle l  algorith m 

fo r  sentenc e processin g whic h i s compatibl e wit h recen t  researc h i n psycholinguistic s i n tha t  i t  pro -

duce s well-know n effects ;  furthermore ,  sinc e th e mode l  i s explicitl y  formalized ,  it s prediction s ar e 

readil y subjec t  t o empirica l  disconfirmation . 

I n thi s pape r  w e presen t  Constraine d Paralle l  Parse r  (CPP) ,  a  parse r  base d o n th e principle s 

of  Government-Bindin g Theor y (Chomsky ,  1981 ;  Chomsky ,  1986) ;  crucially ,  C P P ha s n o separat e 

grammar  rul e modul e containin g language-particula r  rules .  Unlik e man y psycholinguisti c models , 

C PP ha s bee n implemented ;  i t  exist s a s a  C o m m o n L I S P program .  I n th e C P P model ,  distinc t  tre e 

structure s correspon d t o differen t  argumen t  structure s o f  a  give n lexica l  entry .  W h e n a  wor d i s 

input ,  thes e representation s ar e buil t  an d place d i n th e buffer ,  a  on e cel l  dat a structur e tha t  hold s 

a paralle l  lis t  o f  thes e representations .  Hence ,  th e complexit y o f  th e pars e wil l  b e contingen t  o n 

th e numbe r  o f  argumen t  structure s associate d wit h a  lexica l  ite m (cf. ,  Shapiro ,  Zuri f  &  Grimshaw , 

1987) .  C P P contain s a  secon d dat a structure ,  th e stack ,  tha t  i s  o f  th e sam e structur e a s th e 

buffer ,  bu t  ma y b e mor e tha n on e cel l  deep .  Th e parse r  build s tree s i n paralle l  base d o n possibl e 

attachment s mad e betwee n th e buffe r  an d th e to p o f  th e stack .  I n addition ,  th e attachment s ar e 

limite d b y constraint s o n th e algorith m an d constraint s o n th e resultin g representations .  Bot h 

type s o f  constraint s ca n b e show n t o caus e garden-pat h effect s (se e Clark ,  1987 ;  Gibson ,  1987) . 

2. LEXICAL ENTRIES FOR CPP 

A lexica l  entr y accesse d b y C P P consist s i n par t  o f  a  theta-grid .  A  theta-gri d i s a n unordere d 

lis t  o f  thet a structures .  Eac h thet a structur e consist s o f  a  themati c rol e an d associate d subcate -

gorizatio n information .  On e thet a structur e i n a  theta-gri d ma y b e marke d a s indirec t  t o indicat e 

tha t  i t  mus t  b e assigne d t o th e subjec t  o f  th e phrase .  Fo r  example ,  th e wor d shou t  migh t  hav e th e 

followin g theta-grid: ^ 

((Subca t  =  NOUN,  Thematic-Rol e =  AGENT,  INDIRECT ) 

(Subca t  =  PREP,  Thematic-Rol e =  GOAL) 

(Subca t  =  COMP,  Thematic-Rol e =  PROPOSITION) ) 

W h en th e wor d shou t  " *  i s  encountere d i n a n inpu t  phrase ,  th e themati c rol e agen t  wil l  b e 

assigne d t o it s subject ,  a s lon g a s thi s subjec t  is~ a nou n phrase .  Th e direc t  themati c role s goa l 

and propositio n wil l  b e assigne d t o prepositiona l  an d complementize r  phrase s respectively ,  a s lon g 

as eac h i s present .  Sinc e th e orde r  o f  thet a structure s i n a  theta-gri d i s no t  relevan t  t o it s us e i n 

parsing ,  th e abov e theta-gri d fo r  shou t  wil l  b e sufficien t  t o pars e bot h sentence s (2 )  an d (3) . 

Î n a  mor e complet e theory ,  a  syntacti c categor y woul d b e determine d fro m th e themati c role . 
*I n th e curren t  system ,  morphologica l  variatio n i s onl y covere d b y explici t  listin g o f  lexica l  entries .  A  morphologica l 

analysi s componen t  i s propose d t o exten d th e curren t  system . 
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(2) The man shouts to the woman that Ernie sees the rock. 

(3 )  Th e ma n shout s tha t  Erni e see s th e roc k t o th e woman. 

3. THE CPP ALGORITHM 

The C P P mode l  assume s X  Theor y a s presen t  i n Chomsk y (1986) .  Eac h tre e structur e mus t 

hav e a  hea d an d eac h hea d mus t  hav e a  maxima l  projection .  Thes e principle s interac t  wit h othe r 

principle s buil t  int o th e parser ,  {e.g. ,  th e ̂ -Criterion ,  th e Extende d Projectio n Principle ,  Cas e 

Theory )  t o determin e th e position s o f  arguments ,  specifier s an d modifier s wit h respec t  t o th e hea d 

of  a  give n structure .  A s a  result ,  a  specifie r  m a y onl y appea r  a s a  siste r  t o th e one-ba r  projectio n 

be lo w a  m a x i m a l  projection ,  an d th e hea d m u s t  appea r  belo w th e one-ba r  projectio n alon g wit h it s 

a rguments .  Fo r  examp le ,  th e structur e fo r  categorie s i n Englis h i s  s h o w n o n th e lef t  below ,  wit h a 

modifie r  a t tachmen t  o n th e lef t  below . 

Specifie r Specifie r 

Argument s X '  Modifie r 

X Argument s 

T h e Constraine d Paralle l  Parse r  i s a  head-drive n parse r  tha t  build s structur e b y m a k i n g at -

tachment s be twee n th e buflfe r  an d th e to p o f  th e stack .  Fo r  eac h lexica l  entry ,  a  m a x i m a l  projectio n 

of  tha t  entr y i s  place d i n th e buffer .  T h e buffe r  i s a  on e cel l  dat a structur e tha t  contain s a  se t  o f 

tre e structures ,  eac h o f  whic h represent s th e s a m e segmen t  o f  th e inpu t  string .  T h e dat a structur e 

stac k consist s o f  a  stac k o f  buffe r  cells . 

Sinc e C P P ha s n o separat e g r a m m a r  rul e m o d u l e containin g language-specifi c  rules ,  a n at -

tachmen t  be twee n a  structur e i n th e buffe r  an d a  structur e o n th e stac k i s  possibl e base d th e 

configuratio n o f  th e give n parser .  Thi s parse r  contain s constant s tha t  ar e independen t  o f  th e lan -

guag e bein g parse d alon g wit h parameter s tha t  depen d o n th e languag e bein g parsed .  Fo r  example , 

th e fac t  tha t  determiners ,  i f  the y exis t  a s a n independen t  categor y i n a  give n language ,  ar e attache d 

i n th e specifie r  positio n o f  N P follow s f ro m Universa l  G r a m m a r .  W h e t h e r  thi s at tachmen t  take s 

plac e f ro m stac k t o buffe r  o r  f ro m buffe r  t o stac k varie s accordin g t o th e typ e o f  at tachmen t  an d lan -

guag e bein g considered ,  however .  I n English ,  specifie r  at tachmen t  take s plac e f ro m stac k t o buffer , 

indicatin g that ,  i n English ,  specifier s occu r  befor e th e head .  A s a  result ,  a  paramete r  wou l d b e se t 

i n a  parse r  fo r  Englis h tha t  indicate s specifie r  at tachmen t  occur s f ro m stac k t o buffer .  A r g u m e n t s , 

o n th e othe r  h a n d ,  ar e attache d f ro m buffe r  t o stac k i n English ,  sinc e Englis h i s  head-firs t  wit h 

respec t  t o arguments .  A s wit h th e cas e o f  Specifiers ,  thi s orde r  i s th e resul t  o f  settin g a  paramete r 

wh ic h dictate s th e directio n o f  th e at tachmen t  o f  comp lemen t s wit h respec t  t o th e head . 

T h e forma l  C P P algorith m i s  give n below ,  wit h parameter s fo r  at tachmen t  se t  t o pars e 

English . 

1.  (Initializations )  Se t  th e S T A C K t o N I L .  Se t  th e B U F F E R t o N I L . 

2.  (End in g Condit ion )  I f  th e inpu t  strin g i s finished  an d th e B U F F E R i s e m p t y the n retur n th e 

content s o f  th e S T A C K an d stop . 

3.  I f  th e B U F F E R i s e m p t y the n creat e a  m a x i m a l  projectio n fo r  eac h lexica l  entr y correspond -

in g t o th e nex t  wo r d i n th e inpu t  string ,  an d pu t  thi s lis t  o f  m a x i m a l  projection s int o th e 

BUFFER. 
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4. Make all possible attachments between the STACK and the BUFFER, subject to the at-

tachmen t  constraints .  Pu t  th e attache d structure s i n th e B U F F E R.  I f  n o attachment s ar e 

possible ,  the n pu t  th e content s o f  th e B U F F E R o n to p o f  th e S T A C K . 

5.  G o t o 2 . 

Possibl e A t tachment s (parameterize d fo r  English) : 

•  Argumen t  Attachment :  ( B U F F E R t o S T A C K )  I f  a  structur e B  i n th e B U F F E R i s compatibl e 

wit h th e lexica l  requirement s o f  a  structur e A ,  o n to p o f  th e S T A C K ,  the n attac h B  t o A  a s 

an argument . 

•  Specifie r  Attachment :  ( S T A C K t o B U F F E R )  I f  a  structur e A ,  o n to p o f  th e S T A C K ,  i s 

compatibl e a s a  specifie r  o f  a  structur e B ,  i n th e B U F F E R,  the n attac h A  t o B  a s a  specifier . 

•  Pre-Hea d Adjunc t  Attachment :  ( S T A C K t o B U F F E R )  I f  a  structur e A ,  o n to p o f  th e S T A C K , 

i s compatibl e a s a  modifie r  o f  a  structur e B ,  i n th e B U F F E R,  the n attac h A  t o B  a s a  modifier . 

•  Post-Hea d Adjunc t  Attachment :  ( B U F F E R t o S T A C K )  I f  a  structur e B  i n th e B U F F E R i s 

compatibl e a s a  modifie r  o f  a  structur e A ,  o n to p o f  th e S T A C K ,  the n attac h B  t o A  a s a n 

modifier . 

A t tachmen t  Constraints : 

•  Exclusiv e A t tachmen t  Constraint :  I f  a n attachmen t  i s possibl e betwee n tw o structure s 

(on e o n th e stack ,  on e i n th e buffer) ,  the n i t  i s  made .  Al l  node s i n paralle l  tha t  d o no t  tak e 

par t  i n attachment ,  eithe r  o n th e stac k o r  i n th e buffer ,  ar e pruned . 

•  Cas e Filte r  an d ^-Criterion^ :  Afte r  attachment s betwee n stac k an d buffe r  ar e completed , 

i f  a  structur e A  directl y receive s a  necessax y propert y {e.g. ,  a  themati c role ,  abstrac t  Cas e fo r 

a lexica l  nou n phrase) ,  the n prun e al l  representation s i n whic h structur e A  appear s bu t  doe s 

not  directl y receiv e tha t  property .  Fo r  example ,  i f  a  certai n lexica l  nou n phras e NP i  receive s 

Case i n on e representation ,  the n al l  representation s ar e prune d i n whic h NP i  doe s no t  receiv e 

Case. 

•  Lexica l  Requ i remen t  Constraint :  I f  a n attachmen t  i s possibl e tha t  satisfie s th e lexica l 

requirement s o f  som e head ,  the n mak e tha t  attachmen t  an d al l  other s tha t  als o satisf y lexica l 

requirements .  I f  n o suc h attaxrhmen t  i s possible ,  the n mak e an y othe r  possibl e attachment s 

satisfyin g othe r  constraints . 

Th e Exclusiv e Attachmen t  Constrain t  ( E A C )  guarantee s tha t  eac h o f  th e paralle l  structure s 

i n a  buffe r  cel l  represent s th e sam e segmen t  o f  th e inpu t  string .  Thi s uniformit y permit s th e us e 

of  simpl e dat a structures .  Th e E A C i s extende d int o th e Principle s o f  Government-Bindin g theor y 

t o giv e th e C P P version s o f  th e Cas e Filte r  an d -̂Criterion .  Th e Lexica l  Requiremen t  Constrain t 

(LRC )  i s a  parsin g extensio n o f  th e Projectio n Principle^ .  A s a  resul t  o f  thes e constraints ,  garden -

pat h an d othe r  psycholinguisti c effect s occur . 

Th e C P P implementatio n i s o n a  seria l  machine ,  s o th e parallelis m mus t  b e mimicked .  Th e 

parse r  stil l  run s quit e fast ,  averagin g abou t  one-tent h o f  a  secon d pe r  wor d o n a  Hewlet t  Packar d 

9000/35 0 wit h 8  megabyte s o f  R A M .  Thi s spee d ca n b e partiall y  attribute d t o th e empiricall y 

observe d fac t  tha t  mos t  parallehs m die s ver y quickl y usin g th e C P P algorithm . 

*Th e Cas e Filte r  state s tha t  a  lexica l  nou n phras e mus t  receiv e abstrac t  Case .  Th e ̂ -Criterio n state s tha t  al l 
argument s mus t  receiv e exactl y on e themati c rol e an d tha t  al l  themati c role s mus t  b e assigned . 

*Th e Projectio n Principl e state s tha t  al l  lexica l  requirement s mus t  b e satisfied . 
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4. GARDEN-PATH EFFECTS AND CPP 

To illustrat e th e algorith m i n action ,  conside r  th e garden-pat h sentence ,  sentenc e (4) : 

(4 )  Th e maoi  walke d t o th e statio n at e th e cake . 

Thi s i s a  garden-pat h sentenc e becaus e walke d t o th e statio n i s misanalyze d a s matri x leve l 

ver b phrase :  t o obtai n a  grammatica l  sentence ,  walke d t o th e statio n mus t  b e analyze d a s a  reduce d 

relativ e claus e modifyin g th e nou n phras e th e man . 

The pars e begin s wit h th e placemen t  o f  a  maxima l  projectio n fo r  th e determine r  th e i n th e 

buffer .  Sinc e ther e i s nothin g o n th e stack ,  n o attachment s ca n b e made ,  an d th e determine r  phras e 

simpl y move s t o th e stack .  Th e secon d word ,  man ,  i s the n rea d fro m th e inpu t  string .  Sinc e ma n 

has bot h nou n Jin d ver b entrie s i n th e lexicon ,  a  maxima l  projectio n fo r  eac h readin g enter s th e 

buffer ,  a s show n below : 

BUFFER:  (  In h [y v L n ^o n ]] ] 

[ y C v Cv ma n ]] ]  ) 

STACK:  ( (  \.Det » Coet '  iOe t  /̂i C ]] ]  ) ) 

We not e that ,  a t  thi s point ,  th e relativ e processin g loa d ha s increase d du e t o th e ambiguit y 

of  man .  N o w tha t  bot h th e stac k an d buffe r  ar e non-empty ,  attachment s m a y b e tried .  Argumen t 

attachmen t  fails ,  sinc e th e structur e o n to p o f  th e stack ,  th e determine r  phras e representin g the ,  ha s 

no lexica l  requirements .  Sinc e a  determine r  canno t  modif y o r  b e modifie d b y eithe r  a  nou n o r  ver b 

phrase ,  bot h pre -  an d post-hea d modifie r  attachment s fail .  Specifie r  attachmen t  fail s  betwee n th e 

determine r  an d th e verb ,  bu t  succeed s betwee n th e determine r  an d th e noun ,  sinc e a  determine r  i s 

a possibl e specifie r  fo r  a  nou n phrase.' ^  Th e nou n phras e resultin g fro m attachmen t  i s the n place d 

i n th e buffer .  Sinc e th e ver b phras e readin g o f  m a n di d no t  tak e plac e i n th e attachment ,  i t  i s 

prune d fro m th e pars e b y th e Exclusiv e Attachmen t  Constraint .  A t  thi s point ,  th e complexit y o f 

th e pars e decreases ,  sinc e on e representatio n ha s bee n eliminated .  Th e content s o f  th e buffe r  ar e 

the n move d ont o th e stac k an d maxima l  projection s fo r  th e nex t  inpu t  word ,  walked ,  ar e place d i n 

th e buffer .  Thes e projection s consis t  o f  a  ver b phras e representin g th e passiv e participl e walked ,  a s 

wel l  a s a n Inf l  phras e representin g th e tense d ver b walked. ^ 

BUFFER:  (  [/„/// /  walke d ] 

Iv "  walke d ] 

STACK:  ( (  Ctv "  th e m a n ]  ) ) 

Argumen t  attachmen t  fails ,  sinc e th e nou n phras e th e m a n ha s n o lexica l  requirements .  Spec -

ifie r  attachmen t  succeed s betwee n th e Inf l  phras e an d th e nou n phrase ,  a s wel l  a s betwee n th e ver b 

phras e an d th e nou n phrase .  Modifie r  attachmen t  als o succeed s betwee n th e nou n phras e i n th e 

buffe r  an d th e ver b phras e o n th e stack .  Sinc e nominativ e Cas e i s assigne d t o th e N P specifie r  o f 

th e Inf l  phras e attachment ,  th e Cas e Filte r  i s  activated .  N o Cas e i s  assigne d t o th e N P th e m a n 

i n th e smal l  claus e ver b phras e readin g o r  i n th e nou n phras e wit h modifie r  reading ,  s o thes e tw o 

''Thi s i s presumabl y a  theore m o f  Universa l  Grammar .  Tha t  is ,  a  determine r  may b e attache d a s th e Specifie r 
of  a  nou n phrase .  Thus ,  provide d tha t  a  languag e ha s determiners ,  the y wil l  b e attache d a s [Spec ,  N] .  We assume , 
furthermore ,  tha t  U G allow s onl y thi s rol e fo r  determiners ;  the y canno t  b e modifier s o f  V P fo r  example . 

*Th e categor y /«/ ? contain s inflectio n information .  A n Inf l  phras e i s automaticall y buil t  fo r  an y tense d verb ,  sinc e 
tens e reside s i n Inf l  i n th e G B framework . 
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representations are pruned. As a result, the reduced relative clause reading of the phrase walked 

t o th e statio n i s ignored ,  whic h eventuall y lead s t o th e garden-pat h effect .  Maxima l  projection s fo r 

th e wor d t o no w ente r  th e buffer :  a  prepositiona l  phras e an d Inf l  phrase .  Bot h attac h a s modifier s 

t o th e matri x ver b phrase .  Th e determine r  th e the n enter s th e buffer .  N o attachment s ax e possibl e 

at  thi s point ,  s o th e content s o f  th e buffe r  ar e pushe d ont o th e stack .  A  maxima l  projectio n fo r 

th e nou n statio n i s the n place d i n th e buffe r  an d th e determine r  o n to p o f  th e stac k attache s t o it . 

The stat e o f  th e pars e a t  thi s poin t  i s a s follows : 

BUFFER:  (  [/„//- /  U "  th e m a n ]  [/„// /  Iv "  I v I v walke d ip » t o ]]]]] ] 

t/n// "  In "  ih e m a n ]  [/„// -  [y/ /  [ v i v  walke d icomp "  ilnfl "  t o ]]]]]] ] 

STACK:  ( (  [;v "  ih e statio n " ]  ) ) 

Onl y argumen t  attachmen t  succeed s fo r  th e prepositiona l  readin g o f  to ,  whil e n o attachmen t 

i s possibl e fo r  th e Inf l  readin g o f  to .  Th e Exclusiv e Attachmen t  Constrain t  therefor e prune s th e 

structur e containin g th e embedde d Inf l  reading . 

The tense d Inf l  phras e at e no w enter s th e buffer .  N o attachment s ar e possibl e betwee n 

th e tw o Inf l  phrase s an d th e Extende d Projectio n Principle ^  i s  violated .  Th e garden-pat h effec t 

foUow s naturall y fro m genera l  constraint s o n th e parallelis m displaye d b y th e parser .  Thes e sam e 

constraint s ar e partiall y  responsibl e fo r  th e observe d spee d o f  th e parser . 

5. CONCLUSIONS 

We hav e describe d a  paralle l  parsin g mode l  that ,  lik e seria l  deterministi c models ,  obtain s 

garden-pat h effects .  Th e desig n o f  th e parse r  follow s fro m curren t  wor k i n syntacti c theory .  Th e 

representation s posite d b y th e parse r  mus t  obe y certai n constraint s (th e Cas e Filter ,  ̂ -Criterion , 

etc.) .  Furthermore ,  i n keepin g wit h th e spiri t  o f  recen t  wor k i n Government-Bindin g theor y (Stowell , 

1981 ;  Chomsky ,  1985) ,  th e parse r  make s n o us e o f  language-particula r  gramma r  rules .  Th e absenc e 

of  language-particula r  rules ,  i n conjunctio n wit h constraint s o n parallelis m ar e responsibl e fo r  muc h 

of  th e spee d o f  th e parser .  Give n th e parser' s abilit y  t o replicat e phenomen a lik e garden-pat h effects , 

we fee l  tha t  researc h alon g thes e line s ca n d o muc h t o illuminat e th e relationshi p betwee n knowledg e 

and it s use .  Finally ,  w e not e tha t  th e Constraine d Paralle l  Parse r  i s a  genuinel y paralle l  parser . 

Unlimite d paralle l  parser s canno t  obtai n garden-pat h effects ,  becaus e o f  thei r  inabilit y t o err .  Th e 

C PP model ,  sinc e i t  i s  severel y constrained ,  doe s no t  suffe r  thi s defect .  Hence ,  psycholinguisti c 

theory ,  whil e correc t  i n abandonin g unconstraine d parallelism ,  stand s t o profi t  fro m th e stud y 

of  constraine d paralle l  algorithms .  Finally ,  th e C P P algorith m provide s a  non-trivia l  alternativ e 

t o standar d method s o f  parsin g tha t  mak e us e o f  charts ,  network s o r  case-frames ;  th e algorith m 

has th e potentia l  o f  yieldin g a n interestin g forma l  basi s fo r  th e empirica l  stud y o f  adul t  sentenc e 

processing . 
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ABSTRACT 

This paper reports on development of a natural language processing 

syste m base d o n h u m a n communicatio n theory .  Ou r  system ,  D I A L S (fo r 

D I A L o g u e Structures) ,  implement s an d extend s th e theor y o f 

metacommunicatio n develope d i n th e fiel d o f  h u m a n speec h 

communication .  Th e theor y o f  Dialogu e Structure s i s base d o n researc h 

showin g tha t  th e interpretatio n o f  conversatio n i s enable d b y 

metacommunication s helpfu l  i n managin g interaction s an d tha t  indirec t 

request s ar e usuall y pattern s expressin g relationship s i n th e interactio n 

rathe r  tha n simpl y expressin g th e conten t  o f  th e request .  A s such , 

indirec t  request s ar e bes t  interprete d b y a  semanti c g ramma r  exper t  a t 

managin g communciation ,  rathe r  tha n a  semanti c g r a m m a r  knowledgabl e 

on som e specifi c  tas k domain .  Ou r  system ,  base d o n thi s approach , 

correctl y interpret s al l  indirec t  request s fro m a  corpu s o f  150 0 request s 

transcribe d fro m tap e recording s wit h a  combine d tota l  o f  ove r  8 0 

minute s o f  continuou s conversatio n o f  2 7 dialogue s betwee n airlin e 

reservatio n agent s an d customers . 

INTRODUCTION 

We approach the programming of NLP systems from the 

perspectiv e o f  h u m a n communicatio n theory .  W e believ e tha t  th e theor y 

of  metacommunicatio n (Sanfor d &  Roach ,  1987a ,  1987b ,  1987c ,  1988 ,  i n 

press )  provide s a n approac h t o framin g linguisti c utterances .  Indeed ,  w e 

argu e tha t  th e communicativ e behavio r  o f  th e interactant s i s mor e 

importan t  tha n task-specifi c  knowledg e fo r  makin g suc h inferences .  Ou r 

^  Th e researc h reporte d her e wa s conducte d a t  Virgini a Tec h an d constitute s 
partia l  completio n o f  th e requirement s fo r  th e Ph .  D .  o f  Davi d L .  Sanfor d a t  th e 
Universit y o f  Illinois . 

2 Currentl y at :  Boein g Aerospac e 
Mai l  Stop :  82-5 8 
P.O.  Bo x 399 9 
Seattle .  W A 9812 4 
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theory of Dialogue Structures currently does not cover the entire domain 

of  interpersona l  interaction .  Peopl e wit h a  histor y o f  interactio n develo p 

uniqu e phrasing s an d interpretations ,  requirin g representation s o f 

m e m o ry structure s fo r  interpersona l  relationship s tha t  w e hav e no t 

develope d yet .  Therefore ,  w e ar e focusin g ou r  initia l  researc h o n 

context s tha t  involv e stranger s interacting .  I n particular ,  w e choos e t o 

focu s o n interaction s betwee n airlin e reservatio n customer s an d agents , 

whic h involve s utterance s ric h wit h requests .  I n thi s paper ,  w e wil l 

explai n h o w D I A L S (ou r  implementatio n o f  D I A L o g u e Structures ) 

identifie s an d use s metacommunicationa l  knowledg e t o determin e th e 

meanin g o f  indirec t  request s uttere d i n suc h contexts .  W e canno t  explai n 

everythin g abou t  ou r  theor y i n seve n pages ,  s o ou r  explanatio n o f  th e 

theor y wil l  b e incomplete ,  a t  best . 

INDIRECT REQUESTS 

Grosz (1980) and Allen (1983) define indirect requests as requests 

i n whic h th e surfac e utteranc e appear s t o b e askin g fo r  a  yes/n o 

response ,  whil e th e underlyin g intentio n i s t o ge t  somethin g else .  W e 

conside r  indirec t  request s t o b e conventionalize d phrasing s o f  pleadin g 

"imperativ e force, "  a  metacommunicationa l  expressio n use d t o manag e 

interactio n rathe r  tha n a  sourc e o f  task-specifi c  information .  W e divid e 

thi s sectio n int o tw o parts :  w e firs t  analyz e h o w peopl e us e indirec t 

request s an d the n w e explai n h o w D I A L S handle s indirec t  requests . 

How People Use Indirect Requests 

There are two possible functions of requests worded indirectly: 

first ,  the y ar e no t  trul y indirec t  an d ar e askin g fo r  a  yes/n o response ; 

second ,  the y ar e trul y indirec t  an d expec t  th e responden t  t o d o more .  A 

communicato r  i s confronte d wit h decidin g whic h i s intende d an d why . 

Knowledge Needed for Analyzing Indirect Requests 

Content metaknowledge. When an "indirect request" is actually 

direct ,  i.e. ,  w h e n th e requesto r  want s a  yes/n o response ,  metaknowledg e 

abou t  th e tas k domai n i s neede d t o answe r  th e question .  Firs t  conside r 

an exampl e fro m Alle n (1983) :  " D o yo u k n o w w h e n th e Windso r  trai n 

leaves? "  H o w coul d a  N L P syste m determin e whethe r  t o answe r  thi s 

wit h a  ye s o r  no ? I t  coul d examin e it s database ,  seein g i f  i t  ca n fin d a 

departur e tim e fo r  a  trai n heade d t o Windsor .  I f  i t  find s suc h a n entry , 

the n i t  answer s "yes" ;  i f  not ,  i t  answer s "no. "  Eithe r  way ,  i t  determine s 

th e embedde d reques t  an d base s it s answe r  o n it s succes s a t  fulfillin g th e 
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underlying request. But consider this strategy with an example from 

Gros z (1980) :  "Ca n yo u hel p m e ge t  a  banana? "  T o answer ,  i t  trie s t o 

hel p ge t  a  banana .  I f  i t  i s  successfu l  a t  gettin g a  banana ,  the n i t  say s 

"yes. "  Bu t  w e bega n b y assumin g tha t  th e requesto r  simpl y wante d a 

yes/n o response .  T o giv e suc h a  response ,  thi s strateg y require s tha t  th e 

embedde d indirec t  reques t  b e fulfilled .  Th e bette r  strateg y i s t o provid e 

th e syste m wit h metaknowledg e abou t  th e tas k domain .  I t  mus t  no t  onl y 

k n o w thing s (e.g. ,  departur e time s o f  trains )  an d b e abl e t o d o thing s (e.g. , 

get  bananas) ,  bu t  mus t  k n o w tha t  i t  know s the m o r  tha t  i t  ca n d o them . 

Thi s wa s firs t  recognize d w h e n Joh n McCarth y (1968 )  propose d 

knowledg e structure s tha t  include d th e "canult "  metaknowledg e 

structure ,  i.e. ,  tha t  th e syste m "ca n ultimately "  d o something . 

Relationshi p m e t a k n o w l e d g e .  N o w conside r  th e alternative , 

tha t  th e "indirec t  request "  i s  actuall y indirect .  Th e syste m parse s th e 

indirec t  request ,  " D o yo u k n o w whe n th e Windso r  trai n leaves? "  check s 

it s metaknowledg e an d find s tha t  i t  ca n indee d provid e th e information . 

I t  coul d sto p ther e an d simpl y sa y "yes. "  Bu t  w e ar e assumin g tha t  thi s i s 

an indirec t  request .  H o w doe s th e syste m k n o w this ? I t  need s othe r 

metaknowledg e usefu l  fo r  inferrin g tha t  "yes "  i s insufficient .  O n e 

valuabl e typ e o f  metaknowledg e woul d involv e som e additiona l 

knowledg e abou t  th e tas k domain .  Fo r  example ,  i t  woul d b e usefu l  t o 

k n o w tha t  havin g informatio n abou t  trai n departur e time s i s ofte n 

neede d t o rid e a  train .  Thi s i s informatio n abou t  a  speaker' s tas k goal s o r 

intentions ,  i n thi s case ,  th e goa l  o f  ridin g o n a  train . 

W hy di d th e speake r  us e indirectio n t o as k w h e n i t  leaves ? S o m e 

theorist s (e.g. ,  Searle ,  1975 )  sa y tha t  speaker s us e indirectio n t o appea r 

polite .  N o w w e ar e n o longe r  talkin g abou t  intention s relate d t o a  singl e 

tas k domain ,  suc h a s trai n transportation ,  bu t  t o a  secon d tas k domai n 

abou t  managin g interpersona l  relationships .  Thi s i s communicatio n 

relate d t o a  specia l  typ e o f  metaknowledge ,  calle d "metacommunication. " 

We finall y arriv e a t  ou r  majo r  theoretica l  hypothesis ,  tha t  ther e ar e tw o 

type s o f  metaknowledg e neede d t o handl e indirec t  requests :  conten t 

metaknowledg e abou t  tas k domains ,  suc h a s bookin g reservations ,  an d 

relationshi p metaknowledg e abou t  managin g interactions . 

Behavioral Data on Use of Indirect Requests 

Our research is based on a collection of 1500 requests transcribed 

fro m 2 7 telephon e conversation s betwee n airlin e reservatio n agent s an d 

customers .  I n additio n t o ou r  o w n collectio n o f  actua l  h u m a n behavior , 

some o f  thi s analysi s i s base d o n th e behaviora l  researc h o f  others . 

Frequenc y o f  use .  Ou t  o f  ou r  150 0 sentences ,  onl y 17 ,  o r  1.13% , 

ar e indirec t  requests .  Thi s m a y soun d surprising ,  considerin g tha t 
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interaction s betwee n airlin e reservatio n agent s an d customer s i s a 

contex t  i n whic h ther e ar e a  grea t  m a n y requests .  Althoug h indirec t 

request s see m t o b e seldo m used ,  whe n the y ar e use d the y shoul d b e 

correctl y interprete d b y a  N L P system .  Interestingly ,  o f  ou r  2 7 

conversations ,  th e 1 7 indirec t  request s appea r  i n onl y 1 1 conversations . 

O ne conversatio n ha s thre e indirec t  requests ,  fou r  conversation s contai n 

tw o indirec t  request s each ,  si x conversation s contai n on e indirec t  reques t 

each ,  an d 1 6 o f  th e conversation s hav e n o indirec t  requests . 

Ev idenc e o n orde r  o f  analysi s fo r  indirec t  requests .  I f  th e 

surfac e meanin g i s automaticall y interprete d first ,  becaus e i t  woul d tak e 

mor e wor k an d tim e t o g o on ,  mistake s woul d mor e likel y involv e sayin g 

"yes "  o r  " no "  w h e n th e requesto r  reall y wante d somethin g more .  I f  th e 

surfac e for m i s ignore d an d th e underlyin g meanin g i s processe d first , 

the n mistake s woul d mor e likel y involv e sayin g o r  doin g mor e w h e n onl y 

a yes/n o respons e wa s sought .  Conside r  i f  someon e asks ,  " D o yo u k n o w 

th e time? "  an d receive s th e response ,  "Yes. "  Th e requesto r  assume s tha t 

th e responden t  i s bein g uncooperativ e o r  funny ;  peopl e generall y d o no t 

us e languag e i n suc h a  naiv e manner .  Bu t  w h e n peopl e giv e mor e w h e n 

onl y a  yes/n o respons e i s wanted ,  th e requesto r  i s mor e likel y t o accep t 

i t  a s a  mistak e i n interpretation .  A n d i n referenc e t o th e tim e take n t o 

proces s th e direc t  vs .  indirec t  meanings ,  w h e n researcher s measure d th e 

tim e take n b y adult s t o interpre t  request s tha t  wer e embedde d i n a  stor y 

context ,  i t  actuall y too k longe r  t o understan d surfac e meaning s tha n 

indirec t  meaning s (Gibbs ,  1979) . 

Representing Metacommunication for Indirect Requests 

Our representation of requests starts with a typology of 22 

categorie s o f  reques t  form s base d o n ou r  researc h int o th e "imperativ e 

force "  wit h whic h a  reques t  i s phrased .  Indirec t  request s expres s 

pleadin g imperativ e forc e an d appea r  i n si x categorie s (se e Tabl e 1) . 

I n additio n t o representin g th e for m o f  request s i n English ,  Dialogu e 

Structure s provide s a  representatio n o f  th e conversatio n a s a  networ k o f 

interactin g participant s (Sanfor d &  Roach ,  1988) .  Thi s representatio n 

include s no t  onl y w h o i s speakin g t o w h o m ,  bu t  w h o i s speakin g fo r 

w h o m.  Tha t  is ,  i t  i s  c o m m o n fo r  on e perso n t o ac t  a s a  communicativ e 

"proxy "  fo r  anothe r  person ,  e.g. ,  a  secretar y i s "deputized "  t o spea k fo r 

his/he r  bos s an d th e reservatio n agen t  i s "deputized "  t o spea k fo r  th e 

airline s i n negotiatin g th e sal e o f  a  ticket .  Usually ,  thi s "proxy/deputer " 

structur e remain s i n th e background .  Occasionall y i t  i s  m a d e explici t 

suc h a s i n on e o f  ou r  transcripts ;  w h e n a n agen t  doe s no t  wan t  t o b e 

blame d fo r  th e hig h cos t  o f  a  ticket ,  sh e says ,  " T W A i s showin g m e a  fare , 

hig h seaso n o f  $70 3 base d ou t  o f  Washington. " 
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When two people are interacting, they usually act as proxies for 

separat e people ,  tha t  is ,  bot h spea k fo r  themselve s o r  someon e else .  Bu t 

occasionally ,  on e participan t  speak s fo r  th e othe r  participan t  i n th e 

conversation .  I n thi s case ,  a n indirec t  reques t  provide s adde d 

complications .  Befor e showin g h o w w e handl e thi s case ,  le t  u s conside r 

th e simple r  cas e i n whic h eac h i s speakin g fo r  someon e othe r  tha t  th e 

othe r  participant . 

W h en a n indirec t  reques t  i s encountered ,  D I A L S ha s a  se t  o f  rule s 

fo r  transformin g suc h pattern s int o a  direct ,  canonica l  form .  Fo r  example , 

an indirec t  patter n suc h a s " D o yo u k n o w "  i s transforme d int o " I  reques t 

t o k n o w "  an d "Ca n yo u hel p m e "  i s transforme d int o " I  reques t  yo u hel p 

me. "  I n th e cas e wher e on e speake r  i s actin g a s a  prox y fo r  th e othe r 

speaker ,  th e se t  o f  transformation s ar e slightl y different .  Fo r  example ,  i f 

th e speake r  want s t o us e a  pa y phone ,  " D o yo u hav e a  dime? "  i s 

transforme d int o " I  reques t  t o hav e a  dime. "  Bu t  w h e n th e heare r  i s 

tryin g t o us e a  pa y phon e an d i s checkin g hi s pocket s o r  he r  purse ,  th e 

speake r  i s actin g a s a  prox y fo r  th e heare r  w h e n stating ,  " D o yo u hav e a 

d ime? "  an d thi s i s transforme d int o " I  reques t  t o giv e yo u a  dime. " 

Th e ful l  se t  o f  indirec t  request s fro m ou r  protocol s an d thei r 

respectiv e direc t  transformation s ar e presente d i n Tabl e 1 .  A s i t  shows , 

al l  1 7 o f  th e indirec t  request s i n ou r  protoco l  collectio n o f  150 0 request s 

ar e correctl y transforme d b y D I A L S .  Th e identificatio n o f  th e for m an d 

imperativ e forc e o f  eac h reques t  an d th e transformatio n t o a  standar d 

for m take s betwee n 3  an d 1 4 C P U second s usin g a  1  klip s P R O L OG 

interprete r  runnin g o n a  V A X 11/780 .  D I A L S ca n identif y th e categor y 

of  an d transfor m ove r  500 0 surfac e form s o f  a  singl e underlyin g reques t 

conten t  i n comparabl e time . 

CONCLUSION 

The main problem with current approaches to analyzing indirect 

request s i s tha t  the y ar e tryin g t o m a k e inference s abou t  th e relationshi p 

componen t  o f  communicatio n b y usin g content-base d knowledge . 

Indirec t  request s ar e conventionalize d pattern s fo r  expressin g 

metacommunicationa l  information .  T o pars e the m correctl y require s a 

patter n parse r  tha t  know s th e form s i n whic h request s m a y b e 

embedded ,  h o w t o transfor m suc h forms ,  an d th e metacommunicatio n 

bein g expresse d b y th e forms .  Ther e ar e component s o f  th e theor y o f 

Dialogu e Structure s tha t  impac t  th e analysi s o f  indirec t  requests ,  suc h a s 

element s representin g th e socia l  contex t  o f  conversations ,  tha t  wer e no t 

mentione d her e du e t o a  lac k o f  space .  Ou r  system ,  D I A L S ,  know s ou r 

behaviorall y validate d typolog y o f  reques t  forms ;  i t  know s h o w t o 

transfor m request s int o an d ou t  o f  eac h category ,  includin g transformin g 
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from indirect to direct forms; and it knows the "imperative force," i.e., the 

metacommunicationa l  value ,  o f  th e form s associate d wit h eac h categor y 

of  reques t  pattern .  Thi s ca n b e see n b y th e fac t  tha t  D I A L S correctl y 

transforme d al l  example s o f  indirec t  request s fro m a  corpu s o f  actua l 

h u m an dialogu e comprise d o f  2 7 conversation s wit h a  tota l  combine d 

tim e o f  ove r  8 0 minute s o f  continuou s conversation .  D I A L S ca n identif y 

th e categor y an d imperativ e forc e o f  an d transfor m ove r  500 0 

conventionalize d surfac e form s o f  requests . 
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Table 1 
18 Indirec t  Request s an d Thei r  Direc t  Transformation s 

Indirec t  Rcqugst s CPU Sees /  Direc t  Transformation s 

Modal-Auxiliarie s 
3.3 1 (1 )  I  reques t  yo u mak e tha t  later . 

(2 )  I  reques t  t o kno w i f  ther e i s a 
meal  serve d o n tha t  flight . 
(3 )  I  reques t  t o kno w i f  i t  i s  possibl e 
t o ge t  a  koshe r  mea l  o n th e plane . 
(4 )  Well ,  the n I  reques t  yo u chec k an d 
see i f  yo u ca n rout e u s bac k throug h 
Pittsburgh . 
(5 )  I  reques t  t o hav e somethin g 
maybe earlie r  tha n that . 
(6 )  I  reques t  t o kno w ho w muc h th e 
far e wil l  be . 
(7 )  I  reques t  yo u hol d o n jus t  a  second . 

(1 )  Coul d yo u mak e tha t  later ? 
(2 )  Ca n yo u tel l  m e i f  ther e i s a 
meal  serve d o n tha t  flight ? 
(3 )  Ca n yo u tel l  m e i f  i t  i s  possibl e 
t o ge t  a  koshe r  mea l  o n th e plane ? 
(4 )  Well ,  the n ca n yo u chec k an d 
see i f  yo u ca n rout e u s bac k throug h 
Pittsburgh ? 
(5 )  Coul d yo u giv e m e somethin g 
maybe earlie r  tha n that ? 
(6 )  Ca n yo u tel l  m e ho w muc h th e 
far e wil l  be ? 
(7 )  Coul d yo u hol d o n jus t  a  second ? 6.2 5 

Asking-for-Sugges t  io n 
(8 )  D o yo u kno w ho w lon g yo u wil l  11.7 5 (8 )  I  reques t  t o kno w ho w lon g yo u 
be stayin g i f  yo u leav e o n th e 5th ? wil l  b e stayin g i f  yo u leav e o n th e 5th . 

Asking-for-Permissio n 

10.1 4 

12.9 2 

13.9 4 

5.0 9 

5.2 8 

(9 )  I  reques t  t o hav e you r  las t  name ,  sir . 
(10 )  I  reques t  t o hav e a  nam e an d 
phon e number . 
(11 )  I  reques t  t o hav e you r 
busines s phon e number . 

(9 )  Ma y I  hav e you r  las t  name ,  sir ? 4.3 7 
(10 )  Coul d I  hav e a  nam e an d 5.5 5 
phon e number ? 
(11 )  Coul d I  hav e you r  4.5 8 
busines s phon e number ? 

Asking-about-Convenienc e 
(12 )  Woul d yo u min d checkin g o n 3.6 4 (12 )  I  reques t  yo u chec k o n 
tha t  fo r  me ? tha t  fo r  me . 

Interrogative-Indicative s 
(13 )  Ar e ther e an y 12.1 6 
othe r  flight s tha t  I  coul d take , 
lik e route d differently ? 
(14 )  Ar e ther e late r  4.0 0 
ones ? 
(15 )  I s ther e 8.5 6 
any late r  flight s tha n tha t  9:55 ? 
(16 )  I s ther e a  5.0 2 
mornin g flight ? 
(17 )  I s ther e on e 

(13 )  I  reques t  yo u tel l  m e abou t  an y 
othe r  flight s tha t  I  coul d take , 
lik e route d differently . 
(14 )  I  reques t  yo u tel l  m e abou t  late r 
ones . 
(15 )  I  reques t  yo u tel l  m e abou t 
any late r  flight s tha n tha t  9:55 . 
(16 )  I  reques t  yo u tel l  m e abou t  a 
mornin g flight . 
(17 )  I  reques t  yo u tel l  m e abou t  on e 
tha t  get s ther e lik e i n th e afternoon . 

10.2 0 
tha t  get s ther e lik e i n th e afternoon ? 

Request-to-Reques t 
(̂18 )  Ca n I  as k yo u t o chec k o n tha t  3.6 0 (̂18 )  I  reques t  yo u chec k o n tha t 

fo r  me ? fo r  me . 

^  Measurement s o f  tim e take n t o perfor m transformation s wer e mad e wit h a  1  klip s 
P R O L OG interprete r  runnin g o n a  V A X 11/780 . 

f  Thi s i s a n exampl e mad e u p t o complet e th e categorie s o f  indirec t  requests .  Thi s 
categor y wa s no t  use d i n th e 150 0 request s tha t  compris e ou r  protocols . 
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Interpretatio n o f  Quantifie r  Scop e Ambiguit ie s 

Howard S. Kurtzman Maryellen C. MacDonald 

Cornel l  Universit y Carnegi e Mello n Universit y 

A sentence like (1) exhibits a quantifier scope ambiguity: 

(1 )  Ever y ki d climbe d a  tree . 

It s meanin g ma y correspon d t o eithe r  o f  th e logica l  structure s represente d i n 12 1 an d (3) . 

(2 1 ( V x )  ( 3 y )  ( x i s a  ki d &  y  i s a  tre e &  x  climbe d y l 

(  =  Fo r  ever y ki d x .  ther e i s a  tre e y ,  suc h tha t  x  climbe d y. ) 

(3) (3yMV x) (x is a kid & y is a tree & x climbed y) 

(  =  Ther e i s a  tre e y ,  suc h tha t  fo r  ever y ki d x ,  x  climbe d y. l 

Thes e logica l  structure s diffe r  onl y i n th e relativ e scope s o f  thei r  quantifie d terms .  I n th e 

interpretatio n i n (3) .  ther e i s on e particula r  tre e whic h ever y ki d climbed .  I n (21 ,  eac h ki d 

di d no t  necessaril y  clim b th e sam e tree ;  rather ,  ther e ma y hav e bee n mor e tha n on e tree . 

wit h differen t  kid s climbin g eac h tre e (o r  perhap s jus t  on e ki d pe r  tree! .  Th e firs t 

quantifie d ter m i n eac h orderin g i s sai d t o hav e wid e scope ,  th e secon d narro w scope . 

S o me theoretica l  an d computationa l  linguist s hav e claimed ,  o n th e basi s o f  intuitions . 

tha t  th e preferre d interpretatio n o f  sentence s lik e (1 )  correspond s t o th e structur e i n (2 ) 

(VanLehn .  1978 :  Kempso n &  Cormack .  1981 :  Fodor .  1982) .  B y "preferred "  i t  i s  mean t  tha t 

thi s interpretatio n i s th e on e perceiver s ten d t o arriv e a t  firs t  and/o r  t o conside r  mor e 

likel y o r  appropriate .  Simila r  claim s hav e bee n mad e fo r  th e preferre d interpretatio n o f  (4 ) 

correspondin g t o th e logfica l  structur e represente d i n (5 )  rathe r  tha n i n (6) : 

(4 )  A  ki d climbe d ever y tree . 

(5) ( 3x) (Vy) (x is a kid & y is a tree & x climed y) 

(=Ther e i s a  ki d x .  suc h tha t  fo r  ever y tre e y .  x  climbe d y. ) 

(6) (Vy) < 3 X) (x is a kid & y is a tree & x climed y) 

(Fo r  ever y tre e y .  ther e i s a  ki d x .  suc h tha t  x  climbe d y. ) 

Fodo r  (1982 )  ha s suggeste d tha t  thes e preference s ste m fro m a  processin g strateg y 

accordin g t o whic h th e preferre d scop e orderin g o f  quantifie d nou n phrase s (NPs )  i s th e 

same a s th e surfac e orderin g o f  th e NP s i n th e sentence .  Suc h a  strateg y coul d b e 

plausibl y implemente d b y th e constructio n o f  th e initia l  meanin g representatio n proreerlin g 

incrementall y a s th e sentenc e i s continuousl y processe d wor d b y wor d o r  phras e b y phrase . 

Thi s surfac e orderin g strateg y i s essentiall y  a  clai m concernin g on-lin e processing ,  ye t  th e 

onl y availabl e dat a i n suppor t  o f  thi s clai m ar e off-lin e intuitions .  Ther e i s thu s n o 

evidenc e concernin g ho w stron g thes e preference s are .  whethe r  factor s othe r  tha n surfac e 
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ordering influences interpretation, or whether the ultimately-preferred interpretations are the 

onl y one s availabl e durin g initia l  processin g o f  thes e sentences . 

The presen t  experimen t  seek s t o obtai n mor e direc t  evidenc e concernin g whic h 

interpretation s ar e availabl e durin g processin g o f  a  scop e ambiguity .  Th e approac h i s t o 

hav e subject s firs t  rea d a  scop e ambiguou s sentenc e an d the n rea d a  sentenc e whic h i s 

consisten t  wit h on e interpretatio n o f  th e ambiguity .  Th e subjects '  tas k i s t o judg e whethe r 

th e secon d sentenc e i s compatibl e wit h th e first .  Fo r  example ,  followin g (1) .  (7 )  i s  (more ) 

consisten t  wit h th e interpretatio n correspondin g t o (2) .  an d (8 )  i s consisten t  wit h th e 

interpretatio n correspondin g t o (3) . 

(7 1 Th e tree s wer e ful l  o f  apples . 

(8 )  Th e tre e wa s ful l  o f  apples . 

Similarly ,  followin g (4) .  (9 > i s consisten t  wit h th e interpretatio n correspondin g t o (51 .  whil e 

(10 )  i s (more )  consisten t  wit h th e interpretatio n correspondin g t o (6) . 

(9 )  Th e ki d wa s ful l  o f  energy . 

(10 )  Th e kid s wer e ful l  o f  energy . 

By examinin g subjects '  response s an d respons e time s t o thes e secon d sentences ,  i t  i s 

possibl e t o infe r  whic h interpretation(s )  subject s giv e th e firs t  sentence .  B y encouragin g 

subject s t o decid e a s soo n a s the y hav e rea d bot h sentences ,  dat a ca n b e obtaine d i n a 

more on-lin e task ,  withou t  callin g attentio n t o th e ambiguities . 

M E T H OD 

Subject s 

Twenty-fou r  colleg e student s i n th e Pittsburg h are a wer e pai d t o participat e i n th e 

experiment .  Al l  subject s wer e nativ e speaker s o f  English . 

Material s 

Al l  3 2 experimenta l  passage s containe d 2  sentences .  Th e firs t  sentenc e wa s fiv e o r 

si x word s i n lengt h an d containe d tw o quantifiers .  Th e secon d sentenc e containe d si x 

word s an d describe d on e o f  th e noun s mentione d i n th e firs t  sentence . 

Four  variable s wer e manipulate d i n th e passages ,  eac h wit h tw o levels .  Th e level s o f 

Quantifie r  orde r  i n th e first  sentenc e wer e "every...a" ,  a s i n sentenc e (1) .  an d "a...every "  a s 

i n (4) .  Th e first  sentenc e Ver b describe d eithe r  a n actio n suc h a s "climbed. "  i n whic h ras e 

th e subjec t  o f  th e sentenc e receive s a n agen t  themati c role ,  o r  a  perceptio n suc h a s "saw" . 

wher e th e subjec t  ha s a n experience r  themati c role .  Th e scop e Interpretatio n variabl e wa s 

manipulate d i n th e secon d sentenc e o f  th e passage :  th e nou n i n thi s sentenc e wa s eithe r 

singular ,  a s i n (8-9 )  o r  plural ,  a s i n (7 )  an d (10) .  Finally .  Ambiguit y wa s manipulate d i n 

th e first  sentence s b y th e substitutio n o f  phrase s "th e same "  o r  " a different "  fo r  th e 

quantifie r  "a" .  Th e unambiguou s version s o f  (1 )  ar e illustrate d i n (11-12 )  wit h thei r 
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appropriate second sentence. Note that the singular/plural levels of the Interpretation 

variabl e i n th e secon d sentenc e dictat e whethe r  "th e same "  o r  " a different "  i s  th e 

disambiguatin g phras e i n th e firs t  sentence . 

(11 )  Ever y ki d climbe d th e sam e tree . 

The tre e wa s ful l  o f  apples . 

(12) Every kid climbed a different tree. 

The tree s wer e ful l  o f  apples . 

Th e "a...every "  structur e illustrate d i n (4 )  wa s mad e unambiguou s i n simila r  fashion :  "Th e 

same/ a differen t  ki d climbe d ever y tree" . 

Most  o f  th e 8 0 practic e an d fille r  passage s containe d a  secon d sentenc e incompatibl e 

wit h th e first ,  s o tha t  overall ,  th e correc t  respons e o n th e compatibilit y  judgmen t  wa s "yes " 

on 6 0 % o f  th e trial s (al l  experimenta l  passage s wer e compatible) .  A  numbe r  o f  syntactic . 

semantic ,  an d pragmati c violation s wer e use d t o creat e incompatibl e fillers . 

Procedure .  Passage s wer e presente d on e sentenc e a t  a  tim e o n a  C R T .  Subject s 

presse d a  ke y onc e t o displa y th e firs t  sentenc e an d agai n t o remov e thi s sentenc e an d 

displa y th e second .  Subject s presse d key s marke d Y E S o r  N O t o indicat e whethe r  th e 

secon d sentenc e wa s compatibl e wit h th e first .  Bot h spee d an d accurac y wer e stresse d i n 

readin g an d fo r  th e compatibilit y  judgment .  Followin g 2 0 practic e trials ,  al l  exp>erimenta l 

and fille r  trial s wer e presente d i n rando m order . 

R E S U L TS 

Compatibilit y  judgments .  A s interpretatio n o f  th e ambiguou s sentence s i s o f  primar y 

interes t  here ,  compatibilit y  judgment s fo r  onl y th e ambiguou s sentence s ar e reporte d i n 

Tabl e 1 .  Passage s wit h unambiguou s sentence s wer e judge d t o b e consisten t  82.3 % o f  th e 

time ,  significantl y mor e ofte n tha n passage s wit h ambiguou s firs t  sentences ,  mi n F(l .  44 ) 

= 23.93 .  p  <  .001 .  Thi s resul t  indicate s tha t  subject s di d no t  alway s hav e bot h meaning s 

availabl e fo r  th e ambiguou s sentences . 

The surfac e orderin g strateg y (Fodor .  1982 1 woul d predic t  tha t  fo r  ambiguou s 

"every...a "  sentences ,  th e plura l  continuatio n woul d b e preferred ,  whil e th e singula r 

continuatio n shoul d b e preferre d fo r  th e ambiguou s "a...every "  sentences. '  Th e dat a i n Tnbl e 

1 strongl y suppor t  thi s prediction .  Fo r  th e ambiguou s sentences ,  ther e wa s a  significan t 

Quantifie r  Orde r  x  Interpretatio n interaction ,  mi n F(l .  51 )  =  62.08 .  p  <  .0001 .  I n 

contrast ,  ther e wa s n o evidenc e tha t  th e surfac e orderin g o f  th e quantifie d NP s nffprter l  tli p 

interpretatio n o f  th e unambiguou s sentences :  thi s interactio n wa s no t  reliabl e fo r 

unambiguou s sentences ,  mi n F(l .  47 )  =  2.69 .  p  >  .10 .  Th e disambiguatin g informatio n i n 

thes e sentence s apparentl y overrod e an y surfac e orderin g strategy . 
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TABLE 1 

Percentag e o f  Ambiguou s Passage s Judge d Compatible .  Experimen t  1 

"Every..,a "  sentence s 

Interpretatio n Actio n Ver b Perceptio n Ver b 

Singula r  25. 0 62. 5 

Plura l  81. 3 72. 9 

"A...every "  sentence s 

Interpretatio n Actio n Ver b Perceptio n Ver b 

Singula r  87. 5 85. 4 

Plura l  14. 5 14. 5 

Furthe r  examinatio n o f  Tabl e I  reveal s tha t  fo r  th e "every...a "  sentences ,  th e 

action/perceptio n ver b manipulatio n dramaticall y affecte d acceptanc e rates .  Subject s judge d 

th e singula r  interpretatio n o f  thes e sentence s t o b e mor e acceptabl e whe n th e first  sentenc e 

had containe d a  perceptio n verb ,  compare d t o whe n i t  ha d containe d a n actio n verb ,  mi n 

F d .  21 )  =  6.87 .  £  <  .025 .  W e retur n t o thi s poin t  i n th e discussion . 

Becaus e th e acceptanc e rate s fo r  th e non-preferre d interpretation s o f  ambiguou s 

sentence s ar e s o low ,  respons e time s t o mak e thi s compatibilit y  judgmen t  ar e difficul t  t o 

interpret .  However ,  w e shoul d not e tha t  o n thos e trial s wher e subject s judge d th e secon d 

sentenc e t o b e compatibl e wit h th e first,  respons e time s fo r  passage s wit h a n ambiguou s 

first  sentenc e (375 2 ms )  wer e longe r  tha n fo r  unambiguou s passage s (307 3 ms) .  Thi s resul t 

suggest s tha t  th e disambiguatin g informatio n helpe d subject s arriv e a t  a n interpretatio n 

more rapidly .  Despit e th e fac t  tha t  thes e respons e time s (whic h includ e tim e t o rea d th e 

secon d sentence !  ar e rathe r  long ,  thi s paradig m stil l  provide s a  muc h mor e immediat e 

measur e o f  ho w perceiver s interpre t  thes e ambiguitie s tha n ca n b e gleane d fro m intuitions . 

Additionally ,  fe w subject s reporte d tha t  the y notice d an y ambiguitie s i n th e stimuli . 

indicatin g tha t  th e tas k successfull y prevente d subject s fro m consciousl y searchin g fo r 

multipl e meaning s fo r  th e sentences . 

D I S C U S S I ON 

Thi s experimen t  demonstrate d tha t  subject s coul d rapidl y interpre t  scop e ambiguou s 

sentences ,  an d tha t  thei r  preferre d interpretation s wer e th e one s wher e th e first-encountered 

NP ha d wid e scop e ove r  th e secon d NP .  Fodor' s (1982 )  surfac e orderin g proposa l  i s  clearl y 

compatibl e wit h thes e data ,  bu t  i t  i s  no t  th e onl y interpretatio n available .  Kempso n & 

Cormac k (19811 .  fo r  example ,  hav e suggeste d tha t  th e preferre d interpretatio n i s th e on e 
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where the sentence topic {usually the first NP) has wide scope. 

Pragmati c Influences .  Th e dat a als o sugges t  that ,  whil e th e surface-base d scop e 

orderin g i s preferred ,  i t  i s  no t  alway s th e onl y on e tha t  subject s initiall y  assign .  I n 

particular ,  fo r  th e "every...a "  sentence s wit h perceptio n verbs ,  subject s judge d bot h singula r 

and plura l  continuation s t o b e compatibl e ove r  50 % o f  th e time .  Fo r  thi s sentenc e type . 

then ,  i t  appear s tha t  subject s assigne d bot h interpretations ,  althoug h th e interpretatio n 

incorporatin g th e surface-base d scop e orderin g (th e plura l  continuation )  wa s stil l  preferred . 

Why woul d subject s b e mor e likel y t o assig n bot h interpretation s fo r  thi s sentenc e 

type ? First ,  compar e th e "every...a "  sentence s wit h actio n verb s an d wit h perceptio n verbs . 

I t  i s  quit e plausible ,  withi n a  singl e even t  (take n t o b e th e referen t  o f  eac h o f  thes e 

sentences) ,  fo r  mor e tha n on e perceive r  t o perceiv e th e sam e entity ,  bu t  i t  i s  generall y 

somewhat  les s plausibl e fo r  mor e tha n on e agen t  t o perfor m a n actio n o n th e sam e entity . 

To tak e a n extrem e exampl e no t  use d i n th e experiment ,  i t  i s  plausibl e fo r  man y childre n 

t o se e on e uniqu e cookie ,  bu t  i t  i s  pragmaticall y ver y awkwar d t o interpre t  "Ever y chil d at e 

a cookie "  a s meanin g tha t  al l  th e childre n jointl y at e on e uniqu e cookie .  Ou r  actio n ver b 

sentence s (e.g .  (1 )  an d (4) )  wer e intende d t o b e plausibl e wit h bot h singula r  an d multipl e 

entitie s (e.g .  trees) ,  bu t  th e dat a sugges t  tha t  subject s di d no t  fin d the m equall y plausible . 

Thus ,  a t  leas t  fo r  th e stimul i  teste d here ,  th e interpretatio n i n whic h th e secon d N P (wit h 

th e determine r  "a" )  ha s wid e scop e i s pragmaticall y mor e appropriat e fo r  sentence s wit h 

perceptio n verb s tha n wit h actio n verbs . 

Now compar e th e "every...a "  sentence s wit h perceptio n verb s wit h th e "a...every " 

sentence s wit h eithe r  typ e o f  verb .  When "a...every "  sentence s ar e presente d wit h n o 

precedin g context ,  a s i n thi s experiment ,  th e subject ,  upo n receivin g th e firs t  N P (wit h th e 

determine r  "a") ,  ha s n o reaso n t o conside r  th e phras e a s referrin g t o mor e tha n on e entity . 

i n fact ,  i t  woul d b e pragmaticall y unparsimoniou s fo r  th e subjec t  t o d o s o (cf .  Grai n & 

Steedman .  1985) .  I t  i s  onl y whe n th e secon d N P (wit h th e determine r  "every" )  i s  receive d 

tha t  th e rea l  potentia l  arise s fo r  th e firs t  N P t o refe r  t o multipl e entities .  Thi s potentia l  i s 

correlate d wit h th e firs t  N P bein g assigne d narro w scop e (i.e. .  wit h th e scop e orderin g 

whic h doe s no t  matc h surfac e ordering) .  Bu t  a  change d referenc e fo r  th e firs t  NP .  fro m 

singula r  t o potentiall y  multiple ,  i s  pragmaticall y quit e significant .  I t  i s  reasonabl e t o assum e 

tha t  a  chang e i n th e referenc e tend s no t  t o b e determine d excep t  whe n al l  possibl e 

interpretation s requir e it .  du e t o th e semanti c processin g complexitie s whic h th e ne w 

referenc e necessitate s (cf .  Gillon .  1984 :  Grai n &  Steedman .  1985) .  Therefore ,  i t  i s  unlikel y 

tha t  th e alternativ e interpretatio n fo r  th e "a...every "  sentences~i n whic h th e firs t  N P ha s 

narro w scope-i s routinel y assigned . 

By contrast ,  fo r  th e "every...a "  sentences ,  th e firs t  N P receive d (wit h th e determine r 

"every" )  inherentl y refer s t o multipl e entities .  Thi s i s th e cas e regardles s o f  whethe r  th e 

secon d N P (wit h th e determine r  "a" )  i s  assigne d narro w o r  wid e scope .  Becaus e n o 
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pragmatically significant changed reference for the first NP needs to be determined even if 

th e alternativ e interpretatio n i s assigned ,  multipl e interpretation s ca n b e mor e readil y 

assigne d t o th e 'every...a "  sentence s tha n t o th e "a...every "  sentences . 

A Processin g Model .  Precisel y ho w d o th e pragmati c influence s interac t  wit h th e basi c 

scop e orderin g preference ? On e possibilit y  i s  tha t  fo r  al l  scop e ambiguou s sentences ,  bot h 

possibl e interpretation s ar e determine d immediatel y (i.e. .  upo n receivin g th e secon d NP . 

whic h i s th e poin t  wher e th e ambiguit y arises) .  Thes e interpretation s var y i n thei r  level s o f 

accessibility ,  base d primaril y upo n th e preferenc e fo r  surface-base d scop e ordering .  Thus . 

followin g Fodo r  (1982) .  th e mor e accessibl e interpretatio n woul d b e th e on e whos e scop e 

orderin g i s mor e quickl y o r  directl y identifie d i n continuou s processin g o f  th e sentence .  Or . 

followin g Kempso n &  Cormac k (1981) .  i t  woul d b e th e on e i n whic h th e sentenc e topi c ha s 

wid e scope . 

The les s accessibl e interpretatio n can .  however ,  hav e it s accessibilit y  increase d 

somewhat ,  o n pragmati c grounds .  Thus ,  i f  th e les s accessibl e interpretatio n i s highl y 

plausibl e an d i f  i t  doe s no t  involv e a  change d referenc e fo r  th e firs t  N P (wit h respec t  t o 

th e referenc e i n th e other ,  mor e accessibl e interpretation) ,  the n it s accessibilit y  ca n b e 

increased ,  althoug h no t  t o th e leve l  o f  th e othe r  interpretation .  Thi s i s th e cas e fo r  th e 

"every...a "  sentence s wit h perceptio n verbs . 

Next ,  al l  interpretation s whos e accessibilit y  i s  belo w a  criterio n leve l  ar e deleted .  Thi s 

deletio n woul d occu r  sometim e betwee n processin g o f  th e secon d N P an d evaluatio n o f  th e 

continuatio n sentence .  Th e remainin g interpretation s an d thei r  accessibilit y  level s determin e 

how frequentl y subject s respon d tha t  eac h o f  th e continuatio n sentence s i s reasonable .  (Se e 

Kurtzman .  1985 :  Gorrell .  1987 .  fo r  simila r  view s o f  th e processin g o f  syntacti c ambiguities. ) 

Obviously ,  furthe r  wor k i s require d t o elaborat e an d experimentall y tes t  thi s model . 

Also ,  furthe r  wor k i s neede d t o determin e th e natur e o f  th e menta l  representatio n o f  scop e 

ordering .  A m o n g th e option s are :  standar d logica l  formula e (Hobb s &  Shieber .  1987) . 

indexe d syntacti c structur e (Williams .  1988) .  a  syntacti c leve l  o f  L F (May ,  1985) .  menta l 

and discourse-representatio n model s (Fodor .  1982 :  Kamp .  1984) .  an d prepositiona l  network s 

(Anderson .  1983) .  I n a  firs t  ste p towar d furthe r  specificatio n o f  thi s model ,  w e ar e 

currentl y conductin g a n experimen t  wit h passiv e version s o f  th e stimuli ,  suc h as : 

(13 )  A  tre e wa s climbe d b y ever y kid . 

(14) Every tree was climbed by a kid. 

Active s an d passive s shar e th e sam e prepositiona l  meaning ,  bu t  diffe r  i n th e surfac e 

orderin g o f  thei r  NPs .  Therefore ,  passive s provid e a  shar p tes t  o f  th e clai m tha t  surface -

base d scop e orderin g i s preferred .  Th e experimen t  als o allow s furthe r  examinatio n o f 

pragmati c influence s o n interpretation ,  i n tha t  i t  provide s additiona l  opportunit y fo r 

examinatio n o f  th e ver b effect s foun d i n th e presen t  experiment .  Th e result s wil l  b e 
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reported in a future paper. 

FOOTNOTE 

1. Strictly, the interpretation in which the phrase with the determiner "a" has narrow 

scop e i s compatibl e wit h eithe r  th e singula r  o r  th e plura l  continuatio n sentence .  Tha t  is .  th e 

logica l  structure s i n (2 )  an d (6 )  specif y onl y tha t  i t  i s  possible-no t  tha t  i t  i s  necessary-fo r 

ther e t o b e mor e tha n on e tre e an d mor e tha n on e kid .  Thus ,  on e migh t  challeng e ou r 

clai m tha t  preferenc e fo r  th e singula r  interpretatio n fo r  th e "a...every "  sentence s indicate s a 

preferenc e fo r  wid e scop e o f  th e firs t  NP .  However ,  th e lo w percentag e o f  YE S response s 

fo r  th e plura l  continuatio n sentence s suggest s tha t  th e othe r  interpretatio n (narro w scop e o n 

th e firs t  NP )  wa s no t  preferred . 

Focussin g no w o n th e "every...a "  sentences ,  th e hig h percentag e o f  YE S response s t o 

th e plura l  continuatio n sentence s i s compatibl e onl y wit h a  preferenc e fo r  narro w scop e fo r 

th e "a "  phrase .  However ,  a s jus t  noted ,  a  singula r  referenc e fo r  th e "a "  phras e i s possibl e 

wit h narro w scope .  Why the n i s th e percentag e o f  YE S response s fo r  th e singula r 

continuation s lowe r  (especiall y fo r  th e actio n ver b sentences} ? Apparently ,  whe n a n 

interpretatio n permit s eithe r  multipl e o r  singula r  reference ,  multipl e referenc e i s preferred . 

Fodor  (1982 1 ha s suggeste d ho w thi s coul d b e accounte d fo r  i f  quantifier s ar e represente d 

withi n th e forma t  o f  menta l  models .  Clearl y thi s i s a n are a fo r  additiona l  investigation . 
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Multipl e Simultaneou s Interpretation s 
of  A m b i g u o u s Sentence s 

Peter Norvig 
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INTRODUCTION 

This paper is concerned with the problem of semantic and pragmatic interpretation of ambiguous 
sentences .  W e star t  b y offerin g a  simpl e ye t  commonl y adopte d interpretatio n strategy : 

Strategy 1: Apply syntactic rules to the sentence to derive a set of parse trees. Next apply 
semanti c rule s t o th e tree s t o ge t  a  se t  o f  logica l  formulae ,  an d discar d an y inconsisten t  for -
mulae .  D o a  pragmati c interpretatio n o f  eac h formula ,  an d giv e a  scor e t o eac h possibilit y 
based o n consistenc y o r  likelihoo d i n th e give n context .  Finally ,  choos e th e interpretatio n 
wit h th e highes t  score . 

In this framework, the lexicon, grammar, and semantic and pragmatic interpretation rules deter-
min e a  mappin g betwee n sentence s an d meanings .  A  strin g wit h exactl y on e interpretatio n i s 
unambiguous ,  on e wit h n o interpretatio n i s anomalous ,  an d on e wit h multipl e interpretation s i s 
ambiguous .  T o enumerat e th e possibl e parse s an d logica l  form s o f  a  sentenc e i s th e prope r  jo b o f  a 
linguist ;  t o the n choos e fro m th e possibilitie s th e on e "correct "  o r  "intended "  meanin g o f  a n utter -
ance i s a n exercis e i n pragmatic s o r  Artificia l  Intelligence . 

One majo r  proble m wit h Strateg y 1  i s tha t  i t  ignore s th e differenc e betwee n sentence s tha t 
see m trul y ambiguou s t o th e listener ,  an d thos e tha t  ar e onl y foun d t o b e ambiguou s afte r  carefu l 
analysi s b y th e linguist .  Fo r  example ,  eac h o f  th e followin g i s technicall y ambiguou s {wit h coul d 
signa l  th e instrumen t  o r  accompanie r  case ,  an d por t  coul d b e a  harbo r  o r  th e lef t  sid e o f  a  ship) , 
but  onl y th e thir d woul d b e see n a s ambiguou s i n a  neutra l  context . 

(1 )  I  sa w th e woman wit h lon g blon d hair . 
(2 )  I  dran k a  glas s o f  port . 
(3 )  I  sa w he r  duck . 

Zadeh ̂ persona l  communication )  ha s suggeste d tha t  ambiguit y i s a  matte r  o f  degree .  H e assume s 
each interpretatio n ha s a  likelihoo d scor e attache d t o it .  A  sentenc e wit h a  larg e ga p betwee n th e 
highes t  an d secon d ranke d interpretatio n ha s lo w ambiguity ;  on e wit h nearly-equa l  ranke d 
interpretation s ha s hig h ambiguity ;  an d i n genera l  th e degre e o f  ambiguit y i s inversel y propor -
tiona l  t o th e sharpnes s o f  th e drop-of f  i n ranking .  So ,  i n (I )  an d (2 )  above ,  th e degre e o f  ambiguit y 
i s belo w som e threshold ,  an d thu s i s no t  noticed .  I n (3) ,  o n th e othe r  hand ,  ther e ar e tw o similarl y 
ranke d interpretations ,  an d th e ambiguit y i s perceive d a s such .  Man y researchers ,  fro m Hocket t 
(1954 )  t o Jackendof f  (1987) ,  hav e suggeste d tha t  th e interpretatio n o f  sentence s lik e (3 )  behave s 
lik e th e perceptio n o f  visua l  illusion s suc h a s th e Necke r  cub e o r  th e vase/face s o r  duck'rabbi t  illu -
sio n I n othe r  words ,  i t  i s possibl e t o shif t  bac k an d fort h betwee n alternat e interpretations ,  bu t  i t 
i s no t  possibl e t o perceiv e bot h a t  once .  Thi s lead s u s t o Strateg y 2 : 

Strategy 2: Do syntactic, semantic, and pragmatic interpretation as in Strategy 1. Retain 
onl y th e highest-rankin g interpretation(s) ,  accordin g t o som e threshol d function .  I f  ther e i s 
more tha n on e interpretatio n remaining ,  alternat e betwee n them . 

A proble m wit h Strateg y 2  i s tha t  i t  assume s al l  possibl e interpretation s wil l  b e considere d an d 
ranked .  However ,  man y sentence s hav e a  prohibitivel y larg e o r  infinit e numbe r  o f  interpretations . 
Conside r  th e followin g sentence : 

(4 )  H e seem s olde r  now . 

Here he can refer to one of several billion males, and now can refer to one of an infinite number of 
tim e points .  Thus ,  whil e synta x an d semantic s ma y b e producin g discret e list s o f  possibilities ,  i t 
seems tha t  pragmati c interpretatio n mus t  operat e b y proposin g likel y interpretations ,  rathe r  tha n 
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enumerating all possibilities and then choosing among them Hobbs (1983) has argued that 

enumeratio n shoul d b e minimize d eve n i n syntacti c an d semanti c analysis .  Acceptin g tha t  intui -

tion ,  w e ge t  Strateg y 3 ,  whic h i s simila r  t o th e approach s use d b y severa l  recen t  authors ,  includin g 

Hobbs (1987) ,  Stellar d (1987) ,  an d Charnia k (unpublished) . 

Strategy 3: Do lexical, syntactic and semantic analysis to produce one (or occasionally 

more )  neutra l  representatio n o f  th e input ,  whic h ca n contai n ambiguou s an d vagu e predica -

tions .  Pragmatic s the n attempt s t o 'solve '  fo r  th e ambiguou s predication s an d som e o f  th e 

vagu e ones .  Solution s ar e generate d i n a  roughl y best-firs t  manner ,  an d whe n ther e i s a 

larg e drop-ofi f  i n th e rankin g o f  solutions ,  w e sto p an d th e final  interpretatio n alternate s 

betwee n th e hig h rankin g one(s) . 

This might represent an efficient interpretation mechanism, but it doesn't mirror the human 

interpretatio n mechanis m particularl y well .  Sentence s lik e (5-9 )  eac h hav e onl y on e goo d prag -

mati c interpretation ,  whic h woul d b e foun d easil y b y Strateg y 3 .  Bu t  (5-9 )  ar e notoriousl y har d fo r 

humans t o ge t  righ t  withou t  a t  leas t  a  consciou s sens e o f  havin g t o bac k u p an d re-pars e th e sen -

tence . 

(5 )  Th e hors e race d pas t  th e bar n fell . 

(6 )  Th e astronome r  marrie d a  star . 

(7 )  Th e rabb i  wa s hi t  o n th e temple . 

(8 )  Th e landlor d painte d al l  th e wall s wit h cracks . 

(9 )  Ros s wa s tol d wha t  t o d o b y th e river . 

Strategie s lik e Kimball' s  (1973 )  o r  Frazie r  an d Fodor' s (1978 )  tr y t o accoun t  fo r  phenomen a lik e 

thes e i n term s o f  genera l  syntacti c preferenc e principles ,  whic h appea l  t o performanc e issue s suc h 

as limit s o n availabl e memor y spac e Schuber t  (1984 ,  1986 )  an d Kurtzma n (1984 )  argu e convinc -

ingl y tha t  n o simpl e syntacti c preferenc e wil l  do .  Rather ,  man y factor s mus t  b e considered ,  a s i n 

Strateg y 4 : 

Strategy 4: Do lexical, syntactic, and semantic analysis on a word-by-word basis, identify-

in g point s o f  ambiguit y alon g th e way ,  an d usin g al l  source s o f  evidenc e t o ran k alterna -

tives .  Evidenc e fo r  a  particula r  choic e ca n includ e lexica l  frequenc y preferences ,  pragmati c 

associations ,  an d othe r  factor s outsid e o f  th e simpl e logica l  form .  A  high-rankin g interpre -

tatio n ca n b e accepte d (an d it s alternative s discarded )  befor e th e pars e i s complete ,  i f  it s 

scor e remain s sufficientl y abov e th e alternative s fo r  a  sufficien t  amoun t  o f  time .  I n addi -

tion ,  i f  a t  an y poin t  ther e ar e mor e tha n a  m a x i m u m numbe r  n  ( n =  3? )  alternatives ,  dis -

car d th e lowes t  rankin g alternative ,  eve n i f  it s  scor e i s clos e t o others .  A t  th e end ,  alter -

nat e betwee n th e highes t  rankin g interpretations ,  a s before . 

MUTUALLY COMPATIBLE INTERPRETATIONS AND CONNOTATIONS 

Conside r  th e followin g quot e fro m Richar d Parsons ,  o f  th e America n Fu r  Industr y Inc. ,  o n thei r 

ne w advertisin g sloga n Fu r  i s fo r  Life : 

"It has a good sound, a good connotation. Yes, they last a long time. Yes, they're a good 

product .  Yes ,  fur s suppor t  wildlif e conservation. " 

Parsons (although not a professional linguist) is making a claim about language use: that the 

prope r  o r  intende d meanin g o f  a  phras e ca n b e a  combinatio n o f  a  numbe r  o f  interpretation s an d 

connotations .  Strategie s 2- 4 assum e tha t  th e reade r  eventuall y arrive s a t  a  singl e interpretation , 

or  a  Necker-cube-lik e alternatio n betwee n interpretations .  Bu t  Parson s i s sayin g tha t  hi s sloga n 

Fu r  i s fo r  Lif e i s different .  Th e sloga n seem s t o hav e tw o primar y interpretations ,  (10 )  an d (11 ) 
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below. But it also has important connotations, listed as (12-14), as well as another interpretation, 

(15) ,  tha t  Parson s presumabl y want s th e publi c t o ignore . 

(10) Fur lasts a lifetime. 

(11 )  Th e fu r  industr y i s pro-conservation . 

(12 )  Fu r  wearer s ar e lively . 

(13 )  Th e recipien t  o f  a  fu r  ma y becom e indebte d t o th e give r  fo r  life . 

(14 )  Lif e i s a  goo d thing ;  henc e fu r  i s a  goo d thing . 

(15 )  Fur ,  whil e o n a n animal ,  protect s it s life . 

Although we would not be likely to say that any of (12-14) are good candidates for the final 

interpretation ,  i t  seem s tha t  th e intende d efifec t  o f  th e sloga n i s fo r  th e reade r  t o entertai n som e o r 

al l  o f  thes e simultaneously .  Whil e thi s i s a  radica l  departur e fro m th e Hocket t  Jackendoflf.Necke r 

theor y o f  'on e interpretatio n a t  a  time, '  i t  appear s t o b e quit e commo n i n poetry ,  politics ,  an d 

advertisin g (se e Burli-Storz ,  1980) . 

The fact s ar e admittedl y slippery ;  I  a m suggestin g tha t  alternativ e parse s ca n sometime s b e 

combine d int o on e interpretation ,  bu t  i t  i s  har d t o distinguis h betwee n distinc t  parse s tha t  hav e 

been combine d together ,  an d a  vagu e interpretatio n tha t  ha s severa l  possibl e entailments .  Also ,  i t 

i s  notoriousl y har d t o introspec t  abou t  th e phenomenolog y o f  thes e cases .  Perhap s th e followin g 

example ,  fro m th e las t  lin e o f  Gerar d Manle y Hopkins '  God' s Grandeu r  wil l  b e mor e compelling . 

(16 )  Becaus e th e Hol y Ghos t  ove r  th e ben t 

Worl d brood s wit h war m breas t  an d wit h ah !  brigh t  wings . 

The wor d brood s i s lexicall y ambiguou s betwee n 't o si t  o n egg s t o hatc h them '  an d 't o thin k lon g 

and deepl y o r  resentfully. '  Thi s i s clearl y no t  a  cas e o f  vagueness .  Ye t  i t  seem s tha t  th e mos t 

natura l  interpretatio n i s o f  a  bird-lik e go d sittin g o n a n egg-lik e worl d (o r  world-lik e egg) ,  pen -

sivel y surveyin g hi s creation ,  an d waitin g fo r  i t  t o com e t o fruition .  Thi s interpretatio n clearl y 

involve s n o Necker-lik e alternatio n betwee n sense s fo r  broods ;  rather ,  i t  involve s a  simultaneou s 

synthesi s o f  tw o images . 

Not e tha t  no t  jus t  an y image s ca n b e superimpose d thi s way ;  i f  th e worl d wer e flat,  o r  i f  egg s 

wer e cubical ,  th e combine d imag e woul d no t  work .  I t  i s  permissibl e t o combin e th e image s eve n 

thoug h th e worl d i s quit e a  bi t  large r  an d compose d o f  differen t  materia l  tha n th e averag e egg ,  an d 

eve n thoug h th e protot)T)ica l  imag e o f  Go d doe s no t  includ e wings . 

Poetry ,  lik e advertising ,  seem s t o sanctio n thi s superimpositio n o f  distinc t  parses .  T o suppor t 

thi s claim ,  I  opene d a  poetr y antholog y a t  random ,  finding  th e openin g lin e o f  t o Dyla n Thomas ' 

poe m I n th e Beginning :  "I n th e beginnin g wa s th e three-pointe d star. "  A s th e res t  o f  th e poe m 

makes clear ,  th e three-pointe d sta r  shoul d b e take n a s referrin g t o a  stella r  bod y i n primordia l 

space ,  t o th e ligh t  i n God' s performativ e speec h ac t  "Le t  ther e b e light, "  t o th e sta r  o f  Bethlehem , 

and t o th e Hol y Trinity .  Ther e doe s no t  see m t o b e a  clea r  feelin g o f  shiftin g betwee n thes e 

referents ;  rathe r  the y see m t o b e entertaine d simultaneously . 

Lakof f  an d Turne r  (1988 )  cite ,  bu t  d o no t  full y  analyize ,  anothe r  Dyla n Thoma s poem ,  D o no t 

go gentl e int o tha t  goo d night : 

(17 )  D o no t  g o gentl e int o tha t  goo d night , 

Ol d ag e shoul d bur n an d rav e a t  clos e o f  day ; 

Rage,  rag e agains t  th e dyin g o f  th e light . 

Understandin g thi s passag e require s knowledg e o f  a t  leas t  si x metaphor s fo r  lif e an d death .  Whil e 

thes e metaphor s offe r  conflictin g view s o n th e natur e o f  death ,  ther e i s n o feelin g o f  havin g t o 

switc h betwee n the m i n understandin g th e poem ;  the y ar e al l  activ e a t  once .  I n fact ,  metaphor s 

(18-23 )  ar e al l  use d i n th e interpretatio n o f  th e si x word s g o gentl e int o tha t  goo d night :  (18 )  fo r  go , 
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(19) for gentle, (20) for into, (21) for good night, and (22) for night. Thus, the word night is being 

use d simultaneousl y a s a  time ,  a  destination ,  a  container ,  an d a n adversary ,  al l  withou t  promotin g 

a consciou s feelin g o f  Necker-lik e ambiguity . 

(18) Life is a journey. 

(19 )  Lif e i s a  struggle ;  deat h i s a n adversary . 

(20 )  Lif e i s  'here' ;  deat h i s a  anothe r  world . 

(21 )  Deat h i s sleep . 

(22 )  A  lifetim e i s a  day ;  deat h i s night . 

(23 )  Lif e i s a  fire  tha t  blaze s an d burn s out . 

At this point let us try to modify Strategy 4 to account for these new findings. There are two possi-

bilities ;  w e ca n trea t  th e combinatio n o f  tw o interpretation s a s a n abnormality ,  an d tr y t o sho w 

ho w i t  ca n b e sanctioned ,  o r  w e ca n trea t  i t  a s th e ne w basi c interpretatio n mechanism ,  an d tr y t o 

sho w ho w i t  ca n b e constrained . 

Strategy 5a: The Conservative Simultaneity Strategy: Ammend Strategy 5 to allow a 

simultaneou s amalga m o f  tw o o r  mor e competin g top-ranke d interpretations ,  bu t  onl y whe n 

sanctione d b y som e as-yet-unspecifie d factors ,  an d onl y whe n th e resul t  i s  a  coheren t  combi -

natio n o f  th e two . 

Strategy 5b: The Radical Simultaneity Strategy: Always try to combine top-ranking 

interpretation s int o on e image .  W h e n a  coheren t  combinatio n i s impossible ,  alternat e 

betwee n interpretation s a s i n Strateg y 5 . 

To try to choose between the two, we will first consider Strategy 5b, as it is applied to sentence 

(24) ,  an d it s interpretation ,  th e disjunctio n (24') : 

(24 )  Th e chicke n i s read y t o eat . 

(24') chicken'x^ & ready(x,e) & eating(e) & (agent(e,x) | patient(e,xl) 

Using Strategy 5b, we could combine the two interpretations simply by accepting both parts of the 

disjunction ,  yieldin g 'th e chicke n i s read y t o ea t  th e chicken. '  Thi s i s b y n o mean s a  norma l 

interpretatio n o f  (24) ,  s o w e hav e a n argumen t  agains t  6b .  However ,  tha t  argumen t  onl y goe s 

throug h i f  th e propose d logica l  for m (24' )  i s  accurate .  Suppos e w e us e th e followin g logica l  for m 

instead : 

chicken(x )  &  ready(x,e )  &  eating(e )  & 

((agent(e,x )  &  alive(x )  &  location(e,barnyard )  &  patient(e,seed )  &  ... )  | 

(patient'e.i )  &  no t  alive(x )  &  location'e,table )  &  agent(e,human )  &  ...) ) 

Then we have two interpretations that cannot be combined coherently, neither under Strategy 5b 

nor  5a .  Thus ,  w e se e tha t  fo r  5 b t o b e feasible ,  w e nee d t o insis t  o n ful l  frame-lik e semanti c 

interpretations ,  complet e wit h defaul t  assumptions .  W e nee d a  ric h se t  o f  default s t o rul e ou t 

unwante d unificatio n o f  th e tw o interpretations ,  eve n thoug h w e wan t  t o allo w th e possibilit y  o f 

overridin g som e o f  th e defaults ,  a s i n "Th e chicke n o n th e tabl e i s read y t o ea t  he r  asparagus. " 

N ow let' s  tr y a n exampl e tha t  doe s no t  brin g a s muc h backgroun d knowledg e int o play : 

(25) She opened the door with a key. 

The ambiguity is between with a key as an instrument of opening, and as a modifier of the door. 

Her e ther e seem s t o b e nothin g t o sto p 5 b fro m acceptin g bot h interpretation s fo r  th e phrase , 

wherea s w e kno w tha t  i f  thi s wer e th e intende d meaning ,  on e woul d hav e t o us e somethin g lik e 
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the following: 

(26) She opened the door with the key that was in/near it. 

Thus, Strategy 5b as it stands is rejected. To evaluate Strategy 5a, we need to develop a better 
notio n o !  sanctionin g a  combine d interpretation ,  whic h w e wil l  addres s i n th e nex t  section . 

JOKES AND PUNS 

Consider the following advertisement for Flintstones brand Vitamins: 

(27) We are Flintstones kids, ten million strong and growing. 

The coordinate and growing can attach to either are or ten million strong, with the respective 
interpretation s tha t  th e individua l  childre n ar e growing ,  o r  tha t  th e numbe r  o f  childre n i s increas -
ing .  Mos t  informant s recogniz e bot h alternatives ,  bu t  repor t  a n abilit y  t o fus e th e tw o togethe r 
int o a  singl e imag e wher e eac h individua l  chil d i n a n expandin g grou p i s growing .  (However ,  n o 
one interprete d stron g a s possibl y modifyin g kids ,  perhap s becaus e o f  th e idiomati c natur e o f  th e 
phras e te n millio n strong. )  M y analysi s o f  thi s exampl e i s tha t  th e listene r  arrive s a t  th e tw o 
interpretation s usin g somethin g lik e Strateg y 4 ,  an d i n th e proces s o f  tryin g t o choos e betwee n 
them ,  reaUze s tha t  bot h wer e intende d interpretations ,  an d successfull y superimpose s th e tw o 
images . 

I n short ,  (27 )  i s a  kin d o f  pun .  I n a  regula r  pun ,  th e mai n poin t  o f  th e utteranc e i s tha t  th e 
speake r  ha s bee n clever ,  producin g tw o meaning s i n on e sentence .  A  secondar y poin t  i s  on e o f  th e 
meaning s (and ,  fo r  a  goo d pun ,  bot h o f  th e meaning s take n separately) .  Bu t  i n (27 )  w e hav e a  spe -
cia l  kin d o f  pun ,  wher e th e poin t  i s  tha t  bot h meaning s ar e t o b e take n simultaneously .  A  simila r 
exampl e come s fro m anothe r  ad ,  fo r  Micheli n tires : 

(28 )  Becaus e you'v e go t  a  lo t  ridin g o n you r  tires . 

Her e th e ambiguou s phras e go t  a  lo t  ridin g o n i s ambiguou s betwee n 'muc h depend s o n you r  tires ' 
and 'muc h ride s i n th e ca r  whic h i s o n th e tires, '  wit h th e resultin g combine d interpretatio n 'you r 
family' s safet y whil e i n th e ca r  depend s o n th e tires. '  Her e agai n th e reade r  mus t  recogniz e th e 
'pun, '  an d th e intende d effec t  o f  combinin g th e tw o interpretations ,  bu t  her e ther e i s a n adde d 
hitch :  i t  i s  th e combinatio n o f  th e tw o interpretation s tha t  resolve s th e phras e a  lo t  t o 'you r  family' ; 
neithe r  o f  th e tw o interpretation s strongl y poin t  t o thi s interpretatio n singly ,  bu t  togethe r  the y do . 

Let  u s compar e thes e pun s t o th e followin g exampl e fro m Freu d (1916) : 

(29 )  I  me t  Baro n Rothschild ,  an d h e treate d m e quit e a s hi s equal-quit e famillionairely . 

Thi s i s funny ,  Freu d claims ,  becaus e o f  th e unexpecte d eas e o f  combinin g familiarl y wit h mil -
lionair e t o creat e a  ne w wor d meanin g 'a s familiarl y a s i s possibl e fo r  a  millionaire. '  (I n German , 
familiA Y -f -  MillionA r  =  familionffr. )  Freu d als o present s th e standar d definitio n o f  jokin g a s th e 
abilit y  t o find  hidde n similaritie s betwee n dissimila r  things .  Thi s i s amende d t o allo w fo r  th e 
discover y o f  differences ,  o r  jus t  "t o bin d int o a  unity ,  wit h surprisin g rapidity ,  severa l  idea s whic h 
ar e i n fac t  alie n t o on e another. "  I n othe r  words,-th e combinatio n o f  disparat e ambiguou s interpre -
tation s i s a n unusua l  event ,  bu t  on e tha t  w e hav e a n automati c capacit y for . 

A remainin g proble m i s t o explai n wh y som e suc h ambiguitie s ar e funny ,  whil e other s ar e 
not .  Why i s i t  that ,  t o m y ear s a t  least ,  th e rabb i  wa s hi t  o n th e templ e i s funny ,  whil e th e plumbe r 
li t  hi s pip e i s merel y confusing ? Freu d claim s tha t  th e laughte r  respons e i s illicite d b y th e releas e 
of  suppresse d violen t  o r  sexua l  thoughts .  Tha t  explains ,  perhaps ,  wh y th e followin g i s a  fairl y  goo d 
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joke, while other lexical and structural ambiguities in this paper are not: 

(30) She criticized his apartment, so he knocked her flat. 

Minsky (1980) recasts Freud's notions into the terminology of mental agents acting as censors to 
violen t  o r  sexua l  thoughts .  I n Minsky' s terms ,  certai n menta l  agent s ar e goo d a t  combinin g ambi -
guou s interpretations ,  bu t  othe r  agent s notic e tha t  thi s i s no t  th e norma l  mod e o f  operation ,  an d 
act  t o censo r  them .  Th e laughte r  respons e serve s t o 'shak e up '  th e mind ,  ge t  i t  bac k o n track ,  an d 
post  a  warnin g t o avoi d suc h thoughts .  Presumably ,  th e simultaneou s combination s tha t  snea k b y 
uncensore d ar e one s tha t  d o no t  represen t  'dangerous '  mode s o f  thought . 

SIMULTANEOUS INTERPRETATION IN NORMAL' LANGUAGE 

Ther e ar e als o case s o f  combine d simultaneou s interpretatio n whic h don' t  involv e poeti c licens e o r 
puns .  Conside r  th e us e o f  boo k i n (31) .  Boo k i s polysemou s betwee n a  physica l  object ,  a  strin g o f 
words ,  an d a n abstrac t  plo t  o r  sequenc e o f  situations .  Th e us e o f  beautifull y  boun d refer s t o th e 
physica l  object ,  on e ne w ide a refer s t o th e abstrac t  content ,  an d 50,00 0 word s refer s t o a  particula r 
(abstract )  instantiatio n o f  th e content .  (I f  th e boo k wer e reprinte d i n paperbac k i t  woul d stil l  hav e 
th e sam e numbe r  o f  words ,  wherea s i f  i t  wer e translate d int o anothe r  language ,  i t  woul d hav e a 
differen t  numbe r  o f  words ,  bu t  th e sam e numbe r  o f  ideas. )  Al l  thre e polysemou s interpretation s o f 
book ar e use d simultaneously . 

(31 )  Thi s book ,  althoug h beautifull y  bound ,  contain s onl y on e ne w ide a i n 50,00 0 words . 
(32 )  H e i s th e autho r  o f  ove r  10 0 books . 

I t  can' t  b e tha t  boo k i s a  singl e sens e implyin g al l  thes e aspects ,  becaus e i n (32) ,  boo k mus t  refe r 
onl y t o th e 'plo t  o r  sequenc e o f  ideas '  sense .  On e coul d no t  felicitousl y us e (32 )  t o describ e someon e 
who ha d writte n a  singl e boo k whic h ha s ha d a  hundre d copie s printed ,  o r  a  singl e boo k whic h wa s 
translate d b y other s int o a  hundre d languages . 

Len Talm y (1977 )  provide s a  goo d exampl e o f  imag e combinatio n i n non-ambiguou s language . 
I n (33) ,  th e singl e interpretatio n i s 'sh e travele d lightl y an d easil y throug h th e roo m an d th e 
guest s a t  th e party ,  he r  pat h displayin g a  topolog y simila r  t o a  lea f  waftin g throug h air. '  (33 ) 
force s th e reade r  t o combin e th e imag e o f  a  woman walkin g throug h a  part y wit h th e imag e o f  a 
lea f  waftin g throug h th e ai r  (o r  somethin g similar )  t o arriv e a t  th e result .  Talm y explain s jus t 
what  propertie s o f  th e ver b ar e maintained ,  an d whic h ar e take n fro m th e complements . 

(33) She wafted through the party. 

Imag e combinatio n i s mor e obviou s i n th e cas e o f  metaphor s an d cliche s wher e th e derive d mean -
in g i s remove d tha n th e surfac e form .  Compar e (34) ,  whic h i s a  consisten t  us e o f  metaphor ,  wit h 
(35) .  Sentenc e (35 )  provide s a  topologica l  clas h tha t  canno t  easil y b e resolve d int o a  singl e 
interpretation ,  eve n thoug h th e meanin g o f  th e tw o cliche s i s consistent . 

(34 )  I'v e alway s bee n 100'7 c behin d m y husband ,  pushin g hi m o n a s bes t  I  can . 
(35 )  I'v e alway s bee n a t  m y husband' s side ,  100 % behin d him . 
(36 )  The y can' t  affor d t o ge t  ou t  from  unde r  th e rat-hol e o f  ren t  payments . 

Sentenc e (36) ,  take n firo m a  newspape r  articl e o n rea l  estat e prices ,  i s  a n exampl e o f  a  mixe d meta -
phor  wit h varyin g effectiveness ;  som e find  i t  t o b e fine,  whil e mos t  repor t  tha t  th e topolog y i s al l 
wrong :  on e shoul d b e strivin g t o ge t  ou t  o f  a  rat-hole ,  no t  ou t  from  unde r  it . 
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CONCLUSION 

In this paper I have investigated several strategies for pragmatic interpretation, and have 
presente d a  ne w strateg y whic h (1 )  account s fo r  th e little-mentione d phenomeno n o f  a  simultane -
ous combinatio n o f  ambiguou s interpretations ,  (2 )  i s no t  inconsisten t  wit h experimentall y derive d 
human preferenc e results ,  an d (3 )  use s a  combinatio n mechanis m tha t  i s  neede d fo r  non-ambiguou s 
languag e a s well . 
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T h e n.ol o o f  Analog y i n n  Theor y <> f  Problem-Solvin g 
Bet h Adelson ,  M a r k Durstciii ,  Dcdr e Gcntnor ,  Kristiiu i  Ilnniinoiid ,  Knit h Ilolyonk ,  Pau l 

Thagnr d 

The processes that underlie tlie Roiieration and use of annloRirs have consistently been of interest in the 
stud y o f  cognition .  Th e goa l  o f  thi s symposiu m i s t o loo k n t  povorn i  compnlationa l  theorie s o f  analog y an d 
t o se e i n wha t  way s eac h contribute s t o ou r  understanding .  W o hop e t o attai n thi s goa l  b y lookin g a t  th e 
sufRcienc y o f  eac h on e i n th e broade r  contex t  o f  problem-solvin g an d b y askin g th e followin g questions : 

1. In what way is a theory of analogy constrained by specifying its role in a theory of probieni-solving? 

2. To what extent are the theories presented below coinprt.ing theories? 'lb what extent are they members 
of  th e sam e class ? Doe s eac h on e spea k t o an y issu e Hin t  th e other s d o no t  address ? 

3. How is structure related to purpose and semantics? 

4. How do purpose and semantics affect: 

(a) Retreival 

(b )  Mappin g 

(c )  Justificatio n 

(d )  Debuggin g 

(e )  Generalizatio n 

Present an example reflecting your theory's position. 

The Structure-mapping Engine: A Cognitive Sininlntion of Analogy 
Dedr e Centner ,  Universit y o f  Illinois ,  Champagne-Urbana ' 

Computationa l  modelin g o f  analogy . 

The Structure-mappin g Engin e (SME) ,  writte n b y Bria n Falkenliaine r  an d Ke n Forbus ,  i s a  compute r  sim -
ulatio n o f  Centner' s structure-mappin g theor y o f  analog y (Falkenliainer ,  Forbus ,  i c  Centner ,  1986 ,  i n press ; 
Centner ,  1980 ,  1983 ,  1988) .  Cive n predicat e calculu s reprepciilation s o f  tw o potentia l  analogs ,  i t  use s purel y 

structura l  principle s -  one-to-on e correspondence ,  structura l  consistency ,  an d systematicii y  -  t o interpre t 
and evaluat e a n analog y betwee n tw o situations .  I t  operate s b y first  finding  al l  possibl e relationa l  identi -

tie s betwee n bas e an d target ;  i t  the n assign s eac h o f  thes e matr h hypothese s a n evaluation ,  base d o n th e 

structura l  closenes s o f  th e matc h an d o n a  kin d o f  loca l  systeiiiaticit y b y whic h a  give n pai r  o f  matchin g 

predicate s i s assigne d a  highe r  evaluatio n i f  thei r  parent s als o match .  S M E the n sweep s thes e matchin g 

pair s int o th e larges t  possibl e set s consisten t  wit h th e structura l  constraint s lai d ou t  abov e an d compute s a n 

overal l  evaluation .  I n addition ,  i t  hypothesize s candidat e ivfnrvrrs :  ne w fact s abou t  th e targe t  domai n tha t 

ar e derive d b y analog y wit h th e bas e domain .  Thus ,  S M E siiiiiilatc s bot h th e matchin g o f  existin g predicate s 

i n th e tw o domain s an d th e carryove r  o f  hypothesize d predicate s fro m on e domai n t o th e other . 

Ther e ar e som e othe r  point s t o not e abou t  th e simulation : 

1.  SME' s evaluatio n concern s onl y structura l  soundness .  Th e validit y o {  th e inference s i n th e targe t  an d th e 

contextua l  relevanc e o f  th e inference s mus t  b e evaluate d b y separat e processe s (Se e Burstein ,  1983 ;  Collin s 

i c Burstein ,  i n press ;  Centner ,  1988) . 

2.  T o allo w u s t o chec k ou r  modelin g assumption s individually ,  SMF/  i s constructe d modularly .  Fo r  example , 

differen t  kind s o f  structura l  evaluatio n rule s ca n b e tested ,  an d (a s discusse d below )  differen t  predicate -

matchin g rule s ca n b e utilized . 

*  Researcher s wh o contribute d t o tlii s  wor k includ e Ke n Forbus ,  Briii i  Fnlk f  iihninor ,  Mar y J o nattermann ,  Bo b Schumacher , 
and JanJc e Skorstad .  Thi s researcl i  i s  supporte d b y th e OfRc e o f  Nava l  nesonrcli ,  Contrac t  No .  N00014-85-K-0559 . 
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3. To my knowledge, SME has the greatest range of application of any existing analogy program. Over 40 
analogie s hav e bee n ru n successfull y -  tha t  is ,  the y hav e yielde d liuiiian-lik e interpretation s an d evaluations . 

Further ,  S M E i s efRcient .  I t  take s onl y second s fo r  mos t  examples . 

4.  I n additio n t o simulatin g analogy ,  S M E ca n als o b e use d t o sitiuilat e othe r  kind s o f  similarity :  e.g. ,  mere -
appearanc e matches ,  i n whic h onl y low-orde r  informatio n suc h a s objec t  attribute s ar e considered ,  an d litera l 
similarit y matches ,  i n whic h bot h relationa l  structur e an d objec t  propertie s ar e considered .  Thi s enable s u s 
t o simulat e differen t  aspect s o f  h u m a n similarit y processing . 

Psychologica l  studie s o f  acces s a n d inference . 

Beside s analogica l  mapping ,  ther e ar e othe r  subprocesse s i n analogica l  reasoning .  Give n a  curren t  proble m 
(th e targe t  situation) ,  th e perso n mus t  acces s a  simila r  ba.s e situation ,  creat e a  mappin g fro m th e bas e t o th e 
target ,  dra w ne w inference s o n th e basi s o f  th e mapping ,  an d judg e th e soundnes s o f  th e analog y an d th e 

relevanc e an d targe t  validit y o f  th e candidat e inferences .  I n ou r  recen t  researc h w e examin e th e determinant s 

of  thes e subprocesses ,  usin g S M E t o computationall y mode l  th e result s o f  psychologica l  experiments . 

I n a  serie s o f  studies ,  w e gav e peopl e differen t  kind s o f  similarit y matche s t o discove r  (a )  whic h kind s o f 
matche s lea d t o remindin g an d (b )  whic h kind s o f  matche s ar e considere d inferentiall y  soun d (Gentne r  fe 
Landers ,  1985 ;  Ratterman n i c Gentner ,  1987) .  Subject s wer e give n roughl y 3 0 shor t  storie s t o rea d an d 

remember .  A  wee k later ,  the y returne d an d rea d a  ne w se t  o f  stories ;  the y wer e t o writ e dow n an y o f  th e 

origina l  storie s tha t  the y wer e reminde d o f  whil e readin g th e ne w stories .  T h e ne w storie s wer e designe d 

t o matc h th e origina l  stories ,  eithe r  a s structura l  analogie s o r  a s superficia l  mere-appearanc e matches .  Th e 

result s sho w a  dissociation .  I n ratin g soundness ,  subject s rate d o n th e basi s o f  relationa l  commonalities : 

analogie s wer e rate d hig h an d mere-appearanc e matche s low .  Bu t  thei r  natura l  reminding s showe d th e 

opposit e pattern :  superficia l  matche s wer e fa r  mor e likel y t o b e retrieve d tha n relationa l  matche s (Ilolyoa k 

k Koh ,  1987 ;  Ross ,  D .  II. ,  1984) .  Thu s th e matche s tha t  cam e mos t  readil y t o memor y wer e no t  th e matche s 
subject s foun d inferentiall y  sound . 

We hav e compare d th e performanc e o f  S M E wit h tha t  o f  ou r  subject s fo r  a  subse t  o f  th e storie s (Skorstad , 
Falkenhaine r  k  Gentner ,  1987) .  W e find  tha t  th e result s o f  th e soundnes s tas k ar e bes t  fit  b y runnin g S M E i n 
analog y mode ,  whil e th e result s o f  th e acces s tas k ar e bes t  fit  b y runnin g S M E a s a  mere-appearanc e matcher . 

Thes e result s sugges t  tha t  surfac e similarit y i s importan t  i n determinin g acces s t o similarit y matches ,  whil e 

relationa l  similarit y i s importan t  i n judgin g th e soundnes s o f  a  match . 

Analogical Problem Solving: A Constraint Satisfaction Approach 

Paul  Thagard ,  Cognitiv e Scienc e Laboratory ,  Princeto n Universit y 

Keit h Ilolyoak ,  Psycholog y Department ,  U C L A ' 

We ar e developin g a  genera l  cognitiv e architectur e fo r  proble m solvin g an d learnin g i n whic h analogica l 

proble m solvin g wil l  hav e a n importan t  role .  W e ar e aimin g fo r  a  syste m tha t  wil l  incorporat e al l  th e 

standar d component s o f  analogica l  proble m solvin g i n whic h a  sourc e proble m i s use d t o hel p solv e a  targe t 

problem :  (1 )  th e retrieva l  o f  a  potentiall y  usefu l  source ,  (2 )  mappin g o f  th e targe t  t o th e source ,  (3 )  transfe r 

of  th e solutio n o f  th e sourc e t o provid e a  solutio n t o th e target ,  an d (4 )  learnin g tha t  wil l  facilitat e late r 
proble m solving ,  fo r  exampl e b y formin g schema s tha t  abstrac t  fro m th e sourc e an d target . 

Our  first  implementatio n o f  analogica l  proble m solvin g i n th e f' P systet n wa s foun d t o pu t  insufficien t 

constraint s o n th e mappin g an d retrieva l  processe s (Holland ,  Ilolyoak ,  Nisbett ,  &  Thagard ,  1986 ;  Holyoa k & 

Thagard ,  1986) .  Accordingly ,  w e hav e bee n developin g ne w tiicoric s o f  mappin g an d retrieva l  tha t  specif y a 

collectio n o f  principle d constraint s o n whe n a n analo g wil l  b e retrieve d an d o n ho w component s o f  tw o analog s 

wil l  b e mappe d t o eac h other .  Mappin g an d retrieva l  bot h involv e structural ,  semantic ,  an d pragmati c 

(purpose-directe d (Burstei n fc  Adelson ,  1987 ,  1988) )  constraints ,  althoug h th e constraint s var y i n importanc e 

t o th e tw o processes ,  wit h semantic s bein g mor e importan t  fo r  retrieva l  tha n fo r  mapping . 

'Thi s researc h i s supporte d b y Contrac t  MDA903-86-K-029 7 fro m th e Arm y Researc h Institute . 
'Processe s o f  Inductio n 
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In mapping, the central constraint is structural correspondence between the two analogs, a relation whose 
importanc e ha s bee n emphasize d b y Dedr e Gentner .  W e maintain ,  however ,  tha t  semanti c correspondence s 
relatin g predicate s wit h simila r  meaning s ar e als o important .  Moreover ,  pragmati c factor s involvin g th e 

purpos e o f  th e analog y ca n als o pla y a  rol e i n mapping .  Fo r  example ,  i f  th e purpos e o f  th e analog y i s t o 

convinc e someon e o f  a  conclusion ,  the n mapping s tha t  suppor t  thi s conclusio n wil l  b e encouraged . 

Connectionis t  model s provid e a  gracefu l  mean s fo r  simultaneousl y satisfyin g multipl e constraints .  Accord -

ingly ,  w e hav e implemente d ou r  theor y o f  mappin g i n a  progra m calle d ACME' '  tha t  take s tw o analog s a s 

input s an d construct s a  networ k o f  hypothese s concernin g wha t  component s o f  th e tw o analog s t o ma p t o 

eac h other .  A C M E ha s no w bee n applie d t o mor e tha n 2 0 coiM|)le x analogie s draw n fro m severa l  domains , 

includin g radiatio n problem s o f  th e sor t  investigate d experimentall y b y Ilolyoak . 

Complementar y t o A C M E,  w e ar e no w developin g A R C S ^ ,  a  constrain t  satisfactio n mode l  o f  re/riera/tha t 

uses semantic ,  structura l  an d pragmati c constraint s t o hol p find  relevan t  analog s store d i n memor y (Ilolyoa k 

fc  Thagard ,  1987) .  I n contras t  t o A C M E,  semanti c constraint s tak e precedenc e i n A R C S,  wit h th e retrieva l 

of  analog s initiate d throug h association s o f  semanticall y simila r  concepts .  However ,  th e retrieva l  proces s i s 

als o guide d b y structura l  correspondence s an d pragmati c import .  A R C S i s als o a  connectionis t  progra m an d 

i s bein g teste d o n a  larg e dat a base . 

Eventually ,  w e pla n t o integrat e A R C S an d A C M E wit h ou r  rule-base d proble m solve r  PI ,  producin g a n 

architectur e capabl e o f  bot h analogica l  an d non-analogica l  proble m solving . 

Purpose Guided Analogical Learning and Reasoning 

Bet h Adelso n Tuft s University ,  Cambridge ,  M A * 

The goa l  o f  thi s researc h program ,  conducte d jointl y wit h Mar k Durstein ,  i s  th e developmen t  o f  a  theor y o f 

purpose-guide d analogica l  learnin g an d reasoning .  Ou r  curren t  wor k focusse s explicitl y  o n th e rol e o f  partia l 

model s i n th e generatio n o f  analogica l  mappings ,  an d suggest s tha t  th e proces s o f  integratin g thes e multipl e 

analogie s whic h for m partia l  explanation s ca n b e describe d usin g a  se t  o f  genera l  principle s fo r  relatin g 

partia l  menta l  model s o f  differen t  type s (Durstei n &  Adelson ,  1987) . 

Our  approac h o f  specifyin g mappin g usin g a  principle d se t  o f  partia l  model s i s base d o n th e fac t  tha t  on e 
typicall y know s a  larg e amoun t  abou t  a  familia r  domai n an d wha t  i s mappe d fro m th e familia r  domai n t o 
th e domai n bein g learned ,  i s constraine d b y th e purpos e o f  th e analogy(Bur8tei n fe  Adelson ,  1988 ;  Ilolyoa k 

Ac Thagard ,  1986) .  Additionally ,  althoug h behavior ,  mechanism ,  o r  piiysica l  an d functiona l  topolog y ma y b e 

focusse d o n durin g initia l  learning ,  ful l  understandin g o f  a  comple x domai n require s th e integratio n o f  thes e 
aspects .  I n wha t  follow s w e presen t  som e o f  th e issue s generate d b y ou r  theory . 

Purpos e guide d debugging :  T h e rol e o f  withi n donini n analog y 

Becaus e analogies ,  b y definition ,  d o no t  provid e perfec t  model s o f  a  targe t  domain ,  a  newl y mappe d mode l 

wil l  nee d t o b e debugged ;  structur e wil l  nee d t o b e refined ,  adde d o r  dropped .  Her e a s i n othe r  aspect s o f 

analogica l  learning ,  purpos e ca n hel p t o constrai n th e process . 

For  example ,  i n on e o f  ou r  protoco l  experiment s a  studen t  wa s taugh t  abou t  th e concep t  o f  stack s b y analog y 

t o a  stac k o f  plate s i n a  cafeteria .  Th e studen t  wa s the n aske d t o writ e th e Pasca l  procedur e fo r  pushin g 

element s ont o th e stack .  Usin g th e plat e analogy ,  th e studen t  wa s abl e t o draw  correctl y a  bo x an d arro w 

representatio n o f  th e step s involve d i n push .  However ,  th e studen t  wa s no t  abl e t o the n writ e th e first  lin e 

of  cod e i n whic h th e ne w elemen t  i s place d o n th e stac k b y pointin g th e ne w element' s next-pointe r  t o th e 

elemen t  tha t  previousl y wa s th e first  element .  Wha t  need s t o b e don e her e i s t o assig n t o th e ne w elepient' s 

next-pointe r  variabl e th e valu e containe d i n th e head-pointe r  variabl e ( N E W - N E X T : = H E A D ) .  Whe n th e 

studen t  wa s reminde d tha t  pointe r  variable s wer e analogou s t o othe r  type s o f  Pasca l  variable s h e wa s abl e t o 

writ e th e code .  Tha t  is ,  h e use d thi s withi n domai n analog y t o refin e hi s representatio n o f  pointe r  variables . 

*  Analogica l  Constreun t  Mappin g Engin e 
'Analogica l  Retrieva l  b y Constrain t  Satisfactio n 
'Thi s reseeu-c h i s supporte d b y th e Nationa l  Scienc e Foundation s Engineerin g Desig n an d knowledg e an d Dat a Bas e Program s 
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They then took on the properties of other types of Pascal variables; they contained values of a specified type 
and thes e value s coul d b e copie d usin g th e assignmen t  operator . 

As thi s exampl e illustrates ,  whe n th e learner' s tas k i s t o describ e ho w a  syste m wil l  b e realize d i n th e targe t 
domain ,  bas e domai n analogie s wil l  mos t  likel y b e insufficient .  However ,  withi n domai n analogie s m a y th e 
typ e o f  analogie s tha t  ar e appropriat e bot h fo r  thi s purpose . 

Integratin g behavioral ,  causa l  a n d topologica l  mode l s 
Our  theor y als o addresse s th e natur e o f  th e relationshi p betwee n behavioral ,  causa l  an d topologica l  models , 
ho w thi s informatio n i s use d an d wh y i t  i s  importan t  i n an y problem-solvin g i n whic h a n ol d solutio n wil l 
be transforme d t o solv e a  new ,  simila r  problem . 

Frequentl y proble m solvin g wil l  involv e understandin g th e behavio r  o f  a  syste m i n term s o f  th e relationshi p 
betwee n inpu t  an d outpu t  o r  star t  an d goa l  states .  Thi s descriptio n o f  th e system' s goa l  tha t  i s  containe d i n a 
behaviora l  mode l  provide s a n explanatio n o f  th e system' s purpose .  13 y comparison ,  a  causa l  mode l  represent s 

a syste m a s a  connecte d se t  o f  component s wit h causa l  effect s an d constraints .  Th e causa l  mode l  consist s 

of  a  descriptio n o f  ho w th e output s o f  component s caus e stat e change s i n other ,  topologicali y connecte d 
components .  A s a  result ,  a  causa l  descriptio n provide s a n accoun t  o f  wha t  happen s acros s th e syste m i n 

orde r  t o ge t  fro m a  star t  t o a  goa l  state .  A  topologica l  mode l  i s neede d t o describ e th e physica l  realizatio n 

of  a  system' s mechanis m an d behavior .  A  topologica l  mode l  doe s thi s b y describin g bot h th e functionalit y 

of  th e system' s component s an d th e interconnection s amon g them . 

I n ou r  theory ,  tli e thre e model s ar e relate d i n th e followin g way .  Th e behavio r  mode l  describe s th e purpos e 
fo r  whic h th e syste m i s used .  Th e causa l  mode l  i s  relate d t o th e behaviora l  mode l  i n tha t  i t  describe s wha t  i s 

don e t o acheiv e th e purpos e state d i n th e behaviora l  model .  Th e topologica l  mode l  explain s ho w th e causa l 

model  i s realized . 

The nee d fo r  th e thre e model s an d fo r  rule s describin g thei r  relationshi p i s illustrate d b y th e sam e studen t 

learnin g abou t  th e concep t  o f  a  queu e b y analog y t o th e concep t  o f  a  stack .  Th e studen t  wa s tol d tha t  a 

queu e i s lik e a  stac k excep t  tha t  i t  i s  use d whe n Firs t  I n Firs t  Ou t  behavio r  i s desired .  T h e studen t  wa s 

the n aske d t o writ e th e Pasca l  procedure s fo r  pushin g an d poppin g stac k elements . 

The studen t  kne w tha t  th e Las t  I n Firs t  Ou t  behavio r  o f  a  stac k wa s obtaine d throug h a  mechanis m i n 

whic h th e nex t  elemen t  t o b e poppe d wa s th e on e tha t  wa s mos t  recentl y pushed .  Usin g th e differenc e i n 
th e behavio r  o f  th e tw o concept s h e mappe d a  transforme d causa l  mode l  o f  a  queue ,  i n whic h F IF O behavio r 
woul d b e obtaine d b y poppin g th e leas t  recentl y pushe d element .  O n th e basi s o f  th e newl y mappe d causa l 

model  th e studen t  wa s the n abl e t o m a p a  transforme d topologica l  iwodc l  o f  a  queue .  I n thi s model ,  pushin g 

and poppin g occu r  a t  th e same ,  rathe r  tha n opposite ,  ends .  Also ,  a s a  resul t  o f  understandin g th e wa y i n 

whic h causa l  an d topologica l  model s ar e related ,  th e studen t  wa s abl e t o stat e tha t  th e topologica l  mode l  fo r 

a queue ,  a s oppose d t o a  stack ,  contain s tw o pointer s rathe r  tha n one ,  i n orde r  t o indicat e separatel y wher e 

th e nex t  pus h an d po p occur . 

Here ,  an d generall y i n situation s i n whic h existin g mechanism s ar e use d a s analogie s i n orde r  t o implemen t 

some ne w desire d functionality ,  a  descriptio n o f  th e relationshi p betwee n th e behavioral ,  th e causa l  an d th e 

topologica l  representatio n enter s strongl y int o successfu l  problem-solving . 

Analogical Explanations Combining Inconsistent Mental Models 

Mar k Burstei n B B N Laboratories ,  Cambridge ,  M A ^ 

Analogie s ar e use d durin g proble m solvin g fo r  a  numbe r  o f  purposes .  The y ca n b e use d t o suggest'plan s 
of  action ,  organization s fo r  component s i n a  synthesi s o r  desig n problem ,  prediction s o f  effect s o f  partiall y 

understoo d systems ,  an d explanation s o f  observe d behaviors .  Al l  o f  thes e use s o f  analog y shar e som e c o m m o n 

underlyin g cognitiv e mechanisms ,  bu t  emphasiz e an d exploi t  seinanticall y differen t  relationa l  structures .  W e 

reporte d a  preliminar y categorizatio n o f  som e o f  thes e type s o f  relationa l  structur e i n (Burstei n f z Adelson , 

'Thi s researc h wa s supporte d i n par t  b y th e Arm y Researc h Institute . 
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1987). 

As describe d i n th e precedin g section ,  w e ar e developin g a  theor y o f  analogica l  reasonin g an d learnin g tha t 
difTerentiate s thes e differen t  use s o f  analogies .  On e importan t  aspec t  o f  ou r  theor y i s tha t  analogie s ca n 

compar e an d relat e system s a t  severa l  level s o f  description .  Wel l  understoo d domain s o r  systems ,  i.e. ,  thos e 

whose behavior ,  mechanism ,  an d application s ar e al l  understood ,  ma y serv e a s sourc e analog s a t  severa l 

differen t  level s o f  abstraction ,  an d fo r  severa l  o f  thes e differen t  purposes . 

One recen t  compute r  mode l  tha t  demonstrate s som e o f  thes e use s o f  analog y i s Falkenhainer' s PHINEA S 
syste m (Falkenhainer ,  1987) .  PH INEA S i s a n ambitiou s syste m tha t  coordinate s som e larg e program s fo r 

qualitativ e reeisonin g an d planning ,  i n conjunctio n wit h hi s Structur e Mappin g Engin e (SME )  (Falkenhainer , 

Forbu s k  Gentner ,  1986) .  Falkenhainer' s syste m first  (1 )  build s a  qualitativ e causa l  mode l  o f  hea t  flow  b y 
analog y t o liqui d flow  t o explai n a n observatio n o f  hea t  flow  behavior .  Th e syste m the n seek s t o (2 )  verif y 

furthe r  prediction s fro m it s ne w model ,  a s a  mean s o f  testin g it s reliabilit y  an d generality .  Thi s ste p als o 

involve s (3 )  plannin g experiment s t o brin g abou t  othe r  situation s predictabl e fro m th e sam e qualitativ e 

model . 

One o f  th e reason s th e behavio r  o f  PH INEA S differ s fro m th e mode l  w e ar e developin g i s tha t  PHINEA S 
does no t  us e analogica l  reasonin g fro m it s sourc e domai n knowledg e i n step s 2  an d 3 .  Tha t  is ,  it s prediction s 
of  relate d targe t  domai n behavior s an d it' s  plan s fo r  action s t o brin g abou t  thos e behavior s ar e generate d 

usin g onl y th e newl y constructe d targe t  domai n qualitativ e model .  PHINEA S doe s no t  hav e acces s t o store d 

plan s suggestin g use s o f  wate r  flow  fo r  differen t  purposes ,  no r  doe s i t  us e alternat e envisionment s o f  wate r 

flow  situation s t o generat e additiona l  hea t  flow  predictions .  It s resultin g mode l  o f  hea t  flow  i s embede d i n a 

specifi c  settin g base d o n th e initiall y  presente d situation .  W e woul d argu e tha t  creatio n o f  a  ful l  tes t  o f  th e 

generalit y o f  th e newl y derive d hea t  flow  principle ,  an d th e analog y t o fluid flow,  woul d involv e extendin g 

th e analog y t o relat e a  numbe r  o f  "parallel "  wate r  an d hea t  flow  situation s (Burstein ,  1988) . 

The poin t  o f  thi s exampl e i s tha t  successful ,  strategi c us e o f  analogie s i n learnin g an d proble m solvin g i s ofte n 

base d o n severa l  level s o f  correspondenc e betwee n domains .  PHINEA S an d othe r  system s hav e successfull y 

shown ho w th e discover y o f  correspondin g behavior s ca n lea d t o th e inductio n o f  a  correspondin g qualitativ e 

causa l  structure ,  bu t  man y analogie s ca n b e use d t o relat e othe r  level s o f  descriptio n a s well .  W e ar e 

developin g a  compute r  mode l  wher e severa l  level s o f  descriptio n ca n b e successivel y mappe d fro m a  singl e 

analogy ,  base d o n a n initial ,  successfu l  mappin g a t  th e behaviora l  o r  som e othe r  level .  Thi s require s riche r 

sourc e domai n representation s wit h multipl e relate d example s an d mechanism s whic h allo w semanticall y 
differen t  kind s o f  structura l  relation s t o b e preferre d fo r  mappin g a t  differen t  times . 

Anothe r  reaso n fo r  investigatin g thi s for m o f  purpose-constraine d analogica l  mappin g i s tha t  huma n menta l 

model s o f  domain s ar e ar e seldo m complete ,  no r  totall y internall y consisten t  (Collin s fc  Gentner ,  1987 ; 

Spir o e t  al. ,  1988 ;  Burstein ,  1985) .  W e ofte n us e a  se t  o f  relate d example s wit h associate d explanator y 

model s t o kee p fro m generatin g erroneou s prediction s an d explanations .  Similarly ,  explanation s o f  differen t 

behavior s withi n a  singl e domai n ma y b e generate d fro m differen t  analogica l  models ,  o r  combination s o f 

models .  Inconsistencie s i n thes e explanation s ca n onl y b e detecte d durin g proble m solvin g episode s tha t  full y 

exercis e th e interrelation s betwee n models .  W e wil l  presen t  example s o f  subject s developin g an d relatin g 

model s derive d fro m differen t  analogies ,  an d sho w ho w detecte d inconsistencie s ca n b e understoo d i n term s 

of  attempt s t o relat e menta l  model s a t  differen t  level s o f  abstractio n durin g proble m solving . 

Analogical Reasoning as a Dy-Product of Problem-Solving. 

Kristia n J .  Hammond,  Universit y o f  Chicago ® 

We don't work on analogy. We do work on problem solving. As it turns out, we have a program and 

an approac h tha t  result s i n "analogical "  behavior .  Simpl y stated ,  th e progra m (POLYA )  seek s case s i n 

memory t o us e a a exemplar s an d ofte n finds  case s tha t  a n observe r  woul d se e a s analogical .  P O L Y A itself , 

'Thi s wor k wa a don e wit h Thoma s McDouga l  a t  th e Universit y  o f  Chicag o A I  Lab . 
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however, does not distinguish between true analogy and similarity. POLYA simply uses mapping information 
associate d wit h th e share d predicate s t o transfe r  th e solutio n o r  partia l  solutio n o f  th e recalle d proble m t o 
th e ne w situatio n withou t  distinguishin g betwee n type s o f  similarity . 

P O L YA i s a  problem-solve r  i n th e domai n o f  geometr y theore m proving .  I n particular ,  i t  i s  a  case-base d 
problem-solve r  tha t  construct s ne w proof s ou t  o f  existin g solution s (o r  generalization s o f  solutions )  tha t 

i t  find s i n memory .  T h e ai m o f  th e P O L Y A projec t  i s  th e developmen t  o f  technique s fo r  automaticall y 

constructin g vocabularie s o f  featur e combinatio n an d interactio n tha t  ar e effectiv e i n describin g proble m 

situation s an d thu s organizin g solution s i n memory . 

T h e P O L Y A projec t  i s  predicate d o n th e notio n tha t  fo r  ever y domain ,  ther e exist s a  vocabular y o f  featur e 

combinatio n an d interactio n tha t  bes t  describe s th e problem s withi n it .  Th e tw o feature s tha t  ar e mos t 
importan t  t o thi s vocabular y ar e th e nea r  independenc e o f  th e predicate s an d a  clos ^  associatio n betwee n 

proble m description s an d solutio n sets .  Th e nea r  independenc e o f  predicate s enable s us e i n indexing .  T h e 

associatio n betwee n proble m descriptio n an d solutio n se t  determine s utility . 

Thi s vocabular y i s generate d ou t  o f  th e constraint s o f  existin g problem/solutio n pair s an d i s teste d throug h 

it s us e i n indexin g case s i n memory .  Thos e statement s use d i n a  proo f  that ,  b y necessity ,  shar e argument s 
ar e compounde d int o a  singl e predicate .  A  specia l  purpos e mechanis m i s the n constructe d t o recogniz e thi s 

predicat e an d th e predicat e i s adde d t o th e lis t  o f  feature s use d t o inde x th e solutio n i n memory .  A s ne w 

problem s ar e presented ,  tlie y ar e understoo d i n term s o f  th e ne w predicate s create d b y th e syste m an d thes e 

description s ar e use d t o searc h fo r  existin g solutions .  Rathe r  tha n confron t  th e genera l  proble m o f  indexin g 

of f  o f  arbitrar y conjunct s o f  predicat e calculu s statement s (potentiall y  exponential) ,  onl y certai n conjunct s 

ar e recognize d an d used . 

Whil e P O L Y A construct s thes e ne w predicate s the y d o no t  diffe r  formall y fro m thos e i t  initiall y  uses .  Whil e 

a compoun d predicat e suc h a s S Q U A R E - W I T H I N - C I R C L E o r  K I T E - W I T H - C R O S S represent s interaction s 

betwee n parts ,  th e low-leve l  predicate s suc h a s L I N E an d C U R V E d o a s well .  Further ,  th e technique s fo r 

recognizin g th e late r  ar e o f  th e sam e typ e a s thos e fo r  recognizin g th e former .  Rathe r  tha n loo k fo r  analogies , 
P O L YA simpl y look s fo r  usefu l  exemplars . 

Ther e ar e five  step s t o th e P O L Y A architecture : 

1. Proofs are used to generate compound predicates out of conjuncts of predicates implicated in the proof 
tha t  shar e variables . 

2. New problems are analyzed in terms of these predicates. 

3. The resulting predicate list is used to search for appropriate solutions. 

4. Mapping information associated with each predicate is used to obtain the bindings between source and 

target . 

5. Any gaps in the proof are dealt with as a new problem description and POLYA recurs on the search 

fo r  a  solution . 

6. The resulting proof is used to generate a new set of candidate predicates. 

The result of this is a system that makes use of cases that are both "similar" and "analogous" to its problem 

situatio n withou t  havin g t o distinguis h betwee n th e two .  Th e behavio r  i s analogical ,  bu t  thi s i s a  natura l 

by-produc t  o f  th e case-base d proble m solving . 
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T HE A R C H I T E C T U RE O F CHILDREN' S P H Y S I C S K N O W L E D GE 
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Schoo l  o f  Educatio n 
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ABSTRACT 

The project investigated ttie nature of young ctiildren's physics knowledge and 
th e architectur e o f  it s  development .  I  utilize d tw o context s o f  developmen t  fo r  thi s 
purpose :  compariso n o f  cross-ag e development s i n knowledg e o f  a  domai n an d fine -
graine d analysi s o f  development s tha t  occurre d i n th e contex t  o f  problem-resolution . 
The empirica l  bas e consiste d o f  thre e conditions ,  unde r  whic h preschooler s wer e aske d 
t o establis h equilibriu m o n th e pa n balance .  Analysi s focuse d o n th e child' s 
transformatio n o f  a  number-base d t o a  weight-base d approac h t o th e problem .  Al l  th e 
condition s employe d th e sam e nin e set s o f  element s t o b e balanced ;  th e condition s 
varie d a )  whethe r  o r  no t  th e chil d receive d feedbac k fro m th e apparatu s an d b )  orde r  o f 
set  presentatio n (tota l  n = 56) .  A  sequenc e o f  fine-graine d analyse s o f  th e videotape d 
dat a lea d t o a  vie w o f  children' s physic s knowledg e a s localize d an d context-sensitive ; 
wit h th e step s involve d i n it s  developmen t  a s remari<abl y limite d i n extensio n :  i n a )  th e 
scop e withi n whic h the y com e t o represen t  weigh t  o r  weigh t  difference s (e.g .  discret e 
element s versu s collectiv e weigh t  o f  element s i n a  pan )  b )  th e scop e o t  context s i n whic h 
the y com e t o vie w weigh t  a s relevan t  t o th e goa l  o f  mechanica l  equilibriu m an d c )  th e 
bound s o f  diagnosti c an d causa l  implications . 

I N T R O D U C T I ON 

The project investigated the nature of young children's physics 
knowledg e an d th e architectur e o f  it s  development .  Mor e specifically ,  wha t  I s 
th e natur e o f  th e knowledg e tha t  th e chil d bring s t o bea r  i n th e resolutio n o f 
physic s tasks ? Ho w doe s on e approac h t o th e tas k becom e transforme d int o 
another ;  i.e .  i n wha t  form(s )  doe s chang e ente r  i n an d ho w doe s th e ne w 
become elaborate d int o a  anothe r  mor e adequat e approac h t o th e task ? 

The literature posits incompatible models concerning the architecture of 
children' s developin g scientifi c  knowledge .  O n th e on e hand ,  on e find s model s 
emphasizin g th e impac t  o f  improvemen t  i n genera l  structures ,  processin g 
capacities ,  o r  theoretica l  constructs ,  viewe d a s leadin g t o broad-base d 
improvement s i n th e child' s scientifi c  knowledge .  I n Inhelde r  an d Piaget' s 
(1958 )  model ,  developmen t  o f  th e underlyin g logical-mathematica l  structure s 
enable s a  mor e adequat e experimenta l  pla n an d mor e adequat e interpretatio n 
of  empirica l  results .  I n a  mor e physics-frame d model ,  Kaiser ,  McCloske y an d 
Profit t  (1986 )  loo k t o th e adequac y o f  th e genera l  theoretica l  construct s hel d b y 
th e child ,  whic h the y argu e largel y accoun t  fo r  th e natur e o f  th e child' s 
performanc e i n a  broa d rang e o f  relevan t  tasks .  O n th e othe r  hand ,  on e find s 
model s suc h a s DiSessa' s (1987 )  an d Lawler' s (1985 )  tha t  characteriz e 
knowledg e an d it s evolutio n a s localize d an d fragmente d an d tak e a  mor e 
particulat e vie w o f  wha t  a  chil d know s an d th e step s involve d i n knowledge -
transformation . 

This project exploits both the macro-developmental context of cross-age 
improvements ,  a s wel l  a s th e m/cro-developmenta l  contex t  o f  task-base d 
learning ,  t o examin e th e architectur e o f  children' s evolvin g knowledg e o f  a 
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physics domain. Inhelder and her research team have argued that micro-
analysi s withi n th e problem-solvin g contex t  i s  muc h bette r  suite d t o elucidat e 
ho w knowledge-structure s becom e transforme d tha n compariso n o f  cross-ag e 
difference s employe d b y mos t  studie s (cf .  Inhelde r  e t  al ,  1976 ;  Karmiloff-Smit h & 
Inhelder ,  1974) .  Thi s tac t  enable s fine-graine d analysi s o f  th e natur e o f  th e 
chunk s an d pathway s o f  connection s forme d i n th e transformatio n o f  children' s 
domain-specifi c  physic s knowledge . 

R E S E A R CH B A S E 

Subjects 

The projects drew subjects from a university laboratory school, of upper-
middl e an d middl e S.E.S. .  Eac h o f  th e firs t  tw o condition s include d 2 4 
preschoolers ,  evenl y divide d acros s sexe s an d amon g 3 ,  4 ,  &  5  yea r  olds .  Th e 
las t  conditio n include d 8  fiv e yea r  olds ,  evenl y divide d acros s sexes . 

Experimental Set-up 

Materials consisted of a pan balance and 9 sets of little people. The 
standar d figur e wa s plasticin e throughout ,  weighe d on e ounce ,  an d wa s 5  cm . 
i n length .  Othe r  figure s varie d i n siz e and/o r  weigh t  fro m th e standard ,  b y 
means o f  hidde n styrofoa m o r  hidde n weight s o r  b y simpl e additio n o f  mor e 
plasticine .  Th e numbe r  o f  figure s i n a  give n se t  range d fro m 2  t o 9 . 

The child sat at a small table, facing the V.C.R. camera. The apparatus 
reste d o n th e table ,  directl y  i n fron t  o f  th e child .  E  sa t  t o S' s right ,  fro m whic h sh e 
hande d S  th e sequenc e o f  peopl e sets . 

Experimental Procedures 

In each condition, E began by instructing S, "The people go in these 
thing s [th e pans] .  Whe n al l  th e peopl e ar e i n thes e things ,  i t  shoul d sta y lik e 
f/7/s "  [horizonta l  positio n o f  bea m demonstrated].. .  A s S  engage d i n th e proces s 
of  placement s an d immediatel y thereafter ,  E  probe s "  Wha t  ar e yo u doing? '  o r 
What  di d yo u doT .  I f  S  fail s  o n th e firs t  attempt ,  E  encourage s repair s b y sayin g 
"Tr y t o fi x it" .  E  present s th e nex t  se t  o f  element s afte r  8  ha s succeede d wit h 
thi s firs t  se t  (o f  tw o identica l  elements) . 

Under the first two conditions, E continues in this same mode with 
anothe r  eigh t  set s o f  figures .  Subject s receiv e feedbac k fro m th e apparatu s i n 
eac h o f  thes e conditions ;  th e condition s var y th e orde r  o f  se t  presentation .  I n 
th e firs t  order ,  th e firs t  fe w set s ca n b e successfull y place d vi a a n equa l  numbe r 
strategy .  Th e othe r  orde r  introduce s goal-relevan t  inter-objec t  difference s 
earlie r  on .  I n th e thir d condition ,  followin g successfu l  placemen t  o f  th e firs t  set , 
E tell s  S ,  "No w th e gam e i s t o pu t  th e peopl e uDSlS L th e pa n the y shoul d g o into . 
You don' t  pu t  thes e thing s i n anymore .  Yo u pu t  th e peopl e unde r  th e pa n the y 
belon g in" .  Thi s no-feedbac k conditio n employe d th e firs t  orde r  o f  th e 
feedbac k condition . 
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The author and her research assistant carried out an extensive series of 
analyse s o f  th e videotapes .  Thi s pape r  consider s two :  analyse s o f  strategie s 
employe d an d th e muc h finer-graine d analysi s o f  exten t  o f  knowledge-stran d 
elaboration .  I n bot h cases ,  th e tw o independentl y code d th e complet e dat a set . 
Difference s wer e resolve d b y mean s o f  join t  reviewin g o f  th e tape . 

Analysis One: Strategies employed 

This top-level analysis consisted of coding the strategies each child 
employed ,  t o obtai n th e goal-stat e o f  mechanica l  equilibrium .  W e parse d a s 
an episod e eac h attemp t  t o ge t  th e apparatu s t o work ,  eithe r  initia l  placemen t 
strateg y o r  repair . 

The schema of strategies, formulated across the course of two pilots, 
include d th e followin g categories : 

equate d i n tw o pan s 
one-to-on e correspondenc e o f  placement s 
equa l  weigh t  i n tw o pan s 
visua l  feedbac k 
compensatio n b y forc e o f  hand s (yan k o n wires ) 
correc t  spatia l  alignmen t  (gentl y plac e apparatu s int o position ) 
fiddl e wit h knob s (knob s buil t  int o th e beam ) 
rejec t  (elemen t  o r  pai r  o f  element s fro m th e curren t  set ) 
exchang e (pai r  o r  complet e set s o f  element s acros s pans ) 

Each coder assigned one or more strategies to each attempt at the goal. 
Where mor e tha n on e strateg y wa s assigned ,  th e code r  specifie d th e for m o f 
thei r  combination :  whethe r  th e child' s action s integrate d th e tw o strategie s (a s 
i n th e applicatio n o f  one-to-on e correspondence ,  stoppin g afte r  eac h pai r  o f 
placement s t o chec k visua l  feedback ;  an d wher e on e pa n rest s higher ,  placin g 
jus t  on e ther e instea d o f  a n elemen t  i n each )  o r  wher e th e chil d employ s on e 
strateg y a s a  mean s t o anothe r  (e.g .  equatin g weight ,  b y mean s o f  equatin g 
number  unde r  condition s o f  identit y o f  element s i n th e set) .  Afte r  completin g th e 
assignmen t  o f  strategy-codings ,  w e reviewe d th e protocol s fo r  stabl e pattern s o f 
strateg y application .  Thes e pattern s encompasse d th e distinction s tha t  th e 
chil d use d i n determinin g initia l  placement s an d th e basi s o n whic h h e o r  sh e 
selecte d repairs . 

Analysis Two: Extent of knowledge-strand elaboration 

This finer-grained analysis aimed to elucidate how one stable pattern of 
strategy -  applicatio n becam e transforme d int o a  mor e adequat e approac h t o th e 
problem .  Give n th e fine-grai n employe d here ,  w e restricte d thi s analysi s t o th e 
24 Stud y I  subjects .  Th e analysi s focuse d o n th e child' s knowledg e o f  tw o 
aspect s o f  th e tas k domai n vis-a-vi s thi s goa l  o f  mechanica l  equilibrium :  a ) 
knowledg e o f  th e pa n balanc e apparatu s an d b )  knowledg e concernin g th e set s 
of  element s t o b e balanced ;  a s wel l  a s c )  knowledg e o f  connection s betwee n 
th e two . 

Each coder specified: 1) the set of features by which S had represented 
eac h aspec t  o f  th e domai n 2 )  whic h o f  thes e feature s h e o r  sh e conceptualize d 
as relevan t  t o goal-attainmen t  an d 3 )  th e entailment s o f  thi s featur e fo r  goal -
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attainment .  W e specifie d th e entailment s S  ha d elaborate d i n term s o f 
diagnosti c an d causa l  implications . 

We define diagnostic and causal implications as follows. The child who 
construct s a  lin k o f  th e typ e whe n x  happen s tha t  mean s y  i s th e proble m ha s 
forme d a  diagnosti c implicatio n (e.g .  whe n on e pa n goe s down ,  ther e ar e to o 
many thing s i n it. )  Th e chil d wh o construct s a  lin k o f  th e typ e whe n yo u d o x ,  y 
happens ,  ha s forme d a  causa l  implicatio n (whe n yo u pu t  th e sam e numbe r  i n 
each ,  i t  works) . 

The framework underlying this last analysis thus distinguishes between 
representin g som e variabl e withi n som e aspec t  o f  th e tas k domai n fro m th e 
recognitio n o f  tha t  variabl e a s relevan t  t o task-attainment .  Th e aspec t  ma y 
actuall y b e relevan t  t o goal-attainmen t  (e.g .  relativ e weigh t  o f  th e elements )  o r 
irrelevan t  (colo r  o f  th e elements )  o r  imperfectl y correlate d wit h th e relevan t  (siz e 
of  th e elements) . 

By specifying the set of implications the child has constructed involving 
th e variabl e an d goal-attainment ,  th e analysi s ca n captur e degree s o f  feature -
goal  elaboration :  fro m th e dawnin g o f  relevanc y prio r  t o specifi c  implication s ( a 
suspiciou s "Wh y di d yo u giv e m e a  heav y one?" )  t o th e constructio n o f  al l  th e 
entailment s o f  th e featur e fo r  goal-attainment . 

RESULTS AND DISCUSSION 

Patterns of strategies employed 

Across the 1093 data-points of strategies employed, a 91.3% inter-rater 
reliabilit y  wa s achieved .  Tw o pattern s o f  strateg y applicatio n an d a  thir d 
intermediary ,  mor e transien t  approach ,  appeare d acros s th e dat a set .  Usin g a 
criterio n o f  8 0 % fi t  o f  strategie s employed ,  applicatio n o f  thes e pattern s 
correlate d wit h age .  Furthermore ,  w e foun d a n invarian t  orde r  o f  th e three , 
withi n protocol s tha t  exhibite d learning . 

In the first approach, the children began by placing the same number of 
element s i n eac h pa n (b y mean s o f  one-to-on e correspondenc e o r  equa l 
number) .  W h e n thi s failed ,  the y woul d tr y t o fi x  th e apparatu s itsel f  (usin g 
compensatio n b y forc e o f  hands ,  correctin g spatia l  alignment ,  and/o r  fiddlin g 
wit h th e knobs) . 

In the second approach, typically applied only briefly, the child relied 
upo n visua l  feedback .  Th e chil d woul d eithe r  star t  b y equatin g numbe r  an d 
the n d o repair s b y mean s o f  visua l  feedback ,  o r  d o visua l  feedbac k fro m th e 
beginning . 

The third approach constituted a much more adequate approach to the 
task .  Childre n conceptualize d th e tas k i n term s o f  th e creatio n o f  tw o classe s o f 
equa l  weight .  The y dre w flexibl y upo n a  rang e o f  strategie s fo r  thi s purpos e 
(includin g one-to-on e correspondence ,  equat e number ,  visua l  feedback ,  equat e 
weight) .  Thei r  patter n o f  applicatio n reveale d tw o principle s o f  strategy -
selection :  cognitive/motori c econom y an d knowledg e o f  th e limit s o f  eac h 
strategy' s vali d application . 
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Elaboratio n o f  a  ne w approac h t o th e tas k 

This analysis attempted to capture how this first approach, based on 
equa l  numbe r  wit h repair s restricte d t o spuriou s manipulation s o f  th e apparatus , 
becomes transforme d int o th e las t  approach ,  whereb y th e chil d flexibl y draw s 
upon th e rang e o f  strategie s t o efficientl y arriv e a t  equatin g o f  weight .  I n thi s 
paper ,  w e focu s o n th e child' s [knowledg e o f  th e weigh t  variabl e vis-a-vi s thi s 
domai n an d th e step s b y whic h thi s knowledg e become s elaborated .  Again , 
we bas e ou r  step s o n distinction s foun d i n fine-graine d analysi s o f  bot h macro -
developmenta l  an d micro-developmenta l  context s o f  knowledge-transformation . 

Extension of the variable's representation 

Fine-grained analysis in both micro- and macro-developmental contexts 
indicate s tha t  comin g t o characteriz e th e tas k i n term s o f  th e critica l  weigh t 
variabl e occur s i n step s o f  surprisingl y restricte d extension .  Wherea s Siegler' s 
(1981 )  mode l  ask s d o the y o r  don' t  the y encod e weight ,  I  foun d comin g t o 
represen t  a  variabl e withi n a  domai n isn' t  a n al l  o r  nothin g phenomenon . 

This analysis revealed three aspects in which children need to expand 
thei r  thinkin g i n term s o f  weight :  a )  weight s (equa l  o r  unequal )  o f  discret e 
element s an d b )  th e collectiv e weigh t  o f  th e set s o f  element s i n a  pa n an d c ) 
th e til t  o f  th e apparatu s a s a n indicato r  o f  relativ e weigh t  o f  set s o f  element s i n 
eac h o f  th e pans .  Childre n frequentl y exhibite d representatio n o f  th e weight -
variabl e i n on e aspect ,  withou t  th e other s (e.g .  repeatedl y referrin g t o 
comparativ e weigh t  o f  th e pans ,  whil e ignorin g th e critica l  distinctio n betwee n 
weigh t  o f  th e discret e elements) . 

Extension of goal-variable coupling 

Another form of extension considered by our analysis involved the scope 
of  th e context ,  i n whic h th e chil d linke d th e weight-variabl e wit h th e goal .  Again , 
we foun d step s incorporatin g differentiations ,  non-intuitiv e t o th e adult .  Th e 
pathwa y o f  connectin g th e weigh t  -variabl e t o th e goa l  cam e i n step s 
correspondin g t o th e thre e context s o f  weight ,  elaborate d above .  Fo r  example , 
we observe d childre n (throughou t  thei r  protoco l  o r  a t  som e phas e o f  thei r 
experimenta l  session )  wh o represente d weigh t  i n al l  thre e aspects ,  an d ye t 
faile d t o construc t  th e relevanc y o f  th e differenc e fo r  goal-attainment . 

Extension of implication 

The analysis also considered the pathway of implications, by which the 
most  adequat e equating-of-weight s approac h becam e elaborated .  Protocol s i n 
whic h learnin g too k plac e wer e th e mos t  informative . 

We found that children consistently formulated the diagnostic 
implication s befor e th e correspondin g causa l  implications .  Althoug h i t  appear s 
obviou s tha t  th e chil d woul d nee d t o construc t  a  ne w sens e o f  wha t  wa s wron g 
befor e constructin g a  ne w approac h t o action ,  th e diagnosti c implicatio n 
frequentl y di d no t  functio n a s a  constrain t  upo n th e searc h fo r  a n operator :  th e 
chil d woul d diagnos e th e proble m i n term s o f  unequa l  weights ,  an d ye t 
frequentl y carr y ou t  a n extensiv e searc h fo r  a  repair ,  ignorin g th e weigh t 
variable . 
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The presenc e o f  differen t  type s o f  element s withi n th e sam e se t 
constitute d a  majo r  obstacl e fo r  man y children .  Withou t  th e ide a o f 
compensation ,  on e canno t  construc t  a  state-algorith m fo r  placement s o f  thes e 
sets .  W e observe d tw o pathway s b y whic h childre n constructe d implication s 
incorporatin g compensation . 

In one route, after repeatedly failing in the formulation of an adequate 
placement-algorithm ,  som e childre n shifte d strategicall y t o th e feedbac k 
algorithm .  The y attaine d th e goal-state ,  b y successiv e visual-feedbac k repairs . 
Thei r  characterizatio n o f  th e goal-state ,  i n term s o f  lot s o f  little/ligh t  one s i n on e 
pan an d on e big/heav y on e i n th e other ,  functione d a s a  catalys t  i n thei r 
constructio n o f  th e compensatio n state-algorithm . 

In the other route, children who had failed to construct the compensation 
implicatio n i n th e contex t  o f  weight-difference s wer e abl e t o d o s o i n th e contex t 
of  siz e differences .  (Th e typica l  rational e offere d her e tha t  thre e o f  th e littl e 
"make "  u p th e bi g on e sugges t  tha t  simpl e compositio n supporte d th e idea. ) 
For  som e children ,  constructio n o f  th e compensatio n ide a i n th e size-differenc e 
contex t  function s a s a  bridg e fo r  th e constructio n o f  th e ide a i n th e weight -
differenc e context .  Fo r  othe r  children ,  mos t  frequentl y unde r  condition s o f  no -
feedback ,  th e implicatio n doe s no t  exten d t o th e weigh t  context . 

C O N C L U S I O NS 

This project investigated the architecture of children's developing 
knowledg e o f  a  physic s domain .  Fo r  thi s purpose ,  I  too k th e tac t  take n b y 
Inhelder' s researc h grou p fo r  th e stud y o f  conceptua l  change :  micro-analysi s o f 
learnin g tha t  result s fro m solvin g physic s tasks .  Thi s approac h enable d u s t o 
observ e knowledge-fragment s an d pathway s o f  connection s formed ,  i n th e 
transformatio n o f  th e preschoolers '  physic s knowledge-structures . 

A sequence of three action-plans appeared in the micro- and macro-
developmenta l  contexts .  I n th e first ,  childre n approache d ever y se t  i n th e sam e 
way,  placin g th e sam e numbe r  i n eac h pan ,  regardles s o f  th e weigh t  o r  siz e 
differences .  Afte r  a  pa n descends ,  the y d o no t  adjus t  element s acros s th e 
pans ,  bu t  see k t o directl y fi x  th e apparatus :  b y placin g th e apparatu s int o th e 
correc t  alignmen t  an d gentl y releasin g and/o r  hankin g dow n o n th e sid e tha t 
rest s to o high .  I n th e second ,  the y determin e initia l  placement s throug h eithe r 
equa l  numbe r  o r  feedbac k o f  th e apparatus ;  the y rel y o n feedbac k t o determin e 
repairs .  Th e thir d action-pla n integrate s weight-base d placemen t  algorithm s 
wit h feedbac k information ,  i n a  flexibl e syste m wherei n th e chil d efficientl y 
construct s tw o classe s o f  equivalen t  weight . 

A series of micro-analyses focused on the nature and scope of the 
chunk s an d th e pathwa y o f  connection s manifeste d i n th e chang e fro m th e 
initia l  numerically-base d action-pla n t o th e mos t  adequat e weight-base d action -
plan .  Fo r  thi s purpose ,  w e use d a  framewor k o f  analysi s notin g a )  th e scop e o f 
th e domai n withi n whic h th e chil d represente d a  particula r  variabl e b )  whethe r 
or  no t  th e chil d though t  o f  th e variabl e a s relevan t  t o goal-attainment ;  an d i f  so , 
th e scop e o f  th e domai n i n whic h th e chil d assume d th e mapping ,  an d c )  th e 
natur e an d extensio n o f  diagnosti c an d causa l  implication s th e chil d ha d 
constructed . 
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I n th e spiri t  o f  diSessa' s "knowledg e i n pieces "  vie w o f  physic s 

understanding ,  I  foun d preschoolers '  knowledg e o f  mechanica l  equilibriu m an d 

pathwa y o f  it s  transformatio n t o b e comprise d o f  remarkabl y smal l  an d context -

sensitiv e fragments .  Limite d extensio n appeare d i n thre e contexts :  a ) 

representatio n b )  conceptualizatio n o f  goa l  relevanc y an d c )  implication . 

Children did not come to encode weight in all aspects of the domain at 

th e s a m e time ,  bu t  firs t  on e contex t  (e.g .  relativ e weigh t  o f  th e pans )  an d the n 

anothe r  (relativ e weigh t  o f  th e constitut e elements) .  S o m e children ,  w h o ove r 

th e cours e o f  th e sessio n c a m e t o encod e weigh t  throughou t  th e domain , 

recognize d th e goal-relevanc y o f  th e variabl e i n on e contex t  only .  Similarly , 

m a ny childre n di d no t  evok e th e relevan t  compensatio n structur e al l  a t  once ;  bu t 

faile d t o appl y i t  i n on e contex t  (wit h inter-objec t  difference s i n weight )  an d ye t 

consistentl y applie d i t  i n a  slightl y differen t  contex t  (wit h difference s i n amount) . 

In short, the architecture of young children's physics learning appears to 

d e m a nd a n atomisti c perspective .  Ther e clearl y ar e genera l  structure s an d 

construct s whos e states-o f  -evolutio n m a p ont o states-of -  knowledg e a t  variou s 

level s o f  adequacy .  However ,  thes e structure s m a y yiel d a  misleadin g accoun t 

of  th e architectur e o f  change ,  th e natur e o f  th e step s b y whic h children' s 

knowledg e b e c o m e s transformed .  Th e youn g child' s physic s knowledg e 

appear s remarkabl y localize d an d context-sensitive .  T h e pathwa y o f  it s 

developmen t  consist s o f  steps ,  involvin g a  surprisingl y smal l  rang e o f 

implication . 

Methodologically, micro-analysis of problem-solving appears to be a 

fruitfu l  m e a n s t o conside r  th e transformatio n o f  children' s physic s knowledge . 

Presentin g th e task ,  wit h immediat e feedbac k an d carefull y selecte d tas k 

variations ,  lea d t o significan t  learning .  Micro-analysi s o f  th e videotape d dat a 

allowe d inferenc e o f  h o w chang e entere d int o th e child' s approac h an d th e 

manner  b y whic h th e mor e adequat e knowledg e b e c a m e elaborated . 
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Hierarchica l  Proble m Solvin g a s a  Mean s o f  Promotin g Expertis e 

Jose Mestre, Robert Dufresne, William Gerace and Pamela T. Hardiman 

Universit y o f  Massachusett s a t  Amhers t 

INTRODUCTION 
Becomin g a n exper t  i n a  give n domai n take s substantia l  tim e an d effort . 

Thi s raise s a n interestin g question :  Fo r  a  give n individua l  possessin g 
aptitud e i n som e domain ,  i s  becomin g a n exper t  simpl y a  functio n o f  tim e an d 
effort ,  o r  ca n th e pat h towar d expertis e b e mad e mor e efficient ? Th e researc h 
reporte d i n thi s articl e reports *  o n th e effect s o f  structurin g th e proble m 
solvin g activitie s o f  novice s i n th e domai n o f  physic s i n a  wa y consisten t 
wit h th e proble m solvin g approache s use d b y experts .  Th e focu s o f  ou r 
investigatio n wa s t o asses s th e possibilit y  o f  promotin g expert-lik e behavio r 
among novice s b y constrainin g the m t o follo w a n expert-lik e approac h t o 
proble m analysis . 

That  novice s an d expert s stor e an d us e domain-specifi c  knowledg e i n 
distinctl y differen t  way s i s th e consensu s o f  a  numbe r  o f  studie s i n suc h 
divers e field s a s ches s (Chas e &  Simon ,  1973) ,  compute r  programmin g (Ehrlic h & 
Soloway :  1982) ,  electrica l  circuit s (Ega n &  Schwartz ,  1979) ,  an d classica l 
mechanic s (Larkin ,  1979) .  Expert s ten d t o stor e informatio n i n hierarchicall y 
structure d cluster s relate d b y underlyin g principle s o r  concepts .  When 
attemptin g t o solv e a  problem ,  expert s initiall y  focu s o n th e principle s an d 
heuristic s tha t  coul d b e applie d t o solv e tha t  proble m (referre d t o a s dee p 
structur e cuing) .  I n contrast ,  th e knowledg e bas e o f  novice s i s les s 
structure d an d ha s fewe r  interconnections .  When solvin g problems ,  novice s d o 
not  focu s o n principle s o r  heuristic s tha t  coul d b e use d t o construc t  a 
solutio n strategy ;  rather ,  the y focu s o n object s an d descripto r  term s i n th e 
proble m (calle d surfac e features )  an d the n loo k fo r  th e actua l  equation s tha t 
coul d b e manipulate d t o yiel d a n answe r  (Chi ,  Feltovic h &  Glaser ,  1981 ; 
Larkin ,  McDermott ,  Simo n &  Simon ,  1980 ;  Mestr e &  Gerace ,  1986) . 

Studie s i n th e domai n o f  physic s (Eylo n &  Reif ,  1984 ;  Helle r  &  Reif , 
1984 )  sugges t  tha t  instructiona l  approache s tha t  impos e a  hierarchical , 
expert-lik e organizatio n bot h o n information ,  an d o n proble m solvin g 
heuristic s resul t  i n improve d proble m solvin g an d recal l  performanc e amon g 
novices .  Despit e these ,  an d othe r  relate d finding s curren t  instructiona l 
practic e doe s no t  emphasiz e hierarchica l  approache s t o knowledg e organizatio n 
or  t o proble m solving .  Consequently ,  muc h o f  th e th e expert' s  taci t  knowledg e 
remain s a  secre t  t o th e novic e unti l  sh e o r  h e discover s i t  o n he r  own . 

I n th e presen t  stud y novice s activel y participate d i n proble m solvin g 
activitie s whic h wer e structure d t o reflec t  ou r  bes t  understandin g o f  ho w 
physic s expert s analyz e problems .  Th e treatmen t  involve d fiv e one-hou r 
session s durin g whic h subject s solve d a  tota l  o f  2 5 classica l  mechanic s 
problem s usin g a  hierarchical ,  computer-based ,  problem-analysi s environmen t 
calle d th e Hierarchica l  Analysi s Tool .  Th e effectivenes s o f  thi s treatmen t 

Supported by National Science Foundation grant BNS-8511069. The contents 
herei n d o no t  necessaril y  reflec t  th e position ,  polic y o r  endorsemen t  o f  NSF . 

312 



was compare d wit h tha t  o f  tw o contro l  treatment s i n whic h novice s solve d th e 
same problem s usin g mor e traditional ,  novice-lik e approaches .  T o asses s th e 
effectivenes s o f  th e treatment s a t  promotin g shift s towar d expertise ,  tw o 
type s o f  task s wer e administere d befor e an d afte r  treatment :  a  proble m 
categorizatio n tas k (discusse d i n Experimen t  1 )  an d a  proble m solvin g tas k 
(discusse d i n Experimen t  2 ) . 

DESCRIPTION OF COMPUTER-BASED ENVIRONMENTS USED IN TREATMENTS 
Appreciatin g th e finding s o f  thi s stud y require s som e understandin g o f 

th e treatment s tha t  subject s received .  I n thi s sectio n w e briefl y describ e 
th e architectur e an d functionin g o f  th e Hierarchica l  Analysi s Too l  (hencefort h 
HAT)  use d i n th e foca l  treatment .  We als o describ e anothe r  computer-based , 
equation-base d environmen t  use d i n on e o f  th e tw o contro l  treatments . 

The HA T i s a  menu-drive n environmen t  tha t  constrain s user s t o perfor m a 
top-dow n analysi s o f  classica l  mechanic s problems .  I t  combine s declarativ e 
and procedura l  informatio n i n a  hierarchica l  framework .  Th e environmen t  i s 
capabl e o f  handlin g th e majorit y o f  problem s i n a  typica l  calculus-base d 
freshman-leve l  classica l  mechanic s course .  Th e wor d "tool "  i n th e nam e 
implie s tha t  th e HA T ca n b e use d t o facilitat e th e constructio n o f  a  solution ; 
th e HA T doe s no t  suppl y answer s t o problems . 

To analyz e a  problem ,  th e use r  answer s well-define d question s b y makin g 
selection s fro m menu s tha t  ar e dynamicall y generate d b y software .  I n th e 
firs t  menu ,  th e use r  select s on e o f  fou r  genera l  principle s tha t  coul d b e 
applie d t o solv e th e proble m unde r  consideration .  Subsequen t  menu s focu s o n 
ancillar y concept s an d procedures ,  an d ar e dependen t  upo n th e prio r  selection s 
made b y th e user .  When th e analysi s i s complete ,  th e HA T provide s th e use r 
wit h a  se t  o f  equation s tha t  i s consisten t  wit h th e men u selection s mad e 
durin g th e analysis .  I f  th e analysi s i s carrie d ou t  appropriately ,  the n thes e 
equation s coul d b e use d t o generat e a  solutio n t o th e problem ;  however ,  th e 
use r  mus t  stil l  manipulat e thes e equation s t o isolat e th e quantit y aske d fo r 
i n th e problem .  I n th e even t  tha t  th e analysi s i s carrie d ou t  incorrectly ; 
th e fina l  equation s ar e consisten t  wit h th e user' s choices ,  bu t  inappropriat e 
fo r  solvin g th e problem .  I t  i s  importan t  t o not e tha t  th e HA T neithe r  tutor s 
nor  provide s feedbac k t o th e user—i t  merel y constrain s th e typ e an d orde r  o f 
question s tha t  nee d b e considere d whe n analyzin g a  problem .  Figur e 1  provide s 
a sampl e proble m an d th e HA T menu s an d selection s tha t  woul d appropriatel y 
analyz e th e problem . 

A secon d computer-base d environment ,  calle d th e Equatio n Sortin g Too l 
(EST) ,  wa s develope d fo r  us e a s a  contro l  treatment .  Th e ES T wa s designe d t o 
be consonan t  wit h th e approac h take n b y mos t  novic e physic s students .  I t  i s  a 
dat a bas e o f  17 8 equation s take n fro m a  standar d classica l  mechanic s textbook . 
Thi s equatio n dat a bas e ca n b e sorte d i n thre e differen t  ways :  1 )  b y Proble m 
Types ,  suc h a s "incline d plane "  an d "fallin g bodies, "  2 )  b y Variabl e Names , 
suc h a s "mass "  an d "velocity, "  an d 3 )  b y Physic s Terms ,  suc h a s "potentia l 
energy "  an d "momentum. "  B y "sorted "  w e mea n tha t  th e use r  ca n perfor m 
sequentia l  logica l  "ands "  t o narro w dow n th e dat a bas e t o a  small ,  manageabl e 
number  o f  equation s tha t  migh t  b e usefu l  fo r  solvin g a  problem .  Th e ES T wa s 
designe d t o reflec t  novices '  proble m solvin g tendencie s i n physics :  the y ten d 
t o cu e o n surfac e feature s i n decidin g ho w t o attac k a  problem ,  an d focu s 
thei r  proble m solvin g effort s o n findin g th e appropriat e se t  o f  equation s tha t 
can b e manipulate d t o yiel d a n answe r  t o th e problem .  Furthe r  detail s o n th e 
desig n an d functionin g o f  bot h th e HA T an d th e ES T ca n b e foun d elsewher e 
(Dufresne ,  Gerace ,  Hardima n &  Mestre ,  1987 ;  Mestr e &  Gerace ,  1986) . 
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F I G U R E 1 .  Hierarchica l  A n a l y i e r  M e n u s i i  C h o i c e s fo r  P r o b l e m 1 

6 Whic h principl e &ppli< i  t o thi i  par t  o f  th e proble m lolution ? 
1.  Newton' i  Secon d La w o r  Kincinfttic a 
2.  Angula r  Moinenlui n 
3 Lincu -  Moinentu m 
i  Wor k an d Enrrf y 

PIcue enter your teleclionr |4) 
(B)ackup (M)ain menu (C)IomU7 (Q)uit (L)iit lelectione 
De*crib < th e lyite m i n tcrm i  o f  it i  mechtnic& l  energ y 

1.  Conier-vativ e lytle m (conservatio n o f  energy ) 
2.  Non-Conservativ e lyste m (work-energ y exchange ) 

Pleaje enter your eelection: [l) 
(B)mckup (M)3in menu (C)loiiai7 (Q)uit (L)iit lelectioni 

Describ e th e chanae i  i n mechanica l  energy .  Coniide r  onl y 
ib f  energ y o f  oit e bod y a t  loiii e initia l  an a final  stat e 

I .  Chang e i n kineti c energ y 
2.  Chang e i n potentia l  energ y 
3.  Chang e i n potentia l  an d kiueti c energie s 

Pleaje enter your selection: [3| 
(B)ackup (M)ain menu (Gjlossary (Q)uit (L)ist selections 
Describ e th e change s i n kineti c energ y 

I .  Cliang e i n translationa l  kineti c energ y 
2.  Chang e i n rotationa l  kineti c energ y 
3.  Chang e i n translationa l  an d rotationa l  kineti c cnergie i 

Please enter your selection: |l| 
(B)ackup (M}ain menu [C)lossary (Q)uit (L)ist selections 

Describ e th e boundar y condition s 
I .  N o initia l  translationa l  kineti c energ y 
2.  N o final  translationa l  kineti c energ y 
3.  Initia l  an d final  translationa l  kineti c energie s 

Please enter your selection; (l| 
(B)»ckup (M)ain menu (G)lo«sary (Q)uit (L)ist selections 

10 

Describ e th e change s i n potentia l  energ) -
1.  Change s i n gravitittiona l  potvnlin l  energ y 
7-  Cliangr i  i n sprin g potentia l  energ y 
3.  Change s i n gravitationa l  an d sprin g potentia l  energie s 

Please enter your aelection: |l| 
(B)ackup (M)ain menu (G)lossary {Q)uit (L)ist selections 

Describ e th e boundar y condition s 
I .  N o initia l  gravitationa l  potentia l  energ y 
2.  N o fina l  gravitationa l  energ y 
3.  Initia l  an d fina l  gravitationa l  energ y 

Please enter your selection: |2| 
(B)ackup  (M)ain menu |0)lo»i.\ry (Q)nit (L)irl frlrctionr 

Is ther e anothe r  bod y i n th e syste m whic h ha s no t  bee n exaniined ? 
I .  Ye s 
2.  N o 

Pleas e ente r  you r  selection :  (2 | 
(Bjackup (M)ain menu (C)lossary {Q)uit (t)ist selections 

Tli e Energ y Principl e stale s tha t  th e wor k Hon e o n th e sy»trii i  b y 
al l  non-con-ervativ e force s i » equa l  t o th e chang e i n th e 
mechanica l  energ y o f  th e system : W,. £,  -  E , 

Accordin g t o y<?u r  selections , 
W„^  =  0  (Conservativ e system :  mechanica l  energ y coii!>er\ed ) 

E, = (Afjy),, 

Please press any key to continue 

•• •  Wor k an d Energ y '* ' 
1.  Probler n solve d 
2.  Retur n t o Mai n Men u t o continu e solutio n 
3.  Revie w previou s solutio n screen s 

Please enter your selection: 

PROBIEM ] 

A Smu. BLOCK OF mSS H SLIDES ALONG A 
TRACK HAVINC ,  BOTH CURED AN D HORIZONTAL 
SECTIONS A S SHOVN.  I F TH E PARTICL E I S 
RELEASED FROM RES T A T HEIGH T h ,  V/HA T I S 
IT S SPEED WHEN I T I S O N TH E HORIZONTAL 
SECTION O F TH E TRACK? TH E TRACK I S 
FRICTIONLESS. 

:ii -

PARTICIPANTS I N EXPERIMENTS 1  AN D 2 

Subject s 

Forty-tw o undergraduat e student s a t  th e Universit y o f  Massachusett s wh o 

had complete d th e firs t  semeste r  physic s cours e fo r  major s o r  fo r  engineers , 

and receive d a  grad e o f  B  o r  better ,  participate d i n thi s study .  Th e subject s 

participate d i n te n hour-lon g experimenta l  sessions ,  fo r  whic h the y wer e pai d 

fift y  dollars . 

Groups 

On th e basi s o f  pretes t  scores ,  th e 4 2 subject s wer e divide d int o thre e 

treatmen t  group s o f  1 4 subject s each .  Eac h o f  th e thre e group s receive d th e 

same 2 5 problem s ove r  th e cours e o f  th e treatment .  Subject s solve d fiv e 

problem s i n eac h o f  fiv e session s ove r  approximatel y thre e weeks ;  th e 

treatmen t  problem s wer e representativ e o f  problem s th e subject s ha d 
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encountere d i n thei r  cours e an d covere d th e majo r  topic s i n a  beginnin g 
classica l  mechanic s course .  Th e "HAT-group "  use d th e Hierarchica l  Analysi s 
Tool  i n solvin g th e 2 5 treatmen t  problems .  Th e "EST-group "  use d th e Equatio n 
Sortin g Too l  i n solvin g th e treatmen t  problems ,  whil e th e "T-group "  use d a 
homework-styl e approac h i n solvin g th e treatmen t  problem s an d wer e fre e t o 
refe r  t o th e textboo k tha t  the y ha d use d i n thei r  cours e t o solv e th e 
problems . 

EXPERIMENT 1: SIMILARITY JUDGMENT TASK 
We designe d a  similarit y judgmen t  tas k (Hardiman ,  Dufresn e &  Mestre , 

1987 )  i n whic h subject s wer e t o decid e whic h o f  tw o compariso n problem s woul d 
be solve d mos t  similarl y t o a  thir d mode l  problem .  Surfac e featur e an d dee p 
structur e similarit y t o th e mode l  proble m wer e varie d systematically ,  allowin g 
us t o investigat e whethe r  subject s wer e mor e likel y t o focu s o n dee p structur e 
similarit y a s a  basi s fo r  categorizatio n followin g treatment .  Sinc e th e 
initia l  decisio n tha t  mus t  b e mad e i n th e HA T concern s th e principl e t o b e 
applied ,  w e hypothesize d tha t  th e HAT-grou p woul d b e mor e likel y t o focu s o n 
deep structur e afte r  treatmen t  tha n eithe r  o f  th e tw o contro l  groups . 

Thi s tas k containe d 2 0 items .  Eac h tas k ite m wa s compose d o f  thre e 
elementar y mechanic s problems ,  eac h o f  whic h wa s thre e t o fiv e line s lon g an d 
containe d onl y tex t  (n o picture s o r  diagrams) .  Fo r  eac h item ,  on e o f  th e 
thre e problem s wa s identifie d a s th e mode l  problem ,  whil e th e othe r  tw o wer e 
th e compariso n problems .  Th e subject s wer e t o indicat e whic h o f  th e tw o 
compariso n problem s the y believe d "woul d b e solve d mos t  similarly "  t o th e 
model  problem . 

A compariso n proble m coul d shar e differen t  attribute s wit h it s mode l 
problem .  Fou r  type s o f  compariso n problem s wer e designe d tha t  matche d th e 
model  proble m in :  1 )  surfac e features ,  meanin g tha t  th e object s an d descripto r 
term s tha t  occu r  i n bot h problem s ar e similar ,  2 )  dee p structure ,  meanin g tha t 
th e physica l  principl e tha t  coul d b e applie d t o solv e bot h problem s i s th e 
same,  3 )  bot h surfac e feature s an d dee p structure ,  o r  4 )  neithe r  surfac e 
feature s no r  dee p structure .  Thes e fou r  type s o f  compariso n problem s wer e 
terme d S ,  D ,  SD ,  an d N ,  respectively . 

The compariso n problem s wer e paire d suc h tha t  onl y on e o f  th e tw o 
compariso n problem s matche d th e mode l  proble m i n dee p structure .  Thi s 
constrain t  le d t o fou r  type s o f  compariso n proble m pairs :  1 )  S-D ,  2 )  S-SD , 
3)  N-D ,  an d 4 )  N-SD .  Assumin g a  categorizatio n schem e base d strictl y o n 
surfac e features ,  th e followin g patter n o f  performanc e wa s predicted :  1 )  S-D : 
0% dee p structur e choices ,  2 )  S-SD :  50 % dee p structur e choice s (bot h choice s 
ar e equall y goo d i n term s o f  matchin g th e mode l  proble m o n surfac e features) , 
3)  N-D :  50 % dee p structur e choice s (eithe r  alternativ e i s equall y "bad "  i n 
term s o f  matchin g th e mode l  proble m o n surfac e features) ,  an d 4 )  N-SD :  100 % 
deep structur e choice s ( a surfac e featur e matc h t o th e mode l  proble m wil l  als o 
mean a  dee p structur e match) .  I n contrast ,  assumin g a  dee p structur e 
categorizatio n schem e woul d resul t  i n 100 % dee p structur e choice s i n al l  fou r 
pairings . 

The tas k wa s presente d vi a computer .  Th e subjec t  wa s tol d t o rea d 
carefull y th e mode l  proble m an d tw o compariso n problems ,  an d t o respon d b y 
pressin g on e o f  tw o keys .  Th e item s wer e presente d i n rando m order ,  wit h n o 
limi t  impose d o n tim e t o respond .  Afte r  ever y 5  items ,  th e subjec t  wa s give n 
th e opportunit y t o tak e a  brie f  rest .  Mos t  subject s complete d th e tas k withi n 
45 minutes .  Th e sam e tas k wa s presente d afte r  th e subject s ha d complete d th e 
fiv e treatmen t  sessions . 
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Result s an d Discussio n 
The performance s o f  th e 4 2 subject s wer e compare d i n a  3  (Treatmen t 

Groups )  X  1 4 (Subjects/Group )  x  2  (Times :  pr e &  post )  x  4  (Compariso n Proble m 
Pairings )  x  5  (Mode l  Problems )  analysi s o f  variance .  Th e foca l  questio n wa s 
whethe r  th e HA T treatmen t  woul d promot e a  shif t  towar d relianc e o n dee p 
structur e rathe r  tha n o n surfac e features .  Th e result s indicat e a n 
affirmativ e respons e t o thi s question .  I n th e pre-judgmen t  task ,  ther e wer e 
no difference s betwee n th e groups ,  a s ca n b e see n i n Tabl e 1 .  However ,  ther e 
wer e significan t  difference s amon g th e thre e group s i n th e amoun t  o f 
improvemen t  fro m pre -  t o post-treatmen t  o n th e judgmen t  tas k (se e Tabl e 1) , 
F(2,39 )  =  4.28 ,  p=.02 . 

The HAT-grou p wa s th e onl y grou p t o sho w an y indication s o f  improvement ; 
thei r  improvemen t  wa s statisticall y significant ,  (F(1,13)=5.20 ,  p=.04) .  I n 
contrast ,  th e mea n performanc e o f  th e EST-grou p remaine d th e same ,  whil e th e 
performanc e o f  th e T-grou p declined .  Thi s resul t  suggest s tha t  th e HA T doe s 
promot e a  shif t  towar d th e us e o f  dee p structure ,  whil e th e tw o contro l 
treatment s d o not .  Thi s shif t  wa s consisten t  acros s Compariso n Proble m Types , 
wit h improvement s o f  a t  leas t  6  percentag e point s i n eac h o f  th e fou r 
compariso n proble m pairings .  Thi s improvemen t  wa s significan t  fo r  th e S- D 
pairing s ( a 17 % pre-to-pos t  improvement) ,  t(13 )  =  3.12 ,  p=.032 4 (adjuste d fo r 
fou r  tests) ,  whic h i s encouragin g give n tha t  th e S- D items ,  wher e surfac e 
feature s an d dee p structur e ar e i n direc t  competition ,  presen t  th e mos t 
difficult y fo r  novice s (Hardiman ,  e t  al. ,  1987) . 

Table 1: Pre- and Post-Judgment Task Percent Correct for the 3 Groups 

Group 
HAT 
EST 

T 

pre-treatmen t 
56% 
61 % 
62 % 

post-treatmen t 
66% 
61 % 
58 % 

Tota l  60 % 62 % 

EXPERIMENT 2 :  PROBLEM SOLVIN G TAS K 
To measur e th e effec t  o f  treatmen t  o n proble m solving ,  tw o equivalen t 

test s wer e constructe d i n th e styl e o f  a  traditiona l  fina l  exa m fo r  a  freshma n 
leve l  classica l  mechanic s course .  Hal f  o f  th e subject s receive d on e for m o f 
th e tes t  o n th e pre-assessmen t  whil e th e othe r  hal f  receive d th e secon d form . 
The for m no t  use d o n th e pre-assessmen t  wa s use d fo r  th e post-assessment .  Th e 
test s containe d 7  problems ,  wit h 4  question s requirin g th e applicatio n o f  on e 
physica l  principl e fo r  solutio n an d th e remainin g 3  problem s requirin g th e 
applicatio n o f  tw o principles .  Subject s wer e give n approximatel y on e hou r  t o 
solv e al l  7  problems . 

We expecte d tha t  al l  subject s woul d improv e i n performanc e fro m th e pre -
t o th e post-test ,  sinc e al l  subject s woul d hav e practice d solvin g problem s 
durin g th e treatmen t  phase .  I f  th e HAT-grou p wa s capabl e o f  adoptin g an d 
applyin g th e concept-base d approac h o n th e post-test ,  w e migh t  expec t  the m t o 
exhibi t  bette r  pre-to-pos t  improvement s tha n th e EST -  an d T-groups . 

Results and Discussion 
The test s wer e grade d independentl y b y tw o physicists .  Wheneve r  th e 

scor e o n a n ite m differe d betwee n th e graders ,  th e subject' s solutio n wa s 
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reevaluate d an d a  scor e wa s determine d b y consensus .  Th e pre -  an d post-tes t 
score s ar e show n i n Tabl e 2 .  Al l  thre e group s increase d abou t  1 0 percentag e 
points ,  mainl y du e t o improvement s o n th e single-principl e problems .  Althoug h 
pre-to-pos t  improvement s wer e statisticall y significan t  (F(l,39)=21.25 , 
p<.0001) ,  n o on e grou p improve d significantl y mor e tha n an y othe r  group .  Thi s 
suggest s that ,  a t  leas t  fo r  treatment s lastin g a  shor t  perio d o f  time ,  th e 
improvemen t  o n proble m solvin g wa s primaril y du e t o practic e i n proble m 
solvin g i n general ,  no t  t o an y specifi c  treatment . 

Table 2: Percent Correct (S.D.) in Pre-, and Post-Problem-Test 

Grou p Pre-Tes t  Post-Tes t 

HAT 29.4 (20.1) 41.3 (17.5) 
EST 36. 4 (25.8 )  44. 9 (25.9 ) 

T 31. 6 (24.6 )  44. 4 (24.4 ) 

Give n tha t  th e improvemen t  o f  th e HAT-grou p wa s no t  significantl y bette r 
tha n tha t  o f  th e tw o contro l  groups ,  w e migh t  as k whethe r  th e HAT-grou p wa s 
abl e t o us e th e HA T appropriately ? Ou r  dat a indicat e th e answe r  i s no :  a n 
analysi s o f  th e HAT-group' s key-strok e dat a indicate s tha t  subject s wer e abl e 
t o carr y ou t  appropriat e analyse s usin g th e HA T o n les s tha n hal f  o f  th e 
treatmen t  problems .  Thus ,  th e ful l  potentia l  o f  th e HA T approac h fo r 
improvin g proble m solvin g skill s  canno t  b e full y evaluate d unti l  w e ensur e 
tha t  subject s adop t  th e approac h incorporate d i n th e HAT . 

GENERAL DISCUSSION 
The result s o f  Experimen t  1  indicat e tha t  th e hierarchica l  approac h t o 

proble m solving ,  a s exemplifie d b y th e HAT ,  help s student s t o shif t  thei r 
decisio n makin g criteri a fo r  proble m categorizatio n fro m on e base d o n surfac e 
feature s towar d on e base d o n dee p structure .  We speculat e tha t  us e o f  th e HA T 
promote s thi s shif t  becaus e i t  highlight s th e importanc e o f  applyin g 
principle s t o solv e problem s b y askin g subject s t o selec t  th e applicabl e 
principl e i n th e firs t  men u the y encounter .  Eve n i f  th e use r  i s no t  abl e t o 
answer  al l  o f  th e subsequen t  question s i n th e analysi s correctly ,  th e 
principl e t o b e applie d t o obtai n a  solutio n may stil l  b e recognize d a s 
primary . 

However ,  th e curren t  implementatio n o f  th e hierarchica l  approac h di d no t 
lea d t o significantl y mor e improvemen t  i n proble m solvin g tha n a  "homewor k 
style "  approach .  Assumin g th e hierarchica l  approac h i s a  potentiall y  powerfu l 
too l  fo r  improvin g proble m solving ,  ther e ar e tw o mai n reason s wh y th e HA T 
treatmen t  faile d t o yiel d mor e significan t  improvement s i n proble m solving . 
First ,  subject s wer e no t  abl e t o internaliz e th e approac h implici t  i n th e HAT , 
sinc e the y ha d n o wa y t o gaug e whethe r  o r  no t  the y wer e usin g th e HA T 
appropriately .  I t  appear s tha t  feedbac k an d coachin g ar e necessar y 
ingredient s t o hel p novice s assimilat e th e HAT' s expert-lik e approac h 
(Collins ,  Seel y Brow n &  Newman,  i n press) .  Second ,  th e treatmen t  wa s 
relativel y short ,  an d therefor e i t  i s  unrealisti c t o expec t  dramati c 
reorganizatio n o f  declarativ e an d procedura l  knowledg e afte r  usin g th e HA T fo r 
onl y 5  hours . 

Two implication s appea r  t o stan d out .  First ,  hierarchicall y structurin g 
th e proble m analysi s activitie s o f  novice s hold s promis e fo r  promotin g expert -
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lik e behavio r  amon g novices .  However ,  simpl y partakin g i n expert-lik e proble m 
solvin g activitie s i s no t  sufficien t  t o promot e dramati c improvement s i n a 
comple x tas k suc h a s proble m solving—w e nee d t o guarante e tha t  novice s 
actuall y adop t  th e hierarchica l  approac h befor e w e ca n evaluat e it s ful l 
potential .  Second ,  proble m solvin g assessment s ma y no t  b e th e mos t  sensitiv e 
fo r  measurin g modes t  shift s towar d expertise .  Othe r  measures ,  suc h a s proble m 
categorization ,  appea r  t o b e mor e sensitiv e assessment s o f  subtl e shift s 
towar d expertise . 
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C O L L A B O R A T I VE C O G N I T I O N 

Barbara A. Fox and Lorraine Karen 

Linguistic s Departmen t 

Universit y o f  Colorado ,  Boulde r 

INTRODUCTION 

This paper attempts to show that a central function of human tutorial dialogue is what we will call 

public, or collaborative, cognition, whereby the tutor, with help from the student, makes overt the 

usually private cognitive processes which lie behind problem solving. In this way the tutor and student 

together produce the processes which the student will eventually be called on to do by him or herself 

(for example, on an exam). This phenomenon has not, to the best of our knowledge, been 

documented before for any adult interaction and has not been addressed in the tutoring literature 

(something like it has been discussed in the language development literature; see Ochs & Schieffelin, 

1983:  Vygotsky, 1978). 

We provide support for this hypothesis about tutoring by analyzing two important phenomena in our 

tutoring data: (1) use of analogies, and (2) reading word problems. We have found it especially 

useful to concentrate on these issues since they have both been the source of some controversy in 

cognitive science. 

We also briefly discuss the mechanisms which we believe produce the externalization of internal 

processes. 

BACKGROUND 

The data on which this study is based were collected as part of a larger project on human tutorial 

dialogue. For this larger study, we brought together experienced tutors (graduate students from 

Physics, Chemistry, Computer Science and Math, at the University of Colorado) and students actively 

seeking tutoring (most were undergraduates). We~then video-taped each tutor-student pair in three 

contexts: face-to-face, terminal-to-terminal, and student-to-computer (where the student thought s/he 

was using a computer tutor but in fact was interacting with his/her human tutor). Only the first 

context is relevant to the present report. 
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In this passage, when the analogy is first produced, the student appears not to understand (she 

doesn' t  respond) ,  bu t  afte r  th e tuto r  suggest s on e o f  th e piece s interna l  t o th e bas e ("it' s  go t  m g h " ) , 

th e studen t  i s  abl e t o formulat e anothe r  interna l  piec e ("it' s  go t  potentia l  energ y u p here") .  N o w th e 

relevan t  structur e o f  th e bas e ha s bee n established .  T h e tuto r  the n goe s o n t o provid e tw o relation s 

whic h m a p th e bas e t o th e targe t  ("thi s gu y describe s wha t  kin d o f  gravitationa l  field  ther e is "  an d 

"thi s gu y happen s t o b e on e mete r  from") ,  an d th e studen t  i s  abl e t o produc e th e final  mappin g 

("he' s  lik e th e stone") ;  th e analog y n o w appear s t o b e completel y constructed .  I n thi s example ,  then , 

th e tuto r  an d studen t  publicall y g o throug h th e cognitiv e proces s o f  first  producin g th e relevan t 

interna l  structur e o f  th e base ,  the n mappin g thi s structur e t o th e structur e o f  th e target :  thi s passag e 

i s thu s a  prototypica l  exampl e o f  wha t  w e hav e calle d collaborativ e cognition .  T h e tw o participant s 

wor k togethe r  (obviousl y th e tuto r  lead s th e work )  t o mak e explici t  wha t  migh t  otherwis e g o o n "i n 

th e head "  o f  jus t  on e participant . 

WORD PROBLEMS 

In recent work, Dellarosa (1986), and Dellarosa, Kintsch, Reusser & Weimer (1987) have shown that 

youn g children' s difficult y wit h arithmeti c wor d problem s lie s i n thei r  lac k o f  linguisti c sophistication , 

thei r  inabilit y t o g o fro m th e linguisti c descriptio n (th e wor d proble m itself )  t o th e desire d conceptua l 

representation .  O u r  researc h bot h challenge s support s thi s finding  an d challenge s it .  I t  support s th e 

finding  i n tha t  th e student s i n ou r  stud y clearl y ha d difficultie s wit h wha t  on e migh t  loosel y describ e 

as "understandin g wha t  th e questio n wa s reall y askin g for" ;  tha t  is ,  the y coul d no t  easil y g o fro m 

readin g th e proble m t o settin g u p th e answer ,  eve n i f  the y i n fac t  kne w h o w t o solv e suc h a 

problem .  Thi s indicate s tha t  Dellaros a an d Kintsc h ar e exactl y right ;  wha t  cause s difficult y i s  th e 

mapping ,  i f  yo u will ,  betwee n th e tex t  an d th e conceptualization . 

However, given that our students are college-level, taking very difficult courses, we cannot assume 

tha t  th e troubl e arise s fro m a  lac k o f  linguisti c sophistication ;  b y al l  measures ,  thes e student s ar e 

full y develope d linguistically .  W h y ,  then ,  d o colleg e student s find  wor d problem s problematic ? O u r 
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answer is that the correct interpretation of a word problem (that is, discovering the correct unicnown 

and knowns) is a matter of convention (schema-driven, in a sense, with critical key words and 

phrases), and each student must learn these conventions to solve the problems at hand. Moreover, not 

only are they a matter of convention, but they are a field-specific matter of convention, such that one 

must learn the conventions for each discipline (perhaps even for each new course in a university 

curriculum). In order to know what the problem is "really" asking for, one must be exposed to the 

conventions of problem interpretation. 

The tutors that we have studied take interpretation as one of their central tasks; (hat is, one of their 

major goals appears to be to teach their students how to read the problems. This is not to say that 

there is no conceptual level instruction going on; obviously there is. But both participants appear to 

recognize that this conceptual knowledge will not get a student through an exam if s/he cannot go 

from the problem to the conceptual level. 

The fact that tutors engage in this behavior is supported by examples like the following, wherein the 

tutor and student explicitly address what the problem is asking for. 

T: [reading problem] How close must two electrons be if 

th e electri c forc e berwee n the m i s equa l  t o th e weight , 

of  eithe r  a t  th e earth' s surface . 

S:  S o thi s i s th e formul a I  picke d out .  Wha t  the y wan t 

i s th e force.Right ? 

Right . 

No the y wan t  ho w clos e the y shoul d be . 

Right ,  bu t  that' s wha t  tha t  is ,  right ? 

Yeah . 

Th e followin g tuto r  comment s furthe r  demonstrat e th e genera l  concern : 

T: [reading problem] Given three point charges, fixed 

at  thre e corner s o f  a  square .  Fin d th e electri c field 

and tendenc y vecto r  ee ,  a t  th e corne r  pee ,  wit h n o 

charge ,  thi s i s exactl y lik e th e proble m w e jus t  did . 

S:  Right . 

T:  An d sho w th e directio n wit h a  carefull y draw n arrow . 
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So,  you' d hav e t o find  th e angle s o f  it . 
S:  Aha . 

I t  shoul d b e clea r  fro m thes e example s tha t  tutor s ar e concerne d wit h th e issu e o f  interpretin g th e 

problem. Now we need to ask how the tutors go about this task. Our claim is that they go about 

this task by making explicit, making public, some version of their own thoughts when they solve 

problems, e.g. what sorts of questions they ask themselves at a given point, what certain kinds of 

key phrases they look for. and how to judge if a problem is "the same" as some other problem. In 

other words, the tutors make public the schemas they believe are necessary for understanding certain 

kinds of problems. 

A clear example of this phenomenon follows. 

T: [reading problem] What is the speed of a three 

hundre d an d fift y E V electron .  Okay . 

(1.2 ) 

T:  S o th e mai n thin g here ,  I  mean ,  whe n yo u loo k a t  that , 

what  i s electro n volts ,  wha t  kin d o f  a  wha t  ar e w e 

talkin g about . 

T:  S o the y wan t  yo u t o relat e spee d t o energy . 

S:  O h ,  okay . 

T:  W h e n yo u loo k a t  this ,  yo u kno w yo u go t  thi s 

35 0 electro n volts ,  an d yo u go -  an d yo u alway s 

go ,  o n m y G o d wha t  wha t  i s a n electro n volt ,  an d 

the n i f  yo u ca n an y wa y foo l  aroun d wit h th e units , 

t o figure  ou t  wel l  wha t  i s i t  I' m talkin g about , 

yo u know ,  an d yo u g o wel l  it' s  q  time s v  an d yo u 

loo k ove r  you r  equatio n an d yo u g o oka y wel l  that's ,  wor k 

and energ y ar e th e sam e thing . 

I n thi s passag e th e tuto r  model s fo r  th e studen t  ho w t o g o fro m wha t  i s explicitl y  give n i n th e word s 

of the problem to other formulations of the same facts, to arrive at the "real" question the problem is 

posing. In her final comments she even gives a general strategy for how to get from the superficial 
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structure of the problem to what "I'm talking about." She models this process by making overt some 

versio n o f  he r  ow n interna l  cognitiv e step s (wha t  thi s "version "  i s wil l  b e clarifie d below. ) 

C O N C L U S I O NS 

We hav e demonstrate d i n thi s stud y tha t  on e o f  th e mai n task s o f  a  tuto r  i s t o mak e publi c processe s 

whic h migh t  otherwis e tak e plac e privately ,  withi n th e "head "  o f  on e person .  Thi s modelin g o f 

normall y privat e problem-solvin g behavio r  i s invaluabl e fo r  student s becaus e i t  allow s the m t o 

participat e in ,  t o whateve r  exten t  the y ar e able ,  a  proces s whic h i s otherwis e inaccessibl e t o the m an d 

whic h the y wil l  soo n hav e t o b e abl e t o d o alone . 

It is important to note at this point that in making their internal processes explicit the tutors are not 

merel y goin g throug h th e step s the y woul d g o throug h i f  the y wer e workin g a  proble m alon e 

(althoug h thi s doe s happe n o n occasion) ;  clearl y thos e procedure s ar e to o compile d t o b e o f  muc h us e 

t o a  novice .  No r  d o the y (usually )  mak e explici t  th e interna l  processe s o f  th e curren t  student ;  clearl y 

tha t  woul d b e o f  n o learnin g valu e t o th e student .  S o wha t  th e tutor s d o i s engag e i n makin g 

explici t  th e idea l  cognitiv e processe s o f  a  goo d novice ,  no t  o f  a n exper t  an d no t  o f  th e exac t  studen t 

sittin g befor e the m (Anderso n e t  al ,  1986) .  However ,  th e tutor s d o thi s no t  b y imaginin g a n abstrac t 

good novice ,  bu t  b y projectin g th e particula r  studen t  involve d int o th e role .  Tha t  is ,  the y displa y ho w 

thi s particula r  studen t  woul d ideall y behav e face d wit h thi s problem .  Thi s tacti c allow s th e studen t  t o 

see som e extende d versio n o f  his/he r  ow n cognitiv e processe s successfull y solvin g problems .  I n thi s 

way th e studen t  i s maximall y encouraged ,  inasmuc h a s s/h e see s him/hersel f  a t  a  leve l  beyon d th e 

curren t  level . 
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Exploration s i n Unders tand in g 

H o w Physica l  S y s t e m s W o r k 

Barbara Y. White & John R. Frederiksen 
BBN Laboratorie s 

ABSTRACT 

This paper presents a theory of how to enable people to understand how physical systems work^ Two 
key hypothese s hav e emerge d fro m ou r  research .  Th e firs t  i s  tha t  i n orde r  t o understan d a  physica l 
system ,  student s nee d t o acquir e causa l  menta l  model s fo r  ho w th e syste m works .  Further ,  i t  i s no t  enoug h 
t o hav e jus t  a  singl e menta l  model .  Student s nee d alternativ e menta l  model s tha t  represen t  th e system s 
behavio r  fro m different ,  bu t  coordinated ,  perspectives ,  suc h a s a t  th e macroscopi c an d microscopi c levels . 
The secon d hypothesi s i s  tha t  i n orde r  t o mak e causa l  understandin g feasibl e i n th e initia l  stage s o f 
learning ,  student s hav e t o b e introduce d t o simplifie d models .  Thes e model s the n ge t  graduall y refine d int o 
more sophisticate d menta l  models .  W e wil l  presen t  a  theor y outlinin g (1 )  th e propertie s o f  a n easil y 
learnable ,  coheren t  se t  o f  initia l  models ,  an d (2 )  th e type s o f  evolution s neede d fo r  student s t o acquir e a 
more powerfu l  se t  o f  model s wit h broa d utility . 

I N T R O D U C T I ON 

We hav e bee n creatin g a n intelligent ,  computer-based ,  learnin g environmen t  tha t  help s student s t o 

lear n abou t  th e behavio r  o f  electrica l  circuit s (Frederikse n &  White ,  1987 ;  Whit e &  Frederiksen ,  1986 , 

1987) .  T h e issue s tha t  hav e confronte d u s ar e relevan t  t o th e understandin g o f  an y physica l  system , 

includin g bot h designe d an d naturall y occurrin g systems .  B y presentin g th e evolutio n i n ou r  attempt s t o 

foste r  understanding ,  w/ e ca n rais e s o m e importan t  issue s concernin g wha t  i t  m e a n s t o understand ,  an d 

h o w t o g o abou t  facilitatin g understanding . 

"Causality", "mechanism", and "purpose" are perspectives that people often spontaneously impose 

on physica l  system s i n orde r  t o understan d ho w the y work .  Thes e perspective s contras t  wit h th e typ e o f 

constraint-based ,  quantitativ e reasonin g tha t  physicist s ofte n us e i n modellin g physica l  systems ,  an d tha t 

i s presente d t o student s i n physic s clas s an d textbooks .  Thi s lac k o f  connectio n betwee n students ' 

intuitiv e notion s o f  causa l  mechanism s an d quantitativ e circui t  theor y is ,  w e believe ,  on e reaso n wh y 

student s typicall y hav e s o m u c h difficult y understandin g th e behavio r  o f  electrica l  circuits . 

Our initial hypothesis was, therefore, that students would learn circuit theory more readily if it were 

introduce d i n th e for m o f  qualitative ,  causa l  model s o f  circui t  behavior .  Causa l  model s ca n simulat e 

domai n phenomena ,  an d ca n provid e a  m e a n s o f  linkin g mathematica l  formalism s t o thes e phenomena . 

I n addition ,  the y ca n introduc e student s t o th e basi c concepts ,  laws ,  an d causalit y o f  th e domain .  W h e n 

internalize d i n th e for m o f  menta l  models ,  the y ca n enabl e student s t o mentall y simulat e an d t o explai n 

domai n behavior .  Suc h menta l  model s ca n b e use d i n solvin g a  wid e rang e o f  interestin g problems ,  suc h 

as predictin g circui t  behavior ,  an d designin g an d troubleshootin g circuits .  T h e compute r  syste m w e buil t 

therefor e incorporate d causa l  model s tha t  coul d visuall y simulat e an d verball y explai n th e causalit y o f 

circui t  behavior .  Th e syste m w a s designe d t o provid e a n externa l  representatio n o f  th e menta l  model s 

tha t  w e wante d student s t o acquire . 

'Thi s researc h wa s funde d b y th e Arm y Researc h Institute ,  unde r  contrac t  MDA-903-87-C-0545 . 
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Causal  model s ca n embod y differen t  perspective s o n syste m operation .  Fo r  instance ,  suc h model s 

ca n reaso n abou t  circui t  behavio r  a t  wha t  migh t  b e calle d th e macroscopic ,  o r  phenomenologica l  level . 

That  is ,  the y ca n allo w reasonin g abou t  circui t  behavio r  throug h th e applicatio n o f  a  se t  o f  law s tha t 

gover n th e distributio n o f  voltage s an d current s withi n th e circuit .  On e ca n imagine ,  fo r  example ,  closin g 

a switc h an d hearin g a n explanatio n o f  ho w tha t  cause s voltage s t o b e applie d t o device s withi n th e 

circuit ,  an d ho w tha t  i n tur n cause s a  curren t  throug h a  devic e suc h a s a  ligh t  bulb ,  whic h cause s i t  t o b e 

on.  Alternatively ,  causa l  model s ca n represen t  th e behavio r  o f  circuit s a t  th e mor e microscopi c level .  Fo r 

instance ,  on e ca n imagin e seein g ho w electrica l  force s withi n a  circui t  ca n caus e mobile ,  charge d 

particle s t o b e redistribute d when ,  fo r  example ,  a  switc h i s closed .  Finally ,  causa l  model s ca n tak e th e 

for m o f  functiona l  models ,  whic h reaso n abou t  th e purpos e o f  th e circuit ,  an d ho w subsystem s withi n th e 

circui t  interac t  t o achiev e tha t  purpose .  Here ,  instea d o f  reasonin g abou t  device s a s potentia l  conductor s 

or  source s o f  voltage ,  on e reason s abou t  device s a s receivers ,  transformer s an d transmitter s o f 

information ,  an d th e causa l  propagatio n i s i n term s o f  informatio n flow ,  instea d o f  i n term s o f  electrica l 

charg e (Whit e &  Frederiksen ,  1987b) .  Th e questio n fo r  instructio n the n is :  whic h o f  thes e type s o f  causa l 

model s shoul d on e star t  wit h an d why ? Further ,  wh y havin g picke d on e o f  them ,  ar e ther e an y compellin g 

reason s fo r  introducin g th e others ? 

PHENOMENOLOGICAL MODELS 

We began by conducting studies of experts' reasoning about circuit behavior in the course of 

solvin g problem s suc h a s troubleshooting .  W e foun d tha t  expert s primaril y reaso n abou t  devic e states , 

and ho w a  chang e i n th e stat e o f  on e devic e ca n caus e change s i n th e state s o f  othe r  devices .  Whe n th e 

circuit s deal t  wit h wer e simpl e electhca l  circuit s suc h a s thos e foun d i n a n automotiv e electrica l  system , 

expert s employe d electrica l  concept s i n predictin g ho w a  chang e i n on e device' s stat e woul d propagat e 

it s effect s t o othe r  device s withi n th e circuit .  Thi s electrica l  reasonin g incorporate d th e ide a o f  causa l 

interaction s amon g devices ,  whic h ar e du e t o th e effect s o f  change s i n conductivit y o f  on e devic e o n 

voltage s applie d t o othe r  device s withi n a  circuit .  Th e expert s reasone d solel y abou t  whethe r  voltage s 

woul d b e presen t  o r  absen t  acros s devices ,  no t  abou t  incrementa l  change s i n thos e voltage s o r  abou t 

thei r  quantitativ e values . 

To model this type of reasoning, the model we created reasons about gross aspects of circuit 

behavior ,  suc h a s whethe r  o r  no t  ther e i s a  voltag e dro p acros s a  device .  Fo r  example ,  i n a  circui t 

containin g a  battery ,  a  switch ,  an d a  lightbulb ,  th e exper t  reason s tha t  (1 )  whe n yo u clos e th e switch ,  tha t 

change s th e conductivit y o f  th e switc h causin g a  redistributio n i n th e voltage s withi n th e circuit ,  (2 )  s o tha t 

no w ther e i s a  voltag e dro p acros s th e lightbulb ,  wherea s befor e ther e wa s not ,  (3 )  s o th e lightbul b goe s 

fro m bein g of f  t o bein g on .  I n creatin g thi s model ,  w e initiall y  adopte d wha t  migh t  b e calle d a  "devic e 

centered "  vie w o f  casuality .  Tha t  is ,  reasonin g abou t  th e effect s o f  a  chang e i n circui t  conductivit y wa s 

don e fro m th e perspectiv e o f  th e individua l  device s i n th e circuit .  Fo r  example ,  eac h devic e withi n a 

circui t  woul d as k "Wha t  effec t  woul d closin g tha t  switc h hav e o n m y behavior?" .  So ,  fo r  instance ,  th e 

lightbul b i n thi s cas e woul d sa y "Befor e th e switc h wa s closed ,  I  didn' t  hav e a  goo d fee d pat h t o th e 

battery ,  an d no w whe n th e switc h i s closed ,  I  d o hav e a  goo d fee d path ,  an d I  als o hav e a  goo d retur n 

path ,  s o I  hav e a  voltag e dro p acros s me ,  s o I  wil l  b e on" .  W e foun d tha t  suc h a  mode l  i s eas y t o lear n 

and i s usefu l  fo r  introducin g basi c ideas ,  lik e th e concep t  o f  a  circuit . 

One of the drawbacks of the device-centered model, however, is that it doesn't map readily to basic 

circui t  law s (suc h a s Kirchhoff' s  Laws )  whic h ar e importan t  i n quantitativ e circui t  analysis .  Thes e law s 

may b e though t  o f  a s processe s whic h gover n th e distributio n o f  voltage s an d current s withi n a n electrica l 
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circuit .  W e therefor e wen t  o n t o conside r  a n alternativ e perspectiv e (  Forbus ,  1985 )  i n whic h th e concep t 

of  "process "  i s regarde d a s centra l  t o understandin g ho w system s work .  Fo r  instance ,  yo u coul d reaso n 

tha t  whe n yo u clos e a  switch ,  ther e i s a  chang e i n th e switch' s conductivity ,  whic h initiate s a  "voltag e 

redistributio n process* .  Instea d o f  lookin g a t  wha t  i s goin g o n fro m th e perspectiv e o f  eac h device ,  thi s 

redistributio n proces s i s ru n wheneve r  a  devic e change s state .  Then ,  al l  device s withi n th e effecte d par t 

of  th e circui t  simpl y as k whethe r  th e voltag e dro p acros s the m ha s changed ,  an d i f  i t  has ,  the y alte r  thei r 

state s appropriately .  Th e voltag e redistributio n proces s take s th e for m o f  a  se t  o f  qualitativ e rule s suc h 

as,  "I f  yo u hav e a  circui t  wit h a n ope n i n it ,  th e onl y voltag e dro p i n tha t  circui t  wil l  b e acros s th e open . 

Whereas ,  i f  yo u hav e a  circui t  tha t  i s  a  complet e conductiv e loop ,  ther e wil l  b e voltag e drop s acros s 

resistiv e device s i n tha t  circuit. "  Thes e rule s are ,  i n effect ,  qualitativ e expression s o f  th e circui t  law s o f 

quantitativ e circui t  theory .  Student s ca n b e easil y motivate d t o develo p thi s new ,  "process "  perspectiv e 

by presentin g the m wit h circuit s (e.g. ,  lon g serie s circuits )  fo r  whic h th e devic e centere d approac h i s 

extremel y tediou s an d inefficient .  Fo r  thes e circuits ,  th e process-centere d mode l  represent s a  much -

neede d simplification . 

Each of these alternative phenomenological models represents a different perspectives on circuit 

causality .  Thus ,  i n additio n t o bein g introduce d t o som e fundamenta l  concept s abou t  circuits ,  suc h a s 

voltage ,  conductivity ,  an d th e basi c ide a o f  circuit ,  student s lear n tha t  ther e i s mor e tha n on e wa y t o 

approac h modellin g circui t  behavio r  tha t  i s  consisten t  wit h th e fundamenta l  concepts .  I n eac h approach , 

we impose d a  causalit y ont o th e behavio r  o f  circuits ,  suc h a s a  chang e i n conductivit y ca n caus e a 

chang e i n voltage ,  an d a  chang e i n voltag e ca n caus e a  chang e i n devic e state .  Thi s causalit y map s 

nicel y t o idea s abou t  electrica l  forc e an d th e behavio r  o f  charg e carrier s withi n a  circuit ,  a s wel l  a s t o 

quantitativ e circui t  analysis .  However ,  ther e ar e seriou s limitation s t o onl y presentin g studen t  wit h suc h 

phenomenologica l  circui t  models .  I n particular ,  whe n expose d t o thes e kind s o f  causa l  models ,  student s 

woul d onl y hav e shallo w answer s t o importan t  question s suc h as ,  "Wha t  i s a  voltag e drop ,  an d ho w d o 

voltage s ge t  redistribute d withi n a  circuit? "  Beyon d th e se t  o f  rule s fo r  determinin g th e distributio n o f 

voltages ,  student s hav e n o deepe r  sens e o f  wha t  i s goin g o n i n a  circuit .  On e o f  th e reason s fo r  thi s 

shallownes s (whic h i s als o a  characteristi c o f  quantitativ e circui t  models )  i s  tha t  i n creatin g th e voltag e 

redistributio n process ,  w e ha d use d qualitativ e version s o f  th e stead y stat e circui t  laws ,  i.e. .  Ohm' s La w 

and Kirchhoff' s  Voltag e Law .  Unfortunately ,  i f  yo u us e stead y stat e law s t o determin e wha t  th e nex t 

stead y stat e wil l  be ,  yo u hav e no t  reduce d th e proces s t o fundamenta l  principle s lik e F = m a (predictin g th e 

effect s o f  electrica l  force s o n th e movemen t  o f  charge d particles) . 

REDUCTIONISTIC, PHYSICAL MODELS 

We decided that we needed to unpack the voltage redistribution process via a dynamic physical 

model .  Thi s mode l  woul d introduc e a  simpl e causa l  mechanis m tha t  woul d driv e th e process .  Th e causa l 

mechanis m woul d b e base d o n wha t  diSess a (1983 )  refer s t o a s phenomenologica l  primitives ,  i.e. ,  thing s 

tha t  yo u ca n experienc e wit h you r  ow n body ,  suc h a s pushe s an d pull s an d a  sens e o f  equilibrium . 

Furthermore ,  i t  woul d b e base d o n mor e fundamenta l  physica l  law s suc h a s F=m a an d Coulomb' s Law , 

rathe r  tha n o n th e stead y stat e circui t  laws .  Anothe r  importan t  propert y o f  thi s mode l  woul d b e tha t  b y 

watchin g thi s physica l  mechanis m run ,  th e stead y "stat e circui t  law s woul d emerge .  I n othe r  words ,  i t 

woul d b e a  mode l  base d o n Coulomb' s Law ,  an d Ohm' s an d Kirchhoff' s  Law s woul d b e emergen t 

propertie s o f  th e physica l  proces s embedde d i n th e model . 

It is interesting to note that when we surveyed physics text books, electrical engineering text books, 

and technica l  tex t  book s tha t  ar e use d i n trainin g electrica l  technicians ,  w e wer e unabl e t o fin d suc h a 
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d y n a m i c physica l  mode l .  I n t w o a d v a n c e d physic s tex t  books ,  w e di d fin d a  mathematica l  derivatio n o f 

h o w y o u c a n star t  wit h F = m a a n d ge t  O h m ' s L a w ,  bu t  thes e derivation s stil l  focuse d o n reasonin g directl y 

abou t  th e propertie s o f  circuit s i n a  stead y state ,  no t  abou t  transien t  p h e n o m e n a .  T h e fac t  tha t  w e didn' t 

fin d suc h a  m e c h a n i s m presente d i n an y o f  th e tex t  b o o k s suggest s that ,  fro m th e perspectiv e o f 

physicists ,  eithe r  i t  i s  unnecessar y t o develo p suc h a  m o d e l  o f  transien t  p h e n o m e n a withi n circuits ,  o r 

suc h d y n a m i c m o d e l s ar e s o c o m p l e x a s t o confus e rathe r  tha n enlighten .  H o w e v e r ,  whil e suc h transien t 

m o d e l s ar e no t  availabl e fo r  electricity ,  the y ar e fairl y c o m m o n i n th e stud y o f  g a s diffusio n a n d hea t  flow . 

Moreover ,  whil e physicist s m a y accep t  abstract ,  algebrai c derivation s o f  circui t  law s withou t  an y 

necessar y lin k t o a  transient ,  physica l  mode l ,  i n th e initia l  stage s o f  learnin g m o s t  student s fin d tha t 

mathemat ica l  abstraction s a n d algebrai c derivation s m a k e s e n s e onl y afte r  th e d o m a i n i s understoo d i n 

causa l  terms .  I f  a  d y n a m i c m o d e l  i s no t  supplied ,  the y wil l  attemp t  t o buil d thei r  o w n ,  o r  t o interpre t  th e 

circui t  law s i n te rm s o f  thei r  prio r  conception s o f  electricity . 

We therefore focused on creating a model that would embody a simple mechanism which would 

hel p peop l e t o understan d th e origin s o f  circui t  behavio r  suc h th e voltag e redistributio n process .  T h e 

m o d el  i s b a s e d o n a  simplificatio n o f  Cou lomb ' s la w i n whic h w e quantiz e distanc e b y dividin g resistor s u p 

int o littl e slices .  W e als o ignor e surfac e charge s a n d regar d th e resisto r  a s essentiall y  o n e dimensional . 

Withi n e a c h slic e o f  th e resistor ,  w e represen t  th e charg e o f  tha t  slice .  Fo r  examp le ,  th e middl e slic e (wit h 

th e hole s fille d wit h m inuses )  s h o w n i n Figur e 1  i s neutral ,  th e o n e o n th e right  ha s a  negativ e charge , 

a n d th e o n e o n th e lef t  h a s a  positiv e charge .  T h e s e circle s a n d m inuse s ar e no t  m e a n t  t o represen t 

individua l  a t o m s a n d electrons .  T h e y ar e jus t  a  representatio n o f  th e charg e o f  tha t  slice .  I f  yo u prefer , 

y o u c a n thin k o f  t h e m a s bein g replace d wit h a  n u m b e r ,  s o th e middl e slic e h a s a  charg e o f  0 ,  th e right  i s 

-5 ,  a n d th e lef t  slic e i s + 5 .  N o w i f  yo u pu t  tw o o f  thes e slice s nex t  t o o n e another ,  a n d i f  ther e i s a 

differenc e i n thei r  charge ,  the n ther e wil l  b e a n electrica l  forc e exerte d o n charge d particle s withi n th e tw o 

adjacen t  slices .  Thi s ca n b e though t  o f  a s d u e t o th e negativ e charge s repellin g o n e anothe r  an d th e 

positiv e charge s attractin g th e negativ e charges .  T h e s e force s wil l  accelerat e th e mobil e charge s (th e 

m inuses ) ,  causin g t h e m t o migrat e (i.e. ,  b e redistributed )  fro m th e relativel y m o r e negativel y charge d slic e 

t o th e m o r e positivel y charge d slic e unti l  bot h slice s h a v e th e s a m e charge . 
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Figur e 1 .  Slice s o f  a  resistor . 

We can increase the resistance of a resistor by putting more and more of these slices next to one 

another .  W e m o d e l  a  batter y b y simpl y sayin g tha t  i t  i s  a  devic e whic h maintain s a  constan t  positiv e 

charg e o n o n e o f  it s  terminals ,  an d a  constan t  negativ e charg e o n th e othe r  o f  it s  terminals .  T h e n ,  fo r 

e x a m p l e ,  i f  yo u attac h th e negativ e termina l  o f  a  batter y t o o n e e n d o f  a  resisto r  a  resisto r  a s i n Figur e 2 

(s o y o u don' t  h a v e a  complet e circuit) ,  yo u ca n watc h w h a t  h a p p e n s ove r  time .  Withi n th e mode l ,  tim e i s 

als o quantized .  Withi n e a c h tim e interval ,  a  certai n proportio n o f  mobil e charge s wil l  b e redistributed ,  th e 
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actua l  n u m b e r  depend in g o n th e differenc e i n charg e b e t w e e n th e t w o adjacen t  slices .  A s thi s m o d e l 

runs ,  o n e c a n s e e tha t  o n eac h tim e increment ,  adjacen t  slice s g o par t  w a y toward s reachin g equilibnum . 

I n thi s w a y ,  o n e c a n watc h th e sys te m settl e d o w n int o a  final ,  stead y state .  I n thi s case ,  ther e wil l  b e n o 

voltag e dro p acros s th e resisto r  a n d th e sourc e voltag e wil l  b e deve lope d acros s th e o p e n s e g m e n t  o f  th e 

circuit .  Furthermore ,  i f  yo u pu t  togethe r  a  complet e circuit ,  lik e th e o n e s h o w n i n Figur e 3 ,  a n d le t  th e 

proces s ru n unti l  i t  reache s a  stead y state ,  yo u s e e h o w yo u ge t  O h m ' s L a w a n d Kirchhoff' s  L a w s fro m a 

sys te m tha t  b e h a v e s i n accordanc e wit h Cou lomb ' s L a w .  Thi s i s  a  nic e e x a m p l e o f  h o w yo u c a n star t 

wit h s o m e ver y simpl e idea s abou t  attraction ,  repulsion ,  an d equilibnum ,  a n d s h o w h o w a  sys te m tha t 

operate s accordin g t o a  m e c h a n i s m b a s e d o n thes e idea s wil l  settl e d o w n int o a  stead y stat e tha t  o b e y s 

O h m ' s L a w a n d Kirchhoff' s  L a w s . 
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Figur e 2 .  A n ope n circuit . 
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Figur e 3 .  A  series-paralle l  circuit . 

Thi s m o d e l  m a k e s th e qualitativ e mode l s describe d earlie r  " m a k e sense" .  I t  provide s a  s e n s e o f 
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mechanism ,  s o tha t  th e macroscopi c models ,  combine d wit h thi s unpackin g o f  th e voltag e redistributio n 

process ,  provid e a  coherent ,  althoug h simplified ,  vie w o f  ho w circuit s work .  Thi s mode l  is ,  however ,  fa r 

fro m "complete" .  Firstly ,  ther e i s n o mode l  provide d t o explai n ho w electrica l  forc e get s produce d b y a 

battery .  Secondly ,  th e hole s an d minuse s ar e no t  mean t  t o represen t  individua l  atom s an d electrons . 

Instea d the y provid e a  representatio n o f  th e charg e o f  eac h slic e o f  a  resistor .  And ,  unles s yo u actuall y 

represen t  th e individua l  electron s an d animat e the m b y showin g the m movin g an d bumpin g int o atoms , 

yo u d o no t  ge t  a  goo d sens e o f  wha t  resistanc e is .  So ,  on e coul d hypothesiz e tha t  w e nee d t o unpac k 

on e mor e level ,  an d sho w th e behavio r  o f  atom s an d electrons .  However ,  w e argu e tha t  thi s i s 

unnecessary .  Peopl e alread y hav e goo d intuition s abou t  resistance .  Th e har d an d ke y idea s ar e voltag e 

dro p an d th e proces s b y whic h voltage s ge t  redistributed .  Thi s mode l  represent s tha t  concep t  an d 

proces s succinctly . 

By interacting with such models, students can also come to appreciate some important distinctions 

among physica l  theories :  Th e law s tha t  ar e use d t o describ e th e stead y stat e ar e usuall y redundant . 

They are ,  i f  yo u will ,  multipl e constraint s o n th e configuratio n o f  charge s i n th e stead y state .  Give n thei r 

redundancy ,  i f  severa l  statement s ar e given ,  on e ca n deriv e th e remainin g one s (thi s i s a n exampl e o f 

constraint-base d reasoning) .  I n thi s way ,  student s ca n b e introduce d t o constraint-base d reasonin g i n a 

qualitativ e for m a s a  precurso r  t o it s algebrai c forms .  I n general ,  student s ca n com e t o appreciat e 

epistemologica l  distinction s amon g form s o f  physica l  theorie s an d way s o f  reasoning ,  an d lear n ho w the y 

ca n exis t  sid e b y sid e a s alternativ e way s o f  viewin g th e physica l  world . 

Another interesting property of this process model emerged when describing it to physicists. We 

woul d say ,  "Thi s i s a  diffusio n mode l  whic h represent s a  firs t  approximatio n t o wha t  happen s i n electrica l 

circuits .  I t  i s  th e kin d o f  mode l  tha t  yo u migh t  use ,  fo r  example ,  t o explai n hea t  flo w t o someone. "  Th e 

physicis t  woul d say ,  "  O h yes ,  yo u coul d us e i t  t o explai n wha t  happen s i n gase s a s well" .  Thes e 

discussion s implie d tha t  ther e ar e a  smal l  numbe r  o f  ke y processes ,  lik e thi s diffusio n process .  Thes e 

key processe s ar e understandabl e becaus e the y ca n b e grounde d i n phenomenologica l  primitive s (i.e. , 

ca n introduc e a  simpl e mechanis m tha t  relate s t o thing s yo u ca n d o wit h you r  ow n body) .  The y als o hav e 

th e propert y tha t  the y ca n b e use d t o hel p student s understan d a  wid e rang e o f  physica l  domains .  Thu s 

the y ca n pla y a  ke y rol e i n enablin g student s t o learn . 

CONCLUSIONS 

To summarize the viewpoint that has evolved in this research: We hypothesize that students need 

t o star t  wit h a  dynamic ,  physica l  mode l  tha t  provide s a  sens e o f  mechanis m an d introduce s domai n 

causality .  Suc h model s are ,  however ,  no t  particularl y usefu l  fo r  proble m solving .  Thus ,  i n addition ,  on e 

need s t o acquir e mor e abstract ,  behaviora l  model s tha t  ar e reasonin g a t  a  mor e macroscopi c level .  A t 

th e level ,  fo r  example ,  o f  switche s closin g causin g light s t o g o o n an d off .  Thes e kind s o f  model s ar e 

usefu l  no t  onl y fo r  understanding ,  bu t  als o fo r  proble m solving ,  an d nee d t o b e introduce d i n bot h 

qualitativ e an d quantitativ e forms .  However ,  causalit y an d mechanis m ar e no t  th e onl y perspective s tha t 

peopl e emplo y t o understan d ho w system s work .  Ther e i s anothe r  perspectiv e tha t  peopl e ofte n impos e 

on physica l  systems ,  an d tha t  i s th e perspectiv e o f  "purpose" :  Wha t  i s th e syste m designe d t o do ,  an d 

ho w d o th e subsystem s withi n i t  wor k togethe r  t o achiev e tha t  purpose ? Thi s represent s a n importan t 

way o f  comin g t o understan d systems ,  particularl y i n th e cas e o f  designe d artifacts ,  an d w e hav e bee n 

doin g furthe r  researc h concernin g ho w t o introduc e functiona l  model s int o ou r  intelligen t  learnin g 

environment . 
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The intelligen t  learnin g environmen t  incorporatin g a  progressio n o f  qualitativ e model s ha s bee n 

trie d ou t  wit h seve n subjects .  I t  wa s successfu l  i n al l  seve n case s i n enablin g novice s t o mentall y 

simulat e an d t o troubleshoo t  circuits .  Whe n subject s wer e no t  provide d wit h a  versio n o f  th e 

reductionistic ,  physica l  model ,  the y spontaneousl y invente d thei r  ow n reductionisti c explanation s whic h 

wer e incorrec t  an d usuall y inconsisten t  wit h th e causalit y embedde d i n th e macroscopi c model s (Whit e & 

Frederiksen ,  1987b) . 

In helping students to acquire this set of mental models, we have the same objectives that 

physicist s hav e i n evolvin g suc h models :  W e wan t  student s t o posses s a  se t  o f  coheren t  model s tha t  wil l 

enabl e the m t o predic t  an d understan d wha t  wil l  happe n acros s a  wid e rang e o f  domai n phenomena .  I n 

th e cas e o f  electrica l  circuits ,  th e model s w e hav e describe d allo w student s t o mentall y simulat e circui t 

behavio r  fro m different ,  bu t  coordinated ,  perspectives .  Fo r  instance ,  th e causalit y o f  ou r  microscopi c 

model s i s consisten t  wit h tha t  o f  ou r  macroscopi c model s o f  circui t  behavior .  Student s ca n emplo y thi s 

set  o f  model s t o mak e prediction s abou t  circui t  behavior ,  a s wel l  a s t o desig n an d troubleshoo t  circuits . 

The model s thu s provid e a  coherent ,  linked ,  knowledg e structur e tha t  ca n generaliz e acros s a  rang e o f 

situation s t o solv e problem s an d t o generat e explanations . 
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1.  Ou r  coache d practic e environment ,  Sherlock ,  wa s a  massiv e undertakin g an d w e woul d lik e t o 
acknowledge :  Jay a Bajpayee ,  Marily n Bunzo ,  Denni s Collins ,  Jame s Collins .  Richar d Eastman ,  Dre w 
Gitomer ,  Bo b Glaser ,  Bruc e Glymour ,  Sherri e Gott ,  Lind a Greenberg ,  Debr a Logan ,  Mari a Magone , 
Thomas McGinnis ,  Sand y Stanley ,  Arlen e Weiner ,  Richar d Wolf ,  Lauri e Yengo ,  an d th e officer s an d 
personne l  o f  th e 1s t  an d 33r d Tactica l  Fighte r  Wing s a t  Langle y an d Egli n Ai r  Forc e Bases . 

The work was done as part of subcontracts with HumRRO and the Universal Energy Systems, who 
wer e prim e contractor s wit h th e Ai r  Forc e Human Resource s Laboratory .  Man y o f  th e tool s tha t 
permitte d u s t o efficientl y conduc t  thi s projec t  wer e pu t  i n plac e b y earlie r  effort s an d foresigh t  o f 
th e Offic e o f  Nava l  Research . 
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Better understanding of proficency in complex real-world tasks is needed, both for assessment of skill 

and fo r  training .  A s par t  o f  a  progra m o f  researc h o n assessin g an d trainin g comple x proble m solving , 

we hav e develope d a  compute r  progra m tha t  provide s coache d practic e fo r  a n electronic s 

troubleshootin g job .  Sherloc k wa s develope d fo r  first-leve l  airme n w h o diagnos e an d repai r 

navigationa l  equipmen t  fo r  th e F-1 5 aircraft .  I t  provide s trainee s wit h realisti c faul t  isolatio n 

problem s i n a  simulatio n o f  th e Unite d State s Ai r  Force' s F-1 5 manua l  avionic s 2  tes t  station .  Avionic s 

unit s ar e attache d t o a  tes t  statio n vi a a  tes t  packag e tha t  adapt s th e uni t  t o th e tes t  station .  Th e tes t 

statio n simulate s th e aircraf t  an d ho w th e unitwoui d wor k o n th e aircraf t  an d measure s uni t 

performance .  However ,  th e tes t  statio n i s comple x an d i s pron e t o failure s itself .  Thus ,  ofte n th e 

traine e mus t  troubleshoo t  fault s i n th e tes t  statio n befor e bein g abl e t o diagnos e an d repai r  avionic s 

components .  Troubleshootin g th e tes t  statio n i s th e mos t  complicate d aspec t  o f  th e jo b sinc e ther e i s 

littl e trainin g i n thi s are a prio r  t o on-the-jo b experience ,  an d jo b support s ar e incomplete .  Sherloc k 

was develope d fo r  firs t  leve l  airmen ,  a s a  supporte d practic e environmen t  fo r  learnin g 

troubleshootin g technique s tha t  coul d b e applie d i n th e rea l  world .  Ther e ar e severa l  instructiona l 

strategie s tha t  guide d Sherlock' s development ,  eac h o f  whic h wer e drive n b y ou r  empirica l  cognitiv e 

tas k analysi s researc h i n thi s fiel d (Lesgol d e t  al. ,  1986) . 

Background. We assume that our trainees are active learners. They are coached as needed while 

solvin g problems ,  thereb y presentin g opportunitie s t o construc t  n e w knowledg e tha t  i s  linke d t o th e 

menta l  stat e a t  whic h i t  wil l  b e needed .  Sherloc k ha s a  holisti c procedura l  trainin g emphasis ,  whic h 

means tha t  supporte d practic e o f  th e overal l  troubleshootin g proces s i s provide d rathe r  tha n practic e 

of  discret e knowledg e skills .  Peopl e lear n t o d o comple x cognitiv e procedure s b y doin g them .  W h e n 

a trainee 3 canno t  handl e th e whol e performance ,  h e i s supporte d throug h th e part s h e canno t 

handle ,  vi a reminder s an d hints ,  bu t  a t  th e sam e tim e h e i s stil l  enactin g th e whol e targe t  cognitiv e 

performance .  Cor e menta l  model s ar e no t  explicitl y  reveale d bu t  ar e discusse d an d elaborate d w h e n 

an individual' s performanc e indicate s tha t  explici t  hel p i s neede d i n a  particula r  par t  o f  th e overal l 

targe t  performance.  Muc h o f  ou r  tutorin g simpl y stimulate s a  technican' s interrogatio n o f  th e 

proble m spac e rathe r  tha n provid e explici t  guideline s o n wha t  t o d o next .  A n exampl e o f  h o w 

interrogatio n i s fostere d woul d b e th e followin g hin t  delivere d b y ou r  tuto r  t o a  traine e workin g o n a 

problem :  "Wha t  relay s i n th e A1A1A1 3 ar e bein g se t  b y thi s cod e ?  H o w ca n yo u tes t  thi s car d t o 

determin e i f  th e correc t  relay s ar e set? "  I f  suc h a  hin t  wer e insufficien t  a  moreexplici t  hin t  woul d b e 

provided ,  suc h as ,  "Yo u shoul d tes t  pin s 41,42 ,  an d 4 6 wit h respec t  t o groun d (pi n 51 )  an d se e i f  th e 

dat a signal s ar e good .  " 

Sherlock presents 34 problems based on our concept of "effective problem spaces " (see Lesgold, 

Lajoie ,  Loga n an d Eggan ,  i n prep.) .  Thes e ar e subgoa l  lattice s o f  plan s an d action s tha t  a n individua l 

migh t  mak e whil e troubleshooting .  Bot h exper t  an d novic e move s ar e include d i n th e representation , 

thereb y predictin g ahea d o f  tim e mos t  o f  th e step s tha t  a  technica n migh t  mak e o n a  particula r 

problem .  A t  eac h decisio n poin t  o r  nod e i n th e effectiv e proble m space ,  availabl e hint s 

2.  Avionic s refe r  t o electronic s equipmen t  fo r  aircraf t  navigation .  Th e F-1 5 i s a  tactica l  fighte r  plane . 

3. Most, but not all, of our subjects were male. We use the masculine form only to simplify sentence 

structure . 
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focuse d o n relevan t  curriculu m issue s a s wel l  a s wha t  th e appropriat e actions ,  tes t  outcomes , 

conclusions ,  an d nex t  bes t  move s woul d b e a t  tha t  point .  Whil e ther e wa s n o uniqu e bes t  pat h o r 

sequenc e fo r  solvin g a  problem ,  ther e wer e definit e expertlik e way s o f  troubleshooting .  Proficien t 

troubleshooter s collec t  appropriat e informatio n t o confir m o r  disconfir m a  specifi c  hypothesi s 

regardin g faul t  location .  Th e effectiv e proble m spac e accommodate s differen t  level s o f  expertis e i n 

planning .  Eac h subgoa l  nod e ha s on e o r  mor e exper t  way s t o confir m o r  disconfir m a  particula r 

hypothesis .  Les s skille d individual s ar e tutore d i n thes e exper t  moves .  Usuall y thi s involve s hint s 

provide d o n demand ,  bu t  Sherloc k als o ma y interven e t o limi t  tim e waste d repeatin g move s o r 

followin g hopeles s dea d ends . 

Every plan or action in the problem space has as many as four types of hints, for the choices of which 

actio n t o take ,  wha t  outcom e t o expec t  an d h o w t o interpre t  it ,  wha t  conclusion s t o draw ,  an d wha t 

t o d o next .  Fo r  eac h hin t  type ,  ther e ar e fiv e level s o f  explicitness .  Trainee s receiv e thes e hint s whe n 

the y as k fo r  hel p o r  sho w tha t  the y ar e havin g difficult y wit h particula r  curriculu m issues .  H o w explici t 

th e hin t  i s  depend s o n h o w wel l  th e tuto r  expect s th e traine e t o perfor m a t  tha t  point .  Th e 

performanc e expectation s ar e base d o n a  studen t  competenc e mode l  tha t  i s  update d afte r  eac h 

problem .  Onl y a  smal l  portiono f  th e tuto r  desig n i s presente d her e sinc e i t  ha s bee n reporte d 

elsewher e (se e Lesgold ,  Lajoie ,  Bunz o &  Eggan ,  1988) . 

An Integratio n o f  Theorie s 

Glaser(1985) and Resnick(1985) have called for an integration of several kinds of theories to guide 

instruction :  (a )  a  theor y o f  competenc e tha t  describe s th e skille d performanc e tha t  w e hop e t o evok e 

i n th e learner ;  (b )  a  theor y o f  acquisitio n tha t  describe s h o w peopl e construc t  knowledg e an d gai n 

skill ;  an d (c )  a  theor y o f  interventio n tha t  specifie s h o w t o activat e th e learner' s acquisitio n processes . 

Thes e thre e theorie s wer e considere d i n ou r  tutor' s design . 

A Theory of Competence. The development of Sherlock was driven by a cognitive task analysis of an 

avionic s electronic s troubleshootin g specialt y (se e Lesgol d e t  al ,  1986) .  W e derive d curriculu m issue s 

fo r  th e tuto r  fro m th e cognitiv e competencie s foun d t o characteriz e troubleshootin g proficency . 

Specifically ,  w e ha d looke d fo r  difference s betwee n trainee s w h o wer e acquirin g thei r  skill s  quickl y 

and thos e w h o wer e no t  (base d bot h o n superviso r  rating s an d performanc e o f  subject s o n difficul t 

diagnosi s tasks) .  Proficien t  troubleshooter s wer e skille d a t  generatin g an d testin g thei r  faul t  isolatio n 

plans ,  a s wel l  a s usin g th e appropriat e method s t o resolv e thei r  hypotheses .  Thes e more-skille d 

performer s wer e als o bette r  a t  th e overal l  troubleshootin g proces s an d a t  usin g thei r  strategi c 

knowledg e an d operationa l  method s fo r  solvin g problems .  Th e curriculu m w e derive d fro m thi s 

analysi s reflect s 8 2 aspect s o r  component s o f  skille d performanc e i n thre e majo r  categories :  (a ) 

procedura l  knowledg e o f  basi c troubleshootin g procedures ,  suc h a s settin g u p th e tes t  statio n 

correctly ;  (b )  declarativ e o r  operationa l  knowledg e o f  measurement-making ,  suc h a s knowin g whic h 

tes t  equipmen t  t o us e an d whe n t o us e it ;  an d (c )  strategi c knowledge ,  suc h a s seria l  tracin g throug h 

circui t  paths ,  spac e splitting ,  an d devic e an d syste m understanding . 

We concluded that it is better to train specific situated competence holistically, permitting transfer to 

come fro m concept s an d procedure s tha t  ar e c o m m o n o r  tha t  ca n b e generalize d fro m experienc e i n 

multipl e situations ,  rathe r  tha n t o teac h abstraction s tha t  a  traine e migh t  no t  b e abl e t o m a p t o 

variou s situations .  Rathe r  tha n teac h an y on e curriculu m issu e i n isolation ,  ther e wer e ofte n severa l 

issue s tha t  wer e relevan t  t o plan s o r  action s i n a  troubleshootin g problem . 

Hoping to make Sherlock an expert teacher, we relied on an interesting body of research into 

pedagogica l  competence .  Leinhard t  (1986 )  examine d h o w mat h teacher s organiz e thei r  knowledg e 

and h o w the y transmi t  thi s organizationa l  structur e t o thei r  students .  Exper t  mat h teacher s provid e 
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not  onl y clea r  presentation s o f  a  ne w mathematica l  procedur e bu t  als o severa l  context s i n whic h i t  i s 

applied .  Rehearsa l  i s  provide d fo r  bot h th e skil l  an d understandin g i n man y context s s o tha t  student s 

can se e th e condition s unde r  whic h thi s ne w procedur e applies . 

In developing Sherlock we hoped to replicate this teaching expertise. Specific domain expertise is 

necessar y i n a  tutor .  Fo r  a  syste m t o b e abl e t o shap e performanc e towar d expertise ,  i t  mus t  reflect ,  i n 

it s  coaching ,  th e expertis e o f  rea l  worker s w h o hav e learne d t o d o th e job ,  no t  jus t  th e exper t 

designer s mode l  o f  th e wor k environmen t  o r  th e jo b a s represente d b y doctrine .  Ou r  expert ,  Gar y 

Eggan,  wa s a  "worker "  a s wel l  a s a  "teacher "  w h o ha d worke d i n thejo b a s a n enliste d airma n an d 

late r  becom e a  technica l  adviso r  t o airme n doin g th e job .  H e provide d u s wit h a  rational e fo r  proble m 

selectio n an d wit h clea r  representation s o f  th e proble m spac e fo r  eac h problem ,  includin g likel y 

exper t  an d novic e path s t o solution .  Thu s severa l  solutio n path s wer e mappe d ou t  alon g wit h 

coache d practic e fo r  eac h path .  Ou r  coachin g structur e wa s develope d t o provid e rehearsa l  an d 

understandin g o f  skill s  i n man y context s s o tha t  individual s coul d se e th e condition s unde r  whic h a 

ne w procedur e applied .  Rehearsa l  o f  skill s  i s  presente d ever y tim e th e studen t  ask s fo r  help .  Th e firs t 

hin t  h e receive s i s a  structure d rehearsa l  o f  wha t  h e ha s don e o n tha t  problem ,  s o h e ca n reflec t  o n hi s 

plan s an d actions .  Further ,  eac h tim e additiona l  hel p i s requeste d h e get s a  trac e o f  th e hint s alread y 

received .  Thus ,  th e actions ,  outcomes ,  conclusion s an d option s fo r  a  pla n o r  actio n ca n al l  b e reviewe d 

durin g th e solutio n process . 

Understanding is fostered in many contexts. Each node can give hints about the conditions under 

whic h certai n thing s woul d b e true .  Fo r  example ,  "Thes e dat a signal s shoul d caus e relay s K 3 an d K 2 

i n th e A1A1A1 3 car d t o set .  On e wa y t o determin e i f  th e A1A1A1 3 car d i s operatin g properl y i s t o d o 
an ohm s chec k o n th e relay s bein g se t  b y th e stimul i  cod e selec t  thumbwhee l  switches .  Yo u coul d o h m 
out  th e lowe r  contact s ofK 3 (betwee n Pin s 1  &  3 )  an d th e lowe r  contact s ofK 2 (betwee n Pin s 5 5 &  57 ) 
t o determin e i f  th e relay s ar e bein g set. "  Th e conten t  o f  th e hint s ar e specifi c  t o th e wor k 

environment ,  realisti c an d detailed . 

The role of experts is essential to the development of efficent scripts and procedures for fault 

isolation .  Th e histor y takin g procedur e i s a n efficen t  scrip t  fo r  electronic s troubleshooters .  I n histor y 

takin g th e technicia n examine s wha t  device s ar e activ e fo r  th e curren t  tes t  ste p an d look s a t  th e 

previou s test s tha t  hav e passed .  Thu s h e build s a  se t  o f  hypothese s a s t o wher e th e faul t  migh t  lie , 

and als o ca n disconfir m hypotheses ,  b y comparin g th e tes t  ste p tha t  i s  currentl y failin g wit h step s tha t 

hav e passed .  Hypothese s ar e generate d b y determinin g wha t  i n th e curren t  tes t  differ s fro m othe r 

tests .  Fo r  instance ,  i f  a  measuremen t  devic e wa s use d t o measur e voltag e i n tes t  1  an d tes t  1  passed , 

and use d agai n i n tes t  2  i n th e exac t  sam e wa y bu t  tes t  2  failed ,  on e ca n infe r  tha t  thi s measuremen t 

devic e i s no t  th e proble m .  However ,  i f  th e typ e o f  measuremen t  change d fro m on e tes t  t o another , 

th e measuremen t  devic e fo r  th e secon d tes t  woul d b e a  suspec t  devic e sinc e i t  i s  a  ne w additio n t o 

circuitr y alread y demonstrate d t o b e sound .  Thi s i s on e exampl e o f  a n exper t  procedur e tutore d b y 

Sherlock . 

Processes of Acquisition. Understandi ng the processes of acquisition is necessary for sequenci ng of 

instructio n t o maximiz e learning .  W e approache d thi s b y identifyin g th e knowledg e tha t 

differentiate d skille d an d less-skille d performers .  A  majo r  findin g i n ou r  cognitiv e tas k analysi s 

researc h wa s tha t  skille d airme n di d no t  d o bette r  tha n les s skille d technican s o n discret e knowledg e 

component s suc h a s basi c electronic s knowledg e orbasi c operations ,  suc h a s knowin g wher e t o pu t 

mete r  probe s o n a  circui t  boar d t o ge t  a  particula r  measurement .  Instead ,  exper t  troubleshooter s 

wer e bette r  primaril y a t  orchestratin g ai l  o f  th e cognitiv e competencie s necessar y fo r  faul t  location . 

Our  result s suppor t  Estes '  (1976 )  observatio n regardin g performanc e o n intelligenc e measuresitha t  i t 

i s  no t  enoug h t o identif y cognitiv e processes ,  bu t  rathe r  i t  i s  h o w thes e processe s becom e organize d 

fo r  efficien t  performanc e tha t  distinguishe s highe r  level s o f  proficiency .  Give n ou r  findings ,  w e 

decide d tha t  th e processe s o f  acquirin g troubleshootin g skill s  ha d t o b e taugh t  i n th e contex t  o f  a 
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troubleshootin g proble m s o tha t  individual s woul d lear n ho w t o orchestrat e thei r  skill s  rathe r  tha n 
jus t  b e abl e t o perfor m suc h skill s  whe n th e cognitiv e loa d wa s low .  W e recogniz e tha t  th e practic e o f 
some componenttask s unti l  the y becom e automate d throug h practic e ma y enabl e mor e effor t  t o b e 
directe d t o highe r  leve l  task s (Schneider ,  1984 ;  Perfett i  &  Lesgold ,  1979) .  However ,  componen t 
processe s tha t  wor k wel l  separatel y ma y no t  wor k wel l  together .  I f  a  tas k demand s orchestratio n o f 
componen t  skills ,  the n assessmen t  mus t  b e abl e t o differentiat e skil l  inefficiencie s fro m skil l  absences . 
Sherloc k assesse s componen t  skill s  i n th e contex t  o f  assessin g performanc e level s fo r  individua l 
curriculu m issues .  Th e traine e wh o doe s poorl y o n on e skil l  bu t  wel l  o n anothe r  wil l  receiv e coachin g 
base d o n th e learne d stat e fo r  eac h particula r  issue .  Differen t  level s o f  hin t  specificit y  ar e provide d 
base d o n th e learne d stat e fo r  particula r  skills .  Thu s w e sharpe n thos e skill s  tha t  nee d t o b e sharpene d 
i n th e contex t  o f  th e proble m space . 

Understanding the knowledge a trainee brings to the learning environment makes the task of 
instructio n simple r  sinc e instructio n the n consist s o f  coherenc e buildin g (Resnick ,  1985 )  o r 
restructurin g th e individual' s curren t  knowledg e t o a  highe r  leve l  o f  comprehension .  Th e learnin g 
proces s consist s o f  connectin g ne w informatio n t o existin g knowledge .  Learnin g take s plac e o n th e 
basi s o f  existin g menta l  model s an d theorie s hel d b y students ,  whic h ca n eithe r  enhanc e o r  retar d 
learnin g (Glaser ,  1985) .  Glase r  state s tha t  wit h prope r  instructio n student s ca n test ,  evaluate ,  an d 
modif y thei r  curren t  theorie s o n th e basi s o f  ne w information . 

Sherlock reinforces prior knowledge and builds up mental models of performance through specific 
coaching .  Bot h a  genera l  menta l  mode l  o f  th e troubleshootin g proces s an d a  specifi c  menta l  mode l 
of  a  tes t  ar e taught .  Understandin g th e basi c troubleshootin g scenari o include s suc h thing s a s 
collectin g th e correc t  resources ,  understandin g th e curren t  test ,  analyzin g devic e history ,  an d tracin g 
schematics .  Th e menta l  mode l  o f  a  test ,  fo r  example ,  consist s o f  a  stimulu s inpu t  t o th e uni t  t o b e 
tested ,  a  circuit-adjustin g load ,  an d a  measuremen t  o f  output .  Othe r  menta l  model s dea l  wit h 
automati c configuratio n o f  equipmen t  t o carr y ou t  a  test .  Sherlock' s coachin g structur e addresse s 
thes e menta l  model s i n eac h problem .  Sherloc k reinforce s thes e menta l  model s b y providin g hint s 
tha t  teac h individual s self-regulator y o r  metacognitiv e skills .  Specifi c  tutorin g o n devic e an d syste m 
understandin g lin k th e student' s proble m solvin g abilit y  t o hi s prio r  knowledge . 

Self-regulation is taught by providing recapitulations of the student's problem solving trace when a 
traine e ask s fo r  help .  Thes e hint s encourag e hi m t o reflec t  o n hi s decision-makin g proces s b y 
illustratin g hi s prio r  hypotheses .  I f  a  traine e doe s somethin g inefficien t  th e tuto r  tell s  hi m wh y hi s 
action s ar e redundan t  give n hi s prio r  proble m solvin g activities .  Sherloc k teache s th e traine e t o 
constrai n th e proble m spac e an d efficientl y tes t  hypotheses .  Whe n a  traine e retest s a  uni t  tha t  wa s 
alread y rule d out ,  Sherloc k wil l  sa y somethin g like ,  "yo u hav e alread y eliminate d thi s devic e a s a 
proble m are a b y swappin g th e car d wit h a  goo d card ,  wh y don' t  yo u tr y somethin g els e ?  " 

Sherlock confronts the student to consider his hypotheses, make conclusions, and then choose 
alternativ e plan s an d action s base d o n tes t  outcomes .  I t  tutor s devic e an d syste m understandin g b y 
linkin g tes t  procedure s t o actua l  proble m solvin g performance .  If ,  fo r  instance, a traine e trie d t o 
perfor m action s tha t  specificall y wer e contrar y t o th e tes t  step s bein g used ,  the n Sherloc k woul d sa y 
somethin g lik e th e following ,  "Testin g thi s car d i s no t  necessar y sinc e i t  i s  no t  bein g use d i n thi s test . 
When yo u ente r  Measuremen t  Cod e Selec t  1 2 an d pres s Enter ,  yo u shoul d b e activatin g TPA12 . 
Perhap s yo u shoul d chec k you r  schematic s again .  " 

Thus, student actions are linked to system knowledge by pointing to the information in the technical 
resource s tha t  highligh t  th e relevan t  devic e knowledge .  A  theor y o f  competenc e an d a n 
understandin g o f  th e processeso f  acquisitio n wer e use d t o develo p Sherlock .  Ou r  theor y o f 
interventio n link s thes e tw o theorie s i n th e for m o f  th e coache d practic e environment .  However , 
ther e ar e othe r  thing s tha t  a  theor y o f  interventio n mus t  consider . 
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Theor y o f  Intervention .  Researc h mus t  tes t  th e effect s o f  particula r  form s o f  teachin g an d 

instructiona l  material s o n particula r  students .  Sherloc k ha s th e advantag e o f  bein g abl e t o monito r 

th e trainee' s progres s throug h instructiona l  material s an d provid e adaptiv e form s o f  instructio n 

base d o n individualize d performance . 

Individual differences in aptitudes and learning styles play an important role in learning from 

instruction ,  an d n o on e for m o f  instructio n fit s  ever y individual' s need s (Cronbac h & S n o w ,  1977) . 

Some individual s ar e muc h bette r  wit h spatial-visua l  instructio n wherea s other s deriv e mor e meanin g 

fro m verbal-textua l  representations .  Sherloc k minimizesth e effect s o f  learnin g difference s b y 

providin g multipl e mediu m presentations . 

Just as different modes of instruction must be considered so should the focus of instruction. There is 

some controvers y a s t o whethe r  o r  no t  educationa l  curricul a shoul d focu s o n genera l  thinkin g skills , 

specifi c skill s  o r  bot h type s o f  knowledg e a t  th e sam e time .  Som e woul d argu e tha t  knowledg e 

competencie s i n a  domai n an d th e abilit y  t o thin k abou t  tha t  domai n develo p han d i n han d 

(Bransford ,  Sherwood ,  Vy e &  Reiser ,  i n press) .  Studyin g a  domai n require s a  spli t  focus ,  wher e on e 

focu s i s o n th e materia l  itsel f  an d anothe r  focu s i s o n checkin g t o se e tha t  th e appropriat e menta l 

operation s ar e produce d t o facilitat e learnin g an d proble m solvin g (Locke ,  1975 ;  Simon ,  1980) . 

Even though teaching both specific knowledge skills and general problem solving skills 

simultaneousl y i s difficul t  an d demanding ,  ther e i s evidenc e tha t  thi s approac h t o instructio n ha s lon g 

ter m benefits .  A n excellen t  exampl e ca n b e give n fo r  teachin g readin g comprehension .  Palinsca r  & 

Brow n (1984 )  provide d a  learnin g environmen t  wher e inquir y wa s encourage d an d student s wer e 

encourage d t o b e consciousl y awar e o f  th e strategie s the y use d i n th e contex t  o f  reading .  Strategie s 

wer e taugh t  wit h proceduresforwhere ,  when ,  an d howt o us e them .  Comprehensio n monitorin g 

strategie s wer e taugh t  b y encouragin g student s t o chec k thei r  inference s an d organiz e the i  r 

knowledge .  Thi s spli t  focu s o f  instructio n wa s successful :  student s mad e significan t  improvement s i n 

th e qualit y o f  thei r  summarie s an d question s a s wel l  a s overal l  gain s o n criterio n test s o f  readin g 

comprehension .  Furthermore ,  thes e skill s  wer e demonstrate d t o transfe r  t o nove l  tasks . 

General and specific skills were tutored by Sherlock by providing opportunities for interrogation or 

inquiry ,  b y teachin g troubleshootin g procedure s an d th e condition s unde r  whic h suc h procedure s 

wer e useful ,  an d finall y b y a n emphasi s o n sel f  regulation .  Inquir y wa s supporte d i n tw o ways ;  (a ) 

student s coul d as k fo r  assistanc e anywher e i n th e proble m space ,  and ;  (b )  Sherloc k woul d sometime s 

respon d b y askin g question s itself . 

Were the Instructional Strategies Effective? Given the instructional strategies that underlie Sherlock 

we ca n as k whethe r  theor y drive n desig n o f  a  coache d base d practic e environmen t  improve s 

instruction .  Th e answe r  i n ou r  cas e i s yes .  A  pre/pos t  tes t  compariso n o f  electronic s troubleshootin g 

performanc e o f  a  treatmen t  an d contro l  grou p wa s examine d an d th e result s indicate d tha t  th e 

tutore d grou p di d significantl y bette r  tha n a  contro l  grou p o n pos t  tes t  performanc e (X 2 (1 , 

N =  77 )  =  3.67 ,  p < .05 ,  tuto r  grou p mea n problem s solve d =  39 ,  contro l  grou p mea n problem s solve d 

= 21) .  I n additio n th e tuto r  grou p wa s show n t o significantl y increas e thei r  numbe r  o f  exper t  move s 

(F(1,27 )  =  28.85 ,  p<.000 ,  tuto r  grou p mea n exper t  move s i n pos t  tes t  =  19.33 ,  contro l  grou p 

mean =  9.06 )  an d decreas e ba d move s (F(1,27 )  =  7.54 ,  p<.01 ,  tuto r  grou p mea n ba d move s i n pos t 

test = 1.89 ,  contro l  grou p mea n =  4.19) .  i n a n independen t  analysis ,  Got t  (1988 )  foun d tha t  th e 

tutore d subjects '  performanc e ros e b y th e equivalen t  o f  4 7 month s on-the-jo b experienc e a s a  resul t 

of  th e Sherloc k experience .  Tutor i  n g individual s t o tes t  thei r  hypotheses ,  t o reflec t  o n th e result s o f 

thei r  measurements ,  t o understan d th e procedure s an d condition s unde r  whic h suc h procedure s 

work ,  resulte d i n positiv e performanc e gains .  Th e treatmen t  grou p increase d thei r  proportio n o f 

exper t  lik e test s providin g evidenc e tha t  tutorin g a  menta l  mode l  o f  a  tes t  improve d performance . 
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However ,  ther e wer e severa l  instructiona l  strategie s use d i n ou r  coache d environmen t  an d w e mus t 
discove r  whic h o f  thes e strategie s wer e reponsibl e fo r  Sherlock' s success . 
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A b s t r a c t 

Creature s o f  Habi t  i s a  computei-base d microworl d 
designe d t o engag e middle-to-hig h schoo l  student s i n 
th e proces s o f  scientifi c  inquiry .  T h e syste m depict s 
a univers e o f  interactin g programmabl e "creatures " 
whose individua l  behavio r  i s guide d b y simpl e rule s 
tha t  m a y mode l  naiv e psychology ,  physica l  laws,  chem -
ica l  afRnities ,  an d othe r  domains .  Student s ca n creat e 
or  revis e creatur e rule s an d explor e th e resultin g (an d 
ofte n surprising )  emergen t  behavior s withi n "artificia l 
ecosystems" ;  o r  the y m a y emplo y predesigne d ecosys -
tem s i n undertakin g mor e structure d problem-solvin g 
activities .  O u r  objectiv e i s fo r  student s t o us e thes e 
ecosyste m simulation s a s a n enjoyabl e introductio n t o 
a variet y o f  scientifi c  domains ,  especiall y th e are a o f 
dynamica l  systems ,  a  field  o f  scienc e wher e experi -
ment s wit h suc h simulation s ofte n lead s theory .  T h e 
syste m encourage s a  wid e rang e o f  reasonin g an d learn -
in g centra l  t o scientifi c  methodolog y — patter n obser -
vation ,  hypothesi s formation ,  experimentation ,  dat a 
collectio n an d analysis ,  an d deduction .  W e describ e 
th e rational e behin d th e system ,  discus s som e sampl e 
activities ,  an d outlin e th e system' s potentia l  bot h a s 
a learnin g environmen t  em d a s a  researc h laborator y 
fo r  empiricia l  studie s o f  scientifi c  thought .  Finally , 
we briefl y describ e th e presen t  stat e o f  ou r  prototyp e 
Creature s o f  Habi t  system . 
K E Y W O R D S:  microworlds ;  dynamica l  systems ;  sci -
entifi c  reasonin g 

Introduction 

"Doin g science "  involve s learnin g t o us e comple x 
technique s an d skill s — makin g observations ,  notic -
in g interestin g patterns ,  formin g hypothese s an d the -

*Thi s resesu-c h an d developmen t  projec t  wa s supporte d 
by a  gran t  from  th e Spence r  Foundatio n awarde d t o 
Roy Pea ,  unde r  a  projec t  entitle d "InteUigen t  Tool s fo r 
Education. " 

^Bel l  Lab s Ph.D .  Schola r 

ories ,  makin g conjectures ,  an d designin g an d runnin g 
experiments .  I f  introducin g student s t o scientifi c  con -
ten t  wer e sufficient ,  educatio n woul d b e har d enough ; 
studie s sho w childre n brin g ill-forme d model s o f  scien -
tifi c  domain s suc h a s mechanics ,  electricity ,  chemistry , 
an d biolog y t o schoo l  (Driver ,  1985 ;  Osborne ,  1985) . 
Student s nee d t o lear n no t  onl y a  bod y o f  structure d 
beliefs ,  bu t  ho w t o participat e i n th e processe s o f  sci -
ence ,  whic h ar e intimatel y relate d t o content .  Stu -
dent s mus t  understan d tha t  scientifi c  idea s ar e moti -
vate d an d supporte d b y theory ,  experiment ,  an d ar -
gumentatio n — no t  authority .  Beyon d th e conten t 
an d proces s o f  science ,  student s shoul d als o enjo y do -
in g science .  The y ofte n vie w scienc e a s a  mysterious , 
unapproachabl e cultur e i n whic h the y observ e rathe r 
tha n participate .  A  trul y effectiv e scienc e educatio n 
shoul d dispe l  thi s imag e b y givin g student s opportu -
nitie s fo r  designin g an d refinin g inquiries . 

We describ e a  computationa l  syste m unde r  develop -
ment  — "Creature s o f  Habit "  (henceforth ,  Creatures ) 
— designe d t o addres s thes e scienc e educatio n issue s 
by providin g rich ,  exploratory ,  an d enjoyabl e scien -
tifi c  experience s fo r  th e middle-to-hig h schoo l  years . 
Creature s i s a  microworl d o f  programmabl e interactin g 
"creatures "  whos e behavior s ar e base d o n rules .  I n 
explorin g thi s microworld ,  student s ca n b e introduce d 
t o importan t  conten t  i n variou s scientifi c  domains ,  no -
tabl y i n th e are a o f  dynamica l  systems ;  moreover ,  th e 
progra m allow s fo r  a  wid e rang e o f  activitie s centra l 
t o doin g scienc e — suc h a s conjecture ,  theor y forma -
tion ,  experimentation ,  deduction ,  an d communicatio n 
of  results .  Perhap s mos t  important .  Creature s i s in -
tende d t o lea d student s towar d origina l  an d creativ e 
wor k — t o hav e the m participat e i n scienc e a s fledgling 
researcher s drive n b y curiosity ,  rathe r  tha n onlooker s 
motivate d b y assignment . 

Beside s it s utilit y  fo r  scienc e education ,  w e se e role s 
fo r  Creature s i n empirica l  studie s o f  scientifi c  thought . 
Becaus e i t  afford s activitie s engagin g reasonin g skill s 
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suc h a s analysis ,  synthesis ,  an d evaluatio n (se e below) , 
i t  ma y b e use d t o examin e ho w thes e differen t  skill s 
develop .  Th e syste m ca n thu s provid e a  unifor m envi -
ronmen t  i n whic h t o desig n specifi c  instructiona l  an d 
experimenta l  tasks . 

I n th e remainde r  o f  thi s paper ,  w e first  motivat e 
th e desig n o f  Creature s b y discussin g th e subjec t  o f 
dynamica l  systems ;  w e the n describ e th e system* ,  out -
lin e som e learnin g activitie s tha t  migh t  b e undertake n 
wit h it ,  sketc h ho w i t  reflect s ke y learnin g goal s fo r 
scienc e education ,  an d propos e a  desig n fo r  a n experi -
ment  i n whic h Creature s ma y b e use d t o illuminat e th e 
developmen t  o f  scientifi c  thought . 

Dynamical Systems: 
Analy t i c Science ,  Synthet i c Science , 

a n d " N e w W a v e "  Sc ienc e 

Sinc e Creature s i s designe d t o provid e introductio n 
t o concept s an d method s involve d i n th e stud y o f  com -
ple x dynamica l  system s (Thompso n &  Stewart ,  1986) , 
we briefl y describ e th e growin g importanc e o f  suc h sci -
ence .  Certaiid y ther e ha s bee n a n explosio n o f  interes t 
i n thi s subjec t  withi n th e scientifi c  communit y (Gleick , 
1987) ;  an d thi s phenomeno n ha s ramification s bot h fo r 
scientifi c  methodolog y an d fo r  scienc e education . 

Historically ,  scientifi c  though t  ha s bee n character -
ize d a s eithe r  "analytic "  o r  "synthetic "  (Oldroyd , 
1986) .  I n thi s classi c formulation ,  th e analyti c metho d 
i s observin g phenomen a an d seekin g law s t o accoun t 
fo r  them ;  th e syntheti c metho d involve s confirmin g th e 
validit y o f  law s vi a predictio n an d experimentation . 
Th e adven t  o f  scientifi c  computin g ha s adde d a  ne w 
textur e t o thi s division .  I n studyin g a  system ,  a  sci -
entis t  ma y accoun t  fo r  it s  behavio r  b y constructin g a n 
abstrac t  mode l  tha t  ca n b e realize d a s a  program ;  tha t 
model  m a y the n b e simulate d b y runnin g th e progra m 
as a  tes t  o f  it s  applicability .  Thus ,  ther e i s a n ana -
lyti c sid e t o compute r  modelin g (observin g real-worl d 
phenomen a an d designin g mode l  system s tha t  migh t 
illuminat e them) ;  an d a  syntheti c sid e (changin g pa ^ 
rameter s i n th e mode l  syste m t o matc h observation s 
or  se e ne w phenomena) .  Hu t  an d Sussma n (1987 )  de -
scrib e thi s approac h a s "analysi s b y synthesis" ;  whil e 
Farme r  an d Packar d (1986 )  cal l  i t  "ne w wav e science " 
— a  methodolog y "characterize d b y attempt s a t  syn -
thesi s rathe r  tha n reduction ,  cuttin g acros s conven -
tiona l  disciplinar y boundaries... .  N e w 'effects '  ar e dis -
covere d throug h a  combinatio n o f  insigh t  an d serendip -
ity ,  an d mor e ofte n tha n no t  experimen t  lead s the -
ory....Simulation s ar e frequentl y use d t o develo p quali -
tativ e insight ,  ofte n b y studyin g highl y simplifie d mod -
el s whic h ar e nonetheles s complicate d enoug h t o pos -
ses s universa l  propertie s foun d i n mor e complicate d 
systems. " 

Developin g compute r  simulation s a s experimenta l 
system s ha s le d t o a  blossomin g scientifi c  literatur e 
beyon d cognitiv e science .  Simulation s ar e employe d 
t o discove r  robus t  propertie s o f  intergalacti c collisions . 

heat  flow  i n solids ,  kinetic s o f  chemica l  reactio n mech -
anisms ,  evolutionar y adaptation ,  an d m a n y othe r  dy -
namica l  systems .  Thes e simulation s enabl e th e stud y 
of  increasingl y comple x phenomena ;  bu t  the y als o ta x 
skil l  i n developin g forma l  models ,  an d presen t  student s 
wit h ne w phenomen a t o understan d an d method s t o 
use .  Technique s o f  developing ,  studying ,  an d docu -
mentin g compute r  model s hav e becom e a n integra l 
elemen t  o f  scientifi c  method .  I n thi s contex t  w e se e 
Creature s a s havin g particula r  potentia l  value ,  sinc e 
i t  provide s a n engagin g "introductio n t o complexity " 
an d a n environmen t  i n whic h t o learn-by-doin g thes e 
skill s o f  "analysi s b y synthesis. "  A s w e wil l  sho w be -
low ,  student s ca n construc t  system s o f  creature s tha t 
exemplif y concept s suc h a s stability ,  oscillations ,  an d 
bifurcations .  Becaus e thes e system s m a y b e o f  thei r 
own devising ,  th e concept s becom e personalize d i n a 
way tha t  canne d demonstration s coul d not . 

Creatures of Habit: The Basic Elements 

Creature s i s a n environmen t  i n whic h student s ca n 
explor e "artificia l  ecosystems "  compose d o f  interact -
in g programme d entitie s caUe d "creatures. "  Inspire d 
by Braitenberg' s (1984 )  Vehicles ,  thes e creature s be -
hav e an d interac t  o n th e compute r  scree n accordin g 
t o set s o f  simpl e rules .  Th e rule s migh t  b e chose n t o 
reflec t  physica l  laws ,  naiv e psychology ,  chemica l  affini -
ties ,  an d s o on .  A  simpl e exampl e o f  a  grou p o f  crea -
ture s an d ho w the y migh t  interac t  illustrate s th e sys -
tem' s components . 

Conside r  th e scenari o illustrate d b y th e sequenc e o f 
"snapshots "  i n Figure s 1  t o 5. ^  Her e w e se e thre e 
differen t  creatur e type s (distinguishe d b y geometri c 
shape )  wit h th e followin g behaviora l  rules : 

1. Squares are attracted to squares, but indifferent 
t o triangle s an d circles ; 

2. Circles are repelled by triangles and circles, but 
attracte d t o squares ; 

3. Triangles are attracted to circles, but indifferent 
t o square s an d triangles . 

Figure 1 shows an initid "ecosystem" with five crea-
tures ,  an d Figure s 2 - 5 demonstrat e ho w thi s ecosys -
te m evolve s ove r  tim e accordin g t o thes e rule s (not e 
tha t  creature s leav e a  visibl e path) .  Eve n i n thi s sim -
pl e cas e w e se e man y type s o f  behavior :  mutua l  at -
tractio n (betwee n squares) ,  mutua l  repulsio n (betwee n 
circles) ,  an d predator-pre y relationship s (th e trian -
gl e "chases "  th e circl e tha t  i s  "runnin g away "  fro m 
it) .  Not e ho w th e interaction s ca n b e parse d int o 
"episodes "  i n a  naiv e mode l  o f  anima l  behavior : 

• The squares like each other and begin to move 
together .  Th e circles ,  intereste d i n th e square s 
but  obliviou s t o eac h othe r  (an d th e triangle) , 
ta g along .  Th e triangle ,  spyin g a  tast y circle , 
start s sneakin g u p o n it ; 

'  Creature s exist s i n prototyp e for m o n a  Hewlett -
Packar d Serie s 30 0 Mode l  320 . 

^  Thes e figures  wer e generate d b y ou r  prototyp e Crea -
ture s system . 
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Figur e 1 :  Initia l  Configuratio n 

Figur e 2 

Figur e 3 

Figur e 4 
(Not e tha t  th e tw o square s overlap. ) 

•  Afte r  noticin g on e another ,  th e frightene d circle s 
flee  i n opposit e directions ; 

•  T h e triangl e chase s th e topmos t  circl e whil e th e 
othe r  circle ,  regainin g it s composure ,  head s bac k 
towar d th e squares . 

•  T h e creature s reac h a  final  "equilibrium "  config -
uratio n whe n th e triangl e "catches "  th e topmos t 
circl e an d th e othe r  circl e join s th e tw o squares . 

This simple scenario indicates how even a small 
number  o f  creature s governe d b y straightforwar d rule s 
ca n lea d t o interesting ,  varie d behavior .  Unde r  slightl y 
differen t  situations ,  i t  i s  possibl e t o observ e mor e com -
ple x behavio r  an d "emergen t  phenomena"^ .  Eve n 
thi s scenari o suggest s interestin g question s t o explore , 
e.g. ,  ho w d o initia l  position s o f  th e creature s influenc e 
th e episodi c natur e o f  th e interactio n o r  th e creatur e 
"fates" ? H o w woul d addin g on e creatur e t o th e star t 
stat e affec t  th e interaction ? Give n thes e species ,  i s  i t 
possibl e t o desig n a  configuratio n tha t  exhibit s stabl e 
oscillations ? 

We no w presen t  a  fulle r  expositio n o f  th e basi c ele -
ment s o f  th e Creature s o f  Habi t  system : 

Crea tu r e M o r p h o l o g y 
Creature s ar e smal l  mobil e fantas y creature s tha t 

"live "  o n th e screen .  Creature s com e i n man y 
"species, "  identifie d b y a  se t  o f  discret e character -
istics .  Above ,  creature s wer e distinguishe d onl y b y 
shape ,  bu t  mor e animal-lik e creature s ar e conceivabl e 
( a specie s migh t  b e identifie d a s purple ,  wit h hobblin g 
eyes ,  point y ears ,  squiggl y tail) .  Specie s m a y als o b e 
endowe d wit h les s visibl e propertie s suc h a s mas s o r 
birt h rate . 

Specie s Ru le s 
Creature s interac t  wit h eac h othe r  an d thei r  envi -

ronmen t  b y obeyin g a  smal l  se t  o f  species-specifi c  rule s 
linkin g perceptio n t o action .  Typically ,  specie s rule s 
indicat e whic h propertie s ar e "attractive "  o r  "repel -
lent "  t o a  species .  O n c e a  specie s rule-se t  i s defined , 
ever y m e m b er  o f  tha t  specie s use s thos e rule s t o gover n 
it s behavior . 

E c o s y s t e m Ru le s 
T h e complet e dynamic s o f  a  populatio n o f  creature s 

i s determine d b y a  higher-leve l  se t  o f  ecosyste m rule s 
whic h specif y h o w th e creature s emplo y th e notion s o f 
"attraction "  an d "repulsion "  whe n moving .  Ecosys -
te m rule s ar e perhap s bes t  illustrate d b y example ;  th e 
particula r  example s tha t  w e provid e shoul d b e rea d 
merel y a s indicatin g a  spac e o f  possibilities .  Vari -
ation s o n thes e rule-set s ar e o f  cours e possible ,  an d 
othe r  rule-set s ar e computationall y viable . 
Idea l  Ga s Rule-Set .  I n thi s simpl e model ,  al l  creature s 
ar e regarde d a s indifferen t  t o on e anothe r  (i.e .  prop -
ertie s tha t  ar e attractive/repulsiv e t o a  give n crea -
ture' s specie s d o no t  affec t  it s  motion) .  T h e ecosyste m 
rule-se t  doe s include ,  however ,  a  defaul t  collisio n rul e 

^Fo r  instance ,  a n entir e cluste r  o f  creeUure s migh t  mov e 
as on e uni t  du e t o th e interna l  pattern s o f  attractio n an d 
repulsio n betwee n th e cluster' s individu2Lls . 

Figur e 5 :  Fina l  (Equilibrium )  Configuratio n 
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specifyin g tha t  collision s betwee n creature s ar e elasti c 
and momentum-conserving* .  Not e tha t  thi s rule-se t 
implicitl y  assume s tha t  mas s wil l  b e include d amon g 
th e specie s properties .  Creature s her e ar e regarde d 
as inanimat e billiard-ball-lik e objects ,  eac h wit h a 
(species-specific )  mass . 
Inverse-Squar e Forc e Rule-Set .  Thi s rule-se t  elabo -
rate s th e las t  one .  Creature s ar e particle s upo n whic h 
inverse-square d force s act .  T o determin e th e indi -
vidua l  forc e o f  creatur e C 2 o n creatur e Cl ,  w e su m 
th e attraction s (-I- )  an d repulsion s (- )  tha t  C l  ha s fo r 
C2' 8 properties .  Th e resultin g numbe r  divide d b y th e 
squar e o f  th e distanc e betwee n C l  an d C 2 i s th e mag -
nitud e o f  thi s individua l  force ;  th e directio n betwee n 
Cl  an d C 2 determine s th e directio n o f  th e individua l 
force .  Th e tota l  forc e o n creatur e C l  i s th e vecto r  s u m 
of  th e individua l  force s fro m al l  othe r  creatures .  Divid -
in g thi s tota l  forc e b y creatur e C2' s mas s determine s 
th e acceleration ,  o r  velocit y change ,  o f  Cl .  (Agai n w e 
assume creature s hav e mas s a s a  species-specifi c  prop -
ert y — an d w e migh t  ad d som e othe r  properties ,  suc h 
as "charge, "  a s well. ) 
Distance-Dependen t  "Anima l  Attraction "  Rule-Set . 
Thi s rule-se t  embodie s a  simpl e "naiv e psychological " 
model  fo r  creatur e interactions ;  i t  wa s th e ecosyste m 
rule-se t  implicitl y  use d i n th e scenari o depicte d i n th e 
figures.  T o determin e ho w muc h creatur e C l  woul d 
"like/not-like "  creatur e C 2 i f  i t  wer e on e uni t  away , 
loo k a t  Ci' s specie s rule s an d subtrac t  th e numbe r  o f 
repellen t  propertie s exhibite d b y C 2 fro m th e numbe r 
of  attractin g properties .  T o determin e ho w muc h C l 
actuall y like s C2 ,  divid e th e previou s resul t  b y th e dis -
tance ;  thi s invers e distanc e dependenc e model s a  situ -
atio n i n whic h creature s pa y mor e attentio n t o close r 
objects .  Thus ,  i f  creatur e C l  finds  thre e propertie s 
of  creatur e C 2 attractive ,  an d on e repellent ,  the n th e 
unit-distjoic e strengt h o f  Ci' s attractio n fo r  C 2 i s 2 ; 
i f  C i  b  1 0 unit s o f  distanc e fro m C 2 a t  tha t  moment , 
the n Ci' s curren t  attractio n towar d C 2 ha s a  strengt h 
of  0.2 .  T o determin e ho w creatur e C l  shoul d move , 
th e syste m finds  th e creatur e abou t  whic h C i  feel s 
most  strongl y (like/not-like) ;  creatur e C l  shoul d the n 
move a t  a  constan t  (species-specific )  spee d toward s 
tha t  creatur e (i f  liked )  o r  awa y (i f  not) . 
Encounter-Dependen t  Birt h an d Deat h Rates .  I n thi s 
rule-se t  base d o n populatio n biology ,  w e assum e tha t 
creature s hav e species-specifi c  propertie s o f  "birt h an d 
deat h rates. "  Creatur e movemen t  migh t  b e governe d 
by th e rule-se t  above ,  an d i n additio n ne w specie s 
members m a y b e b o m o r  die .  T h e birt h rule s migh t 
depen d upo n encounte r  rate s betwee n member s o f  th e 
same species .  Th e birt h rul e fo r  specie s A  migh t  b e th e 
following :  o n an y tim e step ,  a n A-creatur e ha s a  2 % 
chanc e o f  givin g birt h t o anothe r  A-creature ,  excep t 
when th e previou s tim e ste p resulte d i n contac t  wit h 
an A-creature ,  i n whic h cas e ther e i s a  5 0 % chanc e 
of  givin g birth .  Th e deat h rat e o f  a  specie s migh t  b e 

*I t  i s  als o possibl e t o collid e wit h th e boundarie s o f  th e 
screen ;  thes e collision s shoul d b e treate d a s elasti c collision s 
wit h a  stationar y wall . 

define d similarl y (e.g. ,  o n an y particula r  tim e step ,  a n 
A-creatur e ha s a  3 % chanc e o f  dying ,  excep t  whe n th e 
previou s ste p resulte d i n contac t  wit h a  "predator " 
specie s B ,  wit h a  6 0 % chanc e o f  dying) . 

Interfac e t o th e S y s t e m ;  Addit iona l  Tool s 
We hav e describe d th e basi c element s o f  Creature s 

but  thu s fa r  ignore d th e interface .  I n thi s section , 
we describ e severa l  aspect s o f  th e interfac e desig n fo r 
Creatures .  M a n y issue s mus t  b e resolve d t o mak e Crea -
ture s bot h accessibl e t o first-time  user s an d extensibl e 
fo r  us e b y exper t  scientists .  W e ai m t o first  provid e 
some beginnin g ecosyste m rule-set s fo r  eas y acces s t o 
Creatures ;  give n a  choic e o f  ecosystems ,  th e use r  ma y 
edi t  th e propertie s an d rule s fo r  individua l  specie s wit h 
iconi c menus .  Th e basi c interfac e shoul d als o provid e a 
fai r  amoun t  o f  contro l  ove r  simulations :  initia l  config -
uration s m a y b e specifie d b y directl y movin g creature s 
t o thei r  desire d startin g positions ,  an d individua l  run s 
m ay b e paused ,  single-stepped ,  replayed ,  an d stored . 

Th e descriptio n abov e doe s no t  addres s th e need s o f 
mor e experience d user s w h o wis h t o creat e o r  edi t  th e 
ecosyste m rule-sets .  T h e rang e o f  ecosyste m rule-set s 
m ay b e constraine d s o tha t  the y migh t  b e customize d 
vi a a  men u interface ;  bu t  mor e likely ,  a  mor e elaborat e 
interfac e t o ecosyste m rule-set s (vergin g o n a  special -
purpos e programmin g language )  wil l  b e required . 

We ar e workin g o n othe r  special-purpos e tool s fo r 
th e Creature s syste m fo r  measuring ,  modifying ,  an d 
experimentin g wit h configuration s an d rules .  Fo r  ex -
ample ,  w e ai m t o provid e multipl e scree n window s s o 
th e studen t  ca n mak e tw o run s a t  once ,  comparin g re -
sult s fro m tw o system s b y varyin g onl y on e paramete r 
— sa y th e initia l  positio n o f  a  creature .  Experimenta -
tio n wil l  als o b e supporte d b y "annotatio n windows " 
wher e student s ente r  informatio n obtaine d fro m th e 
result s o f  previou s runs ;  e.g .  t o examin e a  sequenc e o f 
run s an d mak e deduction s abou t  th e species-rule s o f 
individua l  creatures ,  structure d table s hel p a  studen t 
codif y th e informatio n obtaine d an d highligh t  th e in -
formatio n neede d fo r  a  solution .  T h e syste m wil l  in -
clud e graphica l  measurin g device s tha t  enabl e th e stu -
den t  t o tak e precis e measurement s o f  distance ,  angle , 
and time ;  i n ou r  experienc e wit h th e Creature s proto -
type ,  thes e variable s hav e prove n crucia l  i n describin g 
importan t  feature s o f  simulations . 
Sample Activities 
Explorator y Activitie s 

T h e mos t  fundamenta l  activit y w e imagin e i s explo -
ration .  Here ,  student s ar e provide d wit h set s o f  crea -
ture s i n a n ecosystem ,  an d observ e ho w th e creature s 
behav e an d interact .  Sinc e bot h th e specie s rule-set s 
an d th e ecosyste m rvde-set s ar e accessible ,  student s 
ca n investigat e th e relationshi p betwee n th e behavio r 
the y observ e an d th e rule-set s governin g tha t  behavior . 
A nd becaus e th e syste m facilitate s chang e a t  a  wid e 
variet y o f  level s (fro m th e numbe r  an d positionin g o f 
th e creature s t o th e specie s an d ecosyste m rule-sets) , 
student s ca n readil y explor e th e effect s o f  "perturbing " 
a give n scenari o i n divers e ways .  Eve n inexperience d 
student s coul d examin e ho w th e qualitativ e behavio r 
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of  a  configuratio n depende d o n th e initia l  positio n o f 
on e o f  th e creatures ;  mor e advance d student s coul d 
explor e th e effect s o f  "tweaking "  specie s rule-sets ;  ye t 
mor e advance d student s coul d wor k a t  th e ecosyste m 
rule-se t  level . 

Eve n withi n thi s purel y explorator y frame ,  a  num -
ber  o f  importan t  scientifi c  idea s ar e introduced .  T o 
highlight ,  i t  quickl y become s apparen t  i n workin g wit h 
Creature s tha t  comple x system s m a y aris e eve n fro m 
ver y simpl e rules .  Ofte n thes e system s exhibi t  emer -
gen t  propertie s — stability ,  oscillations ,  irreversibil -
it y — tha t  resis t  explanatio n i n term s o f  low-leve l 
rules .  Moreover ,  b y playin g aroun d wit h thes e sys -
tems ,  student s ca n develo p importan t  skill s  tha t  ar e 
usuall y slighte d b y classroo m science :  makin g conjec -
tures ,  searchin g fo r  pattern s i n data ,  an d generatin g 
qualitativ e o r  statistica l  descriptions .  W e emphasiz e 
tha t  althoug h exploratio n i s a  low-threshol d activity , 
i t  i s  no t  merel y a n introductor y one ;  rather ,  i t  i s th e 
essentia l  poin t  o f  th e desig n o f  Creatures .  Indeed ,  aJ -
thoug h Creature s i s targete d fo r  student s i n middle-to -
hig h school ,  issue s raise d b y "mer e exploration "  coul d 
evolv e int o highl y challengin g problem s a t  o r  beyon d 
th e colleg e level . 

Problem-Solving Activities 
Althoug h Creature s lend s itsel f  t o exploration ,  i t 

support s mor e structure d "problem-solving "  activitie s 
as well .  W e hav e use d th e prototyp e t o pla y a  "Mys -
ter y Creatures "  gam e wher e user s ar e provide d wit h a 
set  o f  creature s whos e specie s rule s ar e unknow n an d 
must  b e determine d from  thei r  behaviors .  Th e goa l  o f 
th e g a m e i s t o desig n experimenta l  run s an d thereb y 
deduc e th e rule-set s o f  th e creatures .  Sometimes ,  on e 
well-chose n experimen t  ca n illuminat e th e behavio r  o f 
a numbe r  o f  myster y creature s al l  a t  once ;  i n othe r 
situations ,  th e use r  mus t  desig n a  sequenc e o f  exper -
iments .  A  relate d game ,  Invisibl e Creatures ,  involve s 
severa l  visibl e creature s (whos e rule-set s ar e accessi -
ble )  tha t  interac t  wit h a n "invisible "  creature .  I n thi s 
case ,  th e goa l  i s t o determin e th e identit y an d loca -
tio n o f  th e invisibl e creatur e base d o n th e observe d 
action s o f  th e visibl e ones .  Thes e kind s o f  activitie s 
stres s skill s  o f  experimentatio n an d logica l  deduction . 

Design Activities 
M a ny activitie s supporte d b y Creature s hav e a n im -

portan t  desig n focus .  Her e th e emphasi s i s  no t  o n 
why a  give n syste m evolve s a s i t  does ;  rather ,  th e 
goa l  i s  t o construc t  a  syste m exemplifyin g som e de -
sire d behavior .  Fo r  example ,  give n a  se t  o f  creatures , 
on e migh t  ask :  "I s ther e a n initia l  configuratio n fo r 
thes e creature s suc h tha t  al l  th e creature s wil l  collid e 
at  once? "  Desig n ca n tak e plac e a t  m a n y levels ,  fro m 
constructin g configuration s o f  creature s t o "creatin g 
ne w worlds "  wit h ne w ecosyste m rules . 

A Hypothetical Scenario 

T h e followin g scenari o show s ho w a  studen t  migh t 
us e Creatures .  W e us e th e sam e specie s an d ecosyste m 
rule s a s i n th e scenari o show n i n th e figures  earlier : 
t> T h e studen t  begin s wit h a  scree n o n whic h a  doze n 

creature s — som e squares ,  triangles ,  an d circle s — 
move i n variou s directions ,  creatin g intricat e patterns . 
T h e studen t  trie s simila r  run s usin g th e sam e number s 
of  creatures ,  bu t  wit h differen t  initia l  configurations , 
jus t  t o ge t  a  feelin g fo r  th e kind s o f  phenomen a tha t 
migh t  occur . 
> T h e studen t  decide s t o figure  ou t  wha t  th e specie s 

rule s fo r  eac h o f  th e thre e creatur e type s migh t  be . 
She run s a  sequenc e o f  experiment s i n whic h tw o crea ^ 
ture s o f  th e sam e type  ar e place d a t  a  sligh t  distanc e 
fro m eac h othe r  i n th e scree n center .  Sh e observe s 
tha t  whe n triangle s ar e used ,  the y sta y wher e the y 
began ;  square s mov e towar d eac h other ;  an d circle s 
move awa y from  eac h other .  Sh e conclude s tha t  tri -
angl e creature s ar e indifferen t  t o othe r  triangles ,  whil e 
square s ar e attracte d t o othe r  square s an d circle s ar e 
mutuall y repelled . 
> W h e n sh e place s a  squar e an d tw o circle s i n a  partic -

ula r  initia l  configuration ,  th e tw o circle s mov e towar d 
th e squar e until ,  a t  a  late r  time ,  the y drif t  apart ;  then , 
shortl y after ,  the y mov e towar d th e squar e again .  Th e 
studen t  hypothesize s tha t  circle s find  th e squar e at -
tractive ,  bu t  whe n the y ar e to o clos e t o eac h other , 
thei r  mutua l  repubio n become s stronge r  tha n thei r 
attractio n fo r  th e square .  Sh e replay s th e earlie r  run , 
thi s tim e occasionall y pausin g th e simulatio n an d mea -
surin g distance s an d heading s o f  th e creature s t o tes t 
her  conjecture . 
> Replayin g th e previou s run ,  th e studen t  notice s th e 

squar e remaine d stationar y throughout .  Sh e conclude s 
tha t  squue s ar e indifferen t  t o circles .  I n fact ,  sh e re -
call s tha t  i n he r  earlie r  simulations ,  wheneve r  ther e 
was onl y on e squar e o n th e screen ,  tha t  squar e di d no t 
move a t  al l  regardles s o f  ho w man y circle s an d trian -
gle s wer e about ;  s o sh e conclude s tha t  square s mus t 
be indifferen t  t o triangles ,  too . 
t> Durin g he r  experiment s wit h circles ,  th e studen t 

remember s noticin g tha t  th e tw o creature s ende d u p 
standin g stil l  i n opposit e halve s o f  th e screen. *  Sh e 
decide s t o investigate :  Doe s an y initia l  configuratio n o f 
any numbe r  o f  circle s alway s en d u p i n a  "stationary " 
state ;  an d i f  so ,  d o th e final  state s revea l  som e pattern ? 

Qearly ,  th e scenari o abov e coul d b e extende d i n 
differen t  ways .  Fo r  example ,  th e specie s rule s coul d 
involv e feature s beside s shape ;  o r  th e creature s coul d 
move a t  varyin g speeds ;  o r  th e studen t  migh t  choos e 
t o examin e whethe r  an y "stationar y configuration "  re -
main s stationar y i f  on e othe r  creatur e i s adde d t o th e 
screen ;  o r  th e studen t  coul d desig n a  ne w creatur e tha t 
moves awa y from  squares ,  an d se e wha t  happen s whe n 
i t  i s  place d i n a  crow d o f  (mutuall y attracting )  squares . 
Fro m thi s ver y simpl e beginning ,  m a n y project s — 
some touchin g o n ver y sophisticate d question s — m a y 
arise . 

Creatures as Part of A Science Curriculum 

A perennia l  tensio n i n scienc e educatio n exist s 
betwee n teachin g conten t  knowledg e an d scientifi c 

*I t  shoul d perhap s b e mentione d that ,  fo r  thi s particula r 
scenario ,  w e assum e tha t  th e scree n o n whic h th e creature s 
move "wrap s around "  i n bot h th e x -  an d y-directions . 
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method .  T h e flaw  i n overemphasizin g conten t  i s tha t 
i t  tend s t o lea d t o rot e learning ,  wit h littl e sens e o f 
ho w scientist s wor k t o develo p theories .  Thi s approac h 
typicall y fail s t o recogniz e students '  pre-existin g con -
ception s o f  scientifi c  domain s (diSessa ,  1987) ;  student s 
ar e tacitl y  encourage d t o memoriz e law s an d result s 
withou t  eve r  engagin g thei r  ow n reasonin g power s t o 
see ho w the y wer e arrive d at ,  o r  coul d b e tested .  I n 
contras t  i s  "discover y learning" ,  whic h emphasize s ex -
perimentatio n an d th e scientifi c  process .  Th e diffi -
cult y wit h thi s approac h i s twofold .  First ,  th e notio n 
of  "discovery "  i s ofte n realize d i n practic e b y canne d 
experiments ;  th e "discovery, "  whos e result s ar e know n 
beforehand ,  i s superficial .  I n thi s kin d o f  setting ,  stu -
dent s spen d muc h o f  thei r  tim e tryin g t o find  th e "righ t 
answer, "  rathe r  tha n wha t  th e experimen t  means .  Sec -
ond ,  whe n discover y learnin g i s realize d mos t  sincerely , 
by simpl y lettin g th e studen t  explor e o n hi s o r  he r  own , 
th e teache r  i s  ofte n lef t  wit h question s abou t  wha t 
th e student' s exploration s were ,  an d wha t  wa s learne d 
(Hawkins ,  1987) . 

We fee l  tha t  Creature s ca n serv e a s a  med iu m fo r 
guided ,  explorator y discovery-typ e learnin g (cf .  Whit e 
and Horwitz ,  1987) .  T h e world s student s ca n explor e 
wit h Creature s ar e brand-new ;  ther e ar e fe w "righ t  an -
swers, "  an d rea l  discoverie s ca n b e made .  Bu t  whil e 
makin g thes e discoveries ,  student s ca n obtai n a  struc -
ture d introductio n t o th e rol e o f  conjecture ,  measure -
ment ,  an d experimentatio n i n th e scientifi c  process . 
Activitie s suc h a s th e "Myster y Creatures "  gam e plac e 
an emphasi s o n logica l  reasoning ;  thes e puzzle-lik e ac -
tivitie s ca n provid e th e benefit s o f  occasiona l  setting s 
i n whic h a  righ t  answe r  doe s i n fac t  exist . 
An Experimental Design for Studying the 

D e v e l o p m e n t  o f  Scientifi c  T h o u g h t 
We hav e stresse d th e rol e o f  Creature s i n scienc e ed -

ucation .  Her e w e illustrat e ho w i t  m a y als o b e use d 
fo r  studyin g th e developmen t  o f  scientifi c  thought , 
proposin g a n experimenta l  desig n w e ai m t o under -
tak e usin g th e nex t  iteratio n o f  th e system .  Conside r 
th e followin g thre e tasks ,  correspondin g t o thre e com -
m on mode s o f  scientifi c  thought ,  tha t  a  studen t  migh t 
be aske d t o perfor m usin g a  particula r  ecosyste m an d 
startin g creatur e configuration : 

1. The student watches the system run (i.e. crea-
ture s mov e o n th e screen) ,  an d i s aske d t o infe r 
th e specie s rule s o f  eac h creature .  Thi s analyti c 
tas k involve s workin g backwar d fro m observe d 
behavio r  t o underlyin g rules . 

2.  Th e studen t  i s show n th e specie s rule s fo r  th e 
creatures ,  the n aske d t o predic t  th e resul t  o f 
runnin g th e syste m usin g th e startu p configu -
ration .  Thi s i s a  syntheti c tas k o f  predictin g be -
havio r  fro m a  know n se t  o f  deterministi c rules . 

3.  Th e studen t  i s provide d th e se t  o f  specie s rule s 
fo r  th e creatures ,  an d show n th e result s o f  run -
nin g th e syste m usin g th e startu p configuration ; 
hi s tas k woul d simpl y b e t o explai n event s ob -
serve d i n th e scenari o i n term s o f  th e specie s 

rules .  Thi s i s a n evaluative ,  o r  perhap s explana -
tory ,  task . 

N o w th e ver y sam e ecosyste m an d startin g config -
uratio n coul d b e use d fo r  eac h o f  thes e thre e tasks , 
as give n t o thre e differen t  group s o f  students ;  bu t  th e 
kind s o f  description s generate d fo r  eac h o f  th e thre e 
task s — an d indeed ,  th e feature s o f  a  particula r  sce -
nari o attende d t o — migh t  var y widely .  B y obtain -
in g think-alou d protocol s fro m thes e differen t  subjec t 
groups ,  w e coul d begi n t o develo p a  coheren t  pictur e 
of  h o w th e severa l  mode s o f  scientifi c  thinkin g differ ; 
specifically ,  w e coul d begi n t o distinguis h thes e mode s 
accordin g t o th e sort s o f  phenomen a t o whic h the y 
typicall y apply . 

As a  possibility ,  w e migh t  as k whethe r  th e phenom -
ena use d t o deduc e rule s i n th e "analytic "  task s ar e th e 
same phenomen a fo r  whic h explanation s ar e offere d i n 
th e "evaluative "  task .  I n othe r  words ,  ar e th e phenom -
ena tha t  peopl e find  salien t  fo r  th e deductio n proces s 
th e sam e a s thos e tha t  peopl e find  representativ e i n th e 
explanator y process ? Fo r  example ,  i n lookin g fo r  un -
derlyin g rules ,  subject s migh t  ten d t o focu s o n event s 
i n whic h creature s revers e directio n (e.g. ,  a  situatio n 
i n whic h creatur e A ,  i n movin g towar d a n "attractive " 
creatur e B ,  finds  itsel f  to o nea r  a  "repellent "  creatur e 
C an d turn s around) .  I n contrast ,  subject s give n th e 
tas k o f  explainin g a  give n scenari o migh t  insis t  o n a 
chronologicall y faithfu l  narrative ;  i.e. ,  they  migh t  pa y 
as muc h attentio n t o expliunin g creatur e A' s initia l  di -
rectio n a s the y d o t o explainin g it s chang e o f  direction . 

Or  w e migh t  tr y t o characteriz e th e kind s o f 
"episodi c groupings "  tha t  differen t  tas k group s assig n 
t o th e give n scenarios :  e.g. ,  ar e ther e certai n task s i n 
whic h scenario s ar e typicall y viewe d a s "punctuated " 
by change s i n direction ? Ar e ther e certai n task s i n 
whic h th e final  state s (e.g. ,  th e achievemen t  o f  equi -
librium )  ar e attribute d mor e importance ? Unde r  wha t 
circumstance s d o peopl e reaso n a t  th e "syste m level, " 
talkin g abou t  behavior s o f  large r  group s o f  creatures , 
rathe r  tha n a t  th e "atomi c level "  o f  individua l  crea -
tures '  histories ? 

Yet  anothe r  issu e involve s th e possibilit y  o f  a n orde r 
effec t  betwee n differen t  activit y modes .  Fo r  example , 
i n a  differen t  stud y w e coul d as k subject s w h o hav e 
jus t  predicte d a  scenari o i n th e "synthetic "  tas k t o 
watc h th e actua l  scenari o an d perfor m th e "explana -
tory "  task ;  thei r  protocol s coul d b e compare d wit h 
thos e generate d b y subject s give n th e explanator y tas k 
alone .  W e coul d the n begi n t o characteriz e ho w a  sub -
ject' s previou s prediction s affec t  th e kind s o f  explana -
tion s generate d fo r  a  particula r  scenario . 

Finally ,  i t  i s  wort h mentionin g th e issu e o f  noticin g 
"creatur e indifference "  i n th e contex t  o f  thi s experi -
menta l  design .  I n ou r  attempt s a t  watchin g scenar -
io s an d deducin g th e rule s underlyin g them ,  w e foun d 
tha t  a  grea t  dea l  o f  informatio n i s conveye d b y not -
in g whic h creature s ar e indifferen t  t o whic h others . 
Indifferenc e betwee n creature s seem s t o b e a  subtle r 
notio n tha t  attractio n o r  repulsion ;  whe n watchin g a 
scenario ,  ther e i s a  tendenc y t o attribut e a  creature' s 
movement s solel y t o attractio n o r  repulsio n withou t 
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recognizin g tha t  th e abtenc e o f  motio n towar d o r  awa y 
fro m som e othe r  creatur e i s als o informative .  Thi s ten -
denc y i s reminiscen t  o f  th e disinclinatio n t o us e neg -
ativ e informatio n i n scientifi c  reasonin g (Mynat t  et . 
ai ,  1977 ;  Wason ,  1977) .  Thu s anothe r  questio n ad -
dressabl e withi n thi s experimenta l  desig n i s  whethe r 
any o f  th e thre e task s i s mor e likel y t o lea d subject s 
t o confron t  th e issu e o f  creatur e indifference . 

Conclusion: 
Presen t  Status ,  Fu tu r e Direction s 

We no w hav e tw o prototyp e Creature s o f  Habi t  sys -
tems :  on e writte n i n Schem e ( a Lis p dialect) ,  on e i n 
C.  Bot h ru n o n a  Hewlett-Packar d Serie s 30 0 Mode l 
320 computer .  Th e Schem e versio n contain s facilitie s 
fo r  developin g an d editin g ecosyste m an d specie s rule -
sets ,  an d include s feature s fo r  maintainin g historie s o f 
individua l  runs .  Bu t  i t  i s  slo w an d a t  th e moment  un -
suitabl e fo r  runnin g system s wit h mor e tha n 4- 5 crea -
tures .  Th e C  progra m i s les s elaborat e o r  interactive , 
but  it s  runnin g spee d i s tw o order s o f  magnitud e faste r 
tha n th e Schem e program ;  usin g th e C  prototype ,  sim -
ulation s employin g 1 6 creature s hav e bee n ru n a t  a 
satisfactor y speed .  W e continu e wor k wit h bot h sys -
tems ,  usin g Schem e a s a  mediu m fo r  developin g ne w 
tool s an d tryin g ou t  ecosystem s i n th e small ,  an d th e 
C progra m t o ru n simulation s quickl y an d experimen t 
wit h propertie s o f  large r  creature-worlds . 

M u ch o f  ou r  curren t  desig n effor t  i s  developin g a 
suitabl e interfac e t o th e system ,  an d delineatin g a 
"starte r  set "  o f  sampl e ecosystem s appropriat e fo r 
middle-to-hig h schoo l  students .  A  secon d them e note d 
abov e i s usin g th e syste m a s a  laborator y too l  fo r  con -
ductin g experiment s i n th e developmen t  o f  scientifi c 
thought .  I t  shoul d als o b e possibl e t o follo w u p wit h 
wor k i n studen t  modelin g an d intelligen t  "coaching " 
effort s t o promot e th e variou s inquir y skill s  i n scienc e 
we hav e outlined .  Ultimately ,  w e hop e tha t  Crea -
ture s o f  Habi t  wil l  provid e a n environmen t  i n whic h 
student s ca n acquir e th e concepts ,  th e methodologi -
cal  techniques ,  an d — to o frequently  neglecte d — th e 
intellectua l  curiosit y o f  th e workin g scientist . 
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T HE CLAI M T O B E A R G U ED 

Peopl e liav e highl y metaphorica l  way s o f  regardin g eac h others '  minds ,  a s i s  wel l  k n o w n an d wil l 

be exemplitte d later .  Thi s mean s tha t  i n practic e peopl e wil l  ofte n adop t  metaphorica l  view s o f  eac h 

others '  propositiona l  attitude s (thei r  state s o f  belief ,  hope ,  expectation ,  intention ,  desire ,  an d s o on) . 

Thi s ha s bee n ignore d i n detaile d technica l  studie s o f  h o w t o represen t  propositiona l  attitude s i n A I  sys -

tems .  Yet ,  thi s pape r  wil l  argu e tha t  i t  i s  absolutel y cioicia l  t o pa y attentio n t o suc h view s i n designin g 

propositiona l  altimd e representatio n schemes . 

Tli e pape r  briefl y argue s thi s clai m abou t  metaphor ,  whic h I  hav e m a d e recentl y elsewher e 

[Barnde n 1988] ,  bu t  als o place s i t  i n th e contex t  o f  th e followin g mor e genera l  claim : 

I n th e desig n o f  representatio n scheme s fo r  belief s an d othe r  propositiona l  attitudes ,  i t  i s 

essentia l  t o pa y attentio n t o issue s o f  c o m m o n sense ,  plausibl e reasonin g (includin g meta -

phorica l  reasonin g a s a  specia l  case) ,  a s oppose d t o th e stric t  deductiv e reasonin g tha t  i s 

traditionall y considered . 

We shal l  refe r  t o thi s a s Th e Claim .  Ther e arc ,  certainly ,  som e well-recogniz.e d connection s betwee n 

propositiona l  attitude s an d commonsense ,  plausibl e reasoning ,  an d thes e link s hav e alread y affecte d 

altitude-representatio n desig n t o som e extent .  However ,  th e pape r  wil l  pres s fo r  a  ne w effec t  o n suc h 
design .  Also ,  th e stronges t  previou s effect s o n attitude-representatio n desig n hav e c o m e no t  fro m com -

monsens e reasonin g bu t  fro m deductiv e reasonin g (se e nex t  section) .  Thi s account s fo r  th e contras t  t o 

deductiv e reasonin g i n Tli e Claim . 

Th e pla n o f  th e pape r  i s a s follows .  Tlii s  sectio n wil l  briefl y revie w som e existin g link s betwee n 

propositiona l  attitude s an d commonsens e reasoning .  Th e nex t  sectio n wil l  unif y importan t  aspect s o f 

th e traditiona l  interpla y o f  deductiv e reasonin g an d propositiona l  attitude s unde r  a  certai n bamie r  (th e 

"inference-liftin g questio n schema") ,  bu t  wil l  argu e tha t  thi s interpla y i s  jus t  a  specia l  an d somewha t 

artilicia l  specia l  cas e o f  a  mor e genera l  inteipla y tha t  allow s fo r  commonsens e reasonin g also .  Then , 
tlire e section s wil l  lea d u p t o showin g th e importanc e i n thi s interpla y o f  metaphorica l  reasoning , 

becaus e o f  people' s metaphorica l  view s o f  attitudes .  W e wil l  se e tha t  attitude s an d commonsens e rea -

sonin g ar e mor e inUicatel y intertwine d tha n i s  common l y reaUze d — t o tli e exten t  tha t  commonsens e 

plausibl e reasonin g mus t  b e give n a  bigge r  rol e i n th e desig n o f  genuinel y usefu l  propositional-attitud e 

representatio n teclinique s tha n i t  ha s ha d i n th e past .  Thi s rol e i s a t  las t  sketche d i n th e penultimat e sec -

lion . 

As fo r  recognize d comiection s betwee n attitude s an d commonsens e reasoning ,  th e followin g one s 

ar e amon g th e mos t  important .  A  centra l  aspec t  o f  discours e an d speec h ac t  theor y i s  listeners '  plausi -
bl e conclusion s abou t  th e intentions ,  beliefs ,  etc .  o f  speakers .  [vSe e e.g .  Alle n 1983 ,  Gros z &  Sidne r 

1986 ,  Spcrbe r  &  Wilso n 1986] .  Automate d tutorin g system s shoul d ideall y m a k e plausibl e inference s 
abou t  th e beliefs ,  expectation s an d intention s o f  users .  Anothe r  connectio n i s  show n i n som e researc h 

tha t  ha s bee n don e o n resource-limite d belie f  reasonm g (e.g .  Konolig c 1983 ;  se e als o Fagi n &  Ha lpe m 

1987] .  Commonsens e reasonin g i s  involve d i n choosin g betwee n differen t  type s o f  readin g o f  proposi -

tiona l  attitud e reports ,  e.g .  betwee n "de-re "  an d "de-dicto "  reading s (Wieh e &  Rapapor t  1986] .  TTicr e 

has recentl y bee n researc h o n mappin g betwee n plausible-reasonin g logic s an d belie f  logic s fKonolig e 

1987) .  Maid a (1986 )  ha s worke d o n introspection-based ,  plausibl e a,scriptio n o f  belie f  t o othe r  agents . 

Issue s o f  plausible ,  default-base d ascriptio n o f  belief s hav e bee n addresse d b y Balli m (1987) ,  Wilk s & 

Ballin i  (1987) ,  an d Barnde n &  Balli m (1988 )  argu e tha t  th e issue s hav e a  (no t  well-recognized )  effec t 
oi l  altitude-reprcscnialio n design . 
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COMMONSENSE REASONING AND ATTITUDES: INTRODUCTION 

The Clai m concern s th e issu e o f  ho w inferenc e requirement s affec t  detaile d representationa l 

desig n fo r  prepositiona l  attihid e purposes .  Mos t  relevan t  wor k withi n A I  an d pliilosoph y ha s bee n o n 

(a )  respectin g th e referentia l  opacit y o f  propositional-attitud c contexts ; 

(b )  preventin g "logicall y omniscient "  inferenc e (se e e.g .  Levesqu e 1984 ,  Fagi n &  Halpe m 1987] ; 

(c )  while ,  i n som e research ,  allowin g simpl e type s o f  logica l  combinatio n o r  analysi s o f  beliefs ,  a s i n 

inferrin g t o and/o r  fr o betwee n " Z believe s tha t  R  an d S "  o n tli e on e han d an d " Z believe s tha t 

R"  an d " Z believe s tha t  S "  o n th e other . 

Issue s (a )  t o (c )  ar e mainl y concerne d wit h th e followin g questio n schema : 

IL: The Inference-Lifting Question-Schema 

G I V E N tha t  th e statemen t  Q  follows ,  i n sens e F ,  fro m som e statement s P , 

D O ES tli e statemen t  " Z believe s (hopes ,  etc. )  tha t  Q "  follow ,  i n sens e G ,  fro m th e statement s " Z 

believe s (hopes ,  etc. )  tha t  P" ? 

The term "statement" is used in a loose, general sense in this paper, covering both natural language 

sentence s an d forma l  representationa l  expressions . 

The followin g wil l  assum e that ,  i n th e schema ,  A' s propositiona l  attitud e i s on e o f  belie f  (b y fa r 

th e mos t  c o m m o n cas e discussed) .  I n on e importan t  versio n o f  issu e (a) ,  ther e ar e tw o P  statements , 

e.g .  "Jim' s wif e i s clever "  an d "Mar y i s Jim' s wife" ;  Q  i s derive d fro m th e first  o f  thes e b y co -

referentia l  substitution ,  givin g "Mar y i s clever" ;  an d sense s F  an d G  ar e bot h deductiv e consequence . 

Tli e answe r  t o th e questio n i s " n o "  whe n "Jim' s wife "  i n th e statemen t  " Z believe s tha t  Jim' s wif e i s 

clever "  i s  interprete d i n a  de-dict o way .  Not e als o tha t  th e referentia l  opacit y issu e i s als o take n t o 

cove r  tli e cas e whe n Mar y i s Jim' s wif e bu t  agen t  Z  i s no t  presume d t o believ e this . 

I n issu e (b) ,  th e P  statement s ar e a  statemen t  R  an d a  statemen t  t o th e effec t  tha t  R  implie s Q ,  an d 

sense s F  an d G  ar e agai n deductiv e consequence .  Logica l  omniscienc e i s commonl y take n t o includ e 

othe r  slightl y differen t  pattern s o f  deductiv e inferenc e abou t  agen t  Z  [se e e.g .  Fagi n &  Halper n 1987J , 

but  thes e ar e les s german e t o thi s paper . 

Tliu s w e se e tha t  issue s (a) ,  (b )  and ,  obviously ,  (c )  ar e primaril y concerne d wh h F  an d G  bein g 

definit e (i.e .  deductive )  inference ,  a s oppose d t o plausible ,  commonsens e inference ,  eve n thoug h th e 

issue s ar e indee d genuinel y concerne d wit h commonsens e inferenc e i n th e indirec t  o r  suppresse d sens e 

tha i  ih e proscriptiv e thrus t  o f  (a )  an d (b) ,  an d th e permissiv e thrus t  o f  (c) ,  ar e inspire d b y commonsens e 

observation s b y th e theoris t  o n wha t  i t  i s  reasonabl e t o infe r  abou t  ordinar y agents . 

However ,  jus t  a s mos t  inferenc e o f  tru e practica l  interes t  i n A I  an d cognitiv e scienc e generall y i s 

of  a  commonsensica l  an d merel y plausibl e natur e (base d o n defaults ,  abduction ,  metaphor ,  an d s o on) , 

th e instance s o f  I L tha i  ar e o f  primar y interes t  ar e thos e i n whic h sens e F  and/o r  sens e G  bring s i n 

plausible ,  commonsens e reasoning .  On e suc h commonsens e instanc e o f  I L ha s A' s attitud e bein g belief , 

Q bein g "Pete r  ca n fly",  th e P  bein g th e statement s "Usuall y bird s ca n fly"  an d "Pete r  i s a  bird" ,  an d 

F bein g th e sens e o f  defaul t  reasoning .  G  i s als o likel y t o b e som e plausible-reasonin g sense ,  althoug h 

notic e tha t  th e degre e o f  plausibilit y  i n th e inferenc e t o " Z believe s tha t  Q "  fro m th e " Z believe s tha t 

P"  ha s n o necessary ,  simpl e connectio n wit h th e degre e o f  plausibilit y  tha t  woul d obtai n i f  th e syste m 

wer e t o infe r  Q  fro m th e P  Fo r  example ,  th e syste m ma y happe n t o kno w tha t  Joh n almos t  alway s doe s 

i n fac t  make s (a t  leas t  tentative )  inference s abou t  th e flying  abitli y  o f  particula r  birds ,  s o tha t  Ih e infer -

enc e t o "Joh n believe s tha t  Q "  coul d hav e a  muc h highe r  plausibilit y  tha n th e system' s potentia l  infer -

enc e t o Q  fro m tli e P . 

The confidenc e inequalit y ca n b e th e othe r  wa y around :  Q  migh t  eve n follo w definitel y fro m th e 

P,  a s fa i  a s th e syste m i s concerned ,  an d ye t  tli e syste m ma y onl y hav e limite d contidenc e i n th e 
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conclusion thai Z believes Q. Thus even ihc Iradilional issue of IL instances where F is a definite-

reasonin g sense ,  G  shoul d b e take n t o b e a  plausible-reasonin g sense . 

1 hav e no t  explore d an y implication s tha t  I L instance s suc h a s th e on e abou t  bird s migh t  hav e fo r 

attitude-representatio n design .  W e procee d n o w t o buil d a  bridg e toward s I L instance s tha t  d o hav e 

suc h iinplicalioas . 

COMMONSENSE INSTANCES OF THE IL SCHEMA: "EXPLICATIONS" 

Conside r  th e attitud e report :  Professo r  Z  believe s tha t  X' s theor y i s threatened . 

A n A I  syste m interpretin g thi s sentenc e m a y wel l  hav e t o explicat e th e notio n o f  threa t  involve d here ,  i n 

orde r  t o adequatel y lin k th e infonnatio n conveye d b y th e sentenc e wit h othe r  information .  Fo r  instance , 

suppos e tha t  th e syste m believe s tha t  Professo r  Z  i s usuall y correc t  i n he r  belief s abou t  whethe r  ther e 

ar e experiment s providin g evidenc e agains t  give n theories .  Suppos e als o tha t  on e reasonabl e explica -

tio n o f  tli e notio n o f  a  theor y bein g threatene d (ou t  o f  perhap s m a n y possibl e explication s availabl e t o 

th e system )  i s tha t  ther e i s a n experimen t  tha t  provide s evidenc e agains t  th e theory .  Then ,  i f  th e syste m 

consider s i t  reasonabl e t o imput e thi s explicate d vie w o f  theory-threa t  t o Z ,  Z  ca n us e th e attimd e repor t 

t o m a k e th e plausibl e inferenc e tlia t 

Professo r  Z  believe s tha t  ther e i s a n experimen t  providin g evidenc e agains t  X' s theory . 

Tli e syste m ca n g o o n t o us e it s belie f  abou t  Z' s reliabilit y  o n suc h matter s t o m a k e th e plausibl e infer -

enc e tha t  ther e i s indee d a n experimen t  providin g evidenc e agains t  X' s theory . 

We hav e her e a n instanc e o f  th e I L schem a i n whic h P  i s th e statemen t  tha t  X' s theor y i s 

threatened ,  an d Q  i s th e statemen t  tha t  ther e i s som e experimen t  providin g evidenc e agains t  X' s theory . 

It  i s  clea r  tha t  G  i s som e sens e o f  plausibl e inference .  A s fo r  sens e F ,  w e coul d suppos e tha t  Q  follow s 
fro m P  i n th e sens e o f  bein g a  plausibl e analysi s o f  th e meanin g o f  P .  Or ,  w e coul d suppo.s e tlia t  Q 

follow s fro m P  i n th e sens e o f  bein g a n ordinar y plausibl e inferenc e fro m P .  Thi s sor t  o f  distinctio n 

actuall y make s littl e differenc e t o th e concern s o f  thi s paper . 

I n th e exampl e w e starte d wit h th e natura l  languag e sentenc e displaye d above ,  bu t  ther e i s n o 

implicatio n tha t  th e conclusio n (Prof .  Z  believe s tha t  ther e i s som e experimen t  ... )  i s  als o a  natura l 

languag e sentence .  Rather ,  w e m a y tak e th e syste m t o b e inferrin g fro m th e give n sentenc e t o .som e 

interna l  representationa l  expressio n fo r  th e conclusion .  W e ar e her e unconventionall y subsumin g th e 

natura l  languag e understandin g proces s unde r  inference .  Thi s subsumptio n i s mainl y fo r  th e sak e o f 

simplicit y o f  discussion ,  an d i t  make s littl e ultimat e differenc e t o th e issue s o f  concer n i n thi s paper . 

I t  i s  potentiall y  a  comple x matte r  fo r  th e syste m t o devis e a  reasonabl e explicatio n o f  a  vagu e 

notion ,  lik e tha t  o f  a  theor y bein g threatened ,  embedde d i n a  belief .  I n ou r  example ,  th e explicatio n ca n 

depen d o n th e academi c field s o f  X  an d Z  (an d thes e field s m a y differ) ,  defaul t  informatio n abou t  h o w 

peopl e i n Z' s field  vie w theorie s i n X' s field  an d thei r  relationshi p t o experiments ,  specia l  informatio n 

abou t  Z' s vie w o f  tlies e matters ,  an d s o on .  Also ,  ther e ca n b e explici t  hint s abou t  specifi c  explications , 
as i n "Professo r  Z  believe s tha t  X' s theor y i s threatene d b y Y' s mor e economica l  theory" .  Her e a n 

experiment-base d explicatio n tha t  migh t  otherwis e hav e bee n use d woul d b e discarde d i n favo r  o f  a n 

explicatio n i n term s o f  opposin g theories .  Tli e complexitie s i n th e choic e o f  reasonabl e explication s ar e 

beyon d th e scop e o f  thi s pape r  bu t  ar e th e subjec t  o f  activ e researc h b y tli e author . 

METAPHORICAL INSTANCES OF THE IL SCHEMA 

So fa r  w e hav e ignore d th e possibl e metaphorica l  natur e o f  th e threa t  notion .  Le t  u s n o w assum e 

tha t  th e notio n i s metaphorical ,  an d tha t  th e vehicl e o f  th e metapho r  i s a  W A R domai n (se e e.g .  Lakof f 

& John.so n 1980 ]  i n whic h peopl e ca n threaten ,  battl e with ,  an d conque r  eac h oilier ,  an d s o on . 

I t  i s  the n importan t  fo r  th e A l  syste m t o b e abl e t o relat e th e exampl e sentenc e o f  th e las t  sectio n 

t o statement s suc h a s th e following ,  whic h sla y withi n th e sam e metaphor : 
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Prof .  Z  believe s tha t  Y  intend s t o attac k X' s theory , 

give n tha t  thi s sei\tenc e i s interprete d t o mea n tha t  th e attackin g aspec t  o f  th e W A R metaplio r  i s i n fac t 
bein g use d mentall y b y Z .  (Thi s readin g i s analogou s t o de-dict o interpretatio n o f  referentia l  plirase s i n 
belie f  contexts. )  I f  on e o f  th e reasonabl e explication s o f  "threatened "  tha t  i s  availabl e t o th e syste m i s 
t o lli e effec t  tha t  someon e i s intendin g t o attac k th e threatene d thing ,  the n th e syste m coul d com e t o th e 
plausibl e conclusio n tha t  th e threa t  t o X' s theor y believe d b y Z  i s i n fac t  jus t  Y' s intentio n (accordin g t o 
Z)  t o attac k it .  Notic e tha t  thi s conclusio n rest s no t  onl y o n th e plausibilit y  o f  th e indicate d explicatio n 
of  Uicory-threa t  witlii n th e indicate d metaphor ,  bu t  als o o n (h e plausibilit y  o f  ascribin g thi s metaphorica l 
vie w t o Z . 

Ver y simila r  issue s aris e wit h a n exampl e sentenc e lik e 

Genera l  Z  believe s tha t  terroris m i s creepin g acros s th e globe . 

Suppos e tJi e syste m ha s bee n tol d tha t  "Th e belie f  tha t  terroris m i s slowl y an d stealthil y  movin g acros s 
th e glob e i s excessivel y pessimistic" .  Tli e syste m shoul d b e abl e t o com e t o tli e plausibl e conclusio n 
tha i  Z  i s bein g excessivel y pessijnistic .  What  i s a t  issu e her e is ,  again ,  comraonsens e inferenc e withi n a 
piûlicula r  metaphor .  Thi s typ e o f  inferenc e serve s fo r  sens e F  i n th e I L schema .  Sens e G  i s som e for m 
of  plausibl e inference .  P  i s th e statemen t  tha t  terroris m i s creepin g acros s th e globe ,  an d Q  th e state -
ment  tha t  terroris m i s slowl y an d stealthil y movin g acros s th e globe .  I t  seem s implausibl e an d 
uneconomica l  t o sugges t  tha t  th e A I  syste m shoul d connec t  th e tw o metaphorica l  statement s abou t  ter -
roris m b y goin g throug h som e litera l  explications .  Probabl y n o adequat e one s ar e availabl e anyway . 

Thus ,  th e situation s wit h whic h thi s sectio n began ,  i n whic h a  wor d lik e "threatened "  indicate s a 
metaphor ,  an d i n whic h a  metaphorica l  explicatio n o f  th e word' s impor t  shoul d b e constructed ,  ar e jus t 
a specia l  cas e o f  a  mor e genera l  metaphor-base d inferentia l  phenomeno n subsume d b y th e I L schema . 
However ,  i t  i s th e specia l  cas e tha t  lead s u s int o th e cru x o f  th e argument ,  a s follows . 

METAPHORICAL EXPLICATIONS OF ATTITUDES 

Tli e notion s withi n attitud e context s tha t  nee d t o b e give n possibly-metaphorica l  explication s 
includ e propositiona l  attitude s themselves .  Conside r  th e sentenc e 

Z hope s tha t  X  wil l  com e t o realiz e tha t  hi s theor y i s faulty . 

We wil l  se e tha i  th e propositional-attitud e notio n o f  realizin g ma y hav e t o b e treate d analogousl y l o th e 
notio n o f  bein g threatene d — and ,  i n particular ,  tha i  i t  i s likel y tha t  th e notio n o f  realizin g wil l  hav e t o 
l> e give n som e metaphorica l  explicatio n tha t  i s suggeste d b y discours e context .  Th e argumen t  i s a  con -
densatio n o f  th e mor e detaile d discussio n i n Bamde n (1988) .  Durin g th e argumen t  i t  i s  importan t  t o 
bear  i n min d tlia t  wha t  i s a t  issu e i s th e explication s an d metaphor s tha t  th e agen t  Z  ca n b e reasonabl y 
take n t o hav e i n min d fo r  th e notio n o f  realizing . 

Commonsense,  metaphorica l  view s o f  min d tha t  peopl e entertai n hav e receive d som e clos e atten -
tio n [se e e.g .  Lakof f  &  Johnso n 1980 ,  Larse n 1987 ,  Redd y 1979 ,  Tomlinso n 1986] .  Now ,  suppos e th e 
abov e sentenc e i s succeede d b y th e followin g one ,  whic h bring s i n th e metapho r  o f  X' s min d a s a 
battlegroun d i n whic h force s (ideas ,  habits ,  etc. )  engag e i n struggles: -

But  Z  i s afrai d tha t  th e ide a o f  th e theor y bein g fault y i s havin g a n uphil l  struggl e agains t 
X' s habi t  o f  wishfu l  thinking . 

Assume tha t  i t  i s reasonabl e t o tak e Z  hersel f  (no t  jus t  th e speaker )  t o b e thinkin g i n term s o f  th e meta -
phor .  The n th e mos t  commonsensicall y reasonabl e an d coheren t  wa y t o approac h th e tw o sentence s i s 
t o explicate ,  i n tenn s o f  tha t  metaphor ,  th e realizatio n b y X  tha t  i s hope d fo r  b y Z  i n th e firs l  sentence . 
Thai  is ,  th e syste m should ,  say ,  lak e Z  t o hop e tha t  th e ide a o f  X' s theoi y bein g fault y wil l  gai n domi -
nanc e i n th e battlegroun d o f  X' s mind . 
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H migh l  b e argue d tha i  instea d o f  introducin g a  metapho r  int o th e interpretatio n o f  th e firs t  sen -

tence ,  th e syste m shoul d see k t o eliminat e th e metaphorica l  aspec t  o f  th e secon d sentence .  Thi s argu -

ment ,  however ,  face s th e well-know n diflicull y o f  eliminatin g metaphor s fo r  menta l  states/processe s [se e 

e.g .  Fainsilbe r  &  Orton y 1987] .  Also ,  th e mind-as-battlegroun d metapho r  migh l  b e conlume d an d 

fiuUie r  elaborate d i n succeedin g sentences ,  suc h as : 

Z ha s ha d m u c h experienc e o f  conflict s o f  thi s sor t  i n he r  colleagues . 

I n sum ,  wha t  i s  neede d i s a  syste m tha t  ca n explicitl y  cas t  a n agent ,  suc h a s Z  i n th e example ,  a s 

usin g a  particubu "  metaphor ,  o r  mi x o f  metaphors ,  chose n fro m a  rang e o f  possibl e metaphor s fo r  propo -

siliona l  attitude s (th e attitud e o f  realizing ,  i n th e example) .  Notic e als o tha t  th e chose n metaphor(s )  m a y 

diffe r  fro m defaul t  one s th e syste m migh t  b e tempte d t o us e fo r  a  realizin g tha t  doe s no t  appea r  withi n 

anothe r  attitude .  Th e syste m might ,  fo r  instance ,  us e b y defaul t  th e metapho r  o f  realizin g a s bein g a 

matte r  o f  solidifyin g a n ide a int o concret e form . 

T HE E F F E C T O N A T T I T U D E R E P R E S E N T A T I ON 

When th e A l  syste m meet s th e sentenc e " Z hope s tha t  X  realize s tha t  hi s theor y i s faulty "  an d 

interpret s it ,  th e interpretatio n migh t  wel l  us e som e standard ,  atomi c wa y o f  representin g th e stat e o f 

realizing ,  a s fo r  instanc e i n th e modal-logi c formul a 

hopes(Z ,  realizes(X ,  fauIty(theory-of(X)))) . 

Thus ,  ther e i s a  limite d sens e i n whic h th e representatio n o f  attitude s i s no t  affecte d b y th e considera -

tion s o f  th e previou s section .  However ,  thes e consideration s sho w tha t  i n orde r  fo r  th e internal ,  forma l 

renderin g o f  th e sentenc e t o d o usefu l  wor k i n relatio n t o late r  sentence s (or ,  o f  course ,  earlie r  ones) ,  i t 

wil l  typicall y hav e t o b e replaced ,  o r  a t  leas t  supplemented ,  b y a  renderin g i n whic h X' s realizatio n i s 

explicate d i n appropriat e metaphorica l  lenns .  A s a  simplifie d illustration ,  th e n e w renderin g coul d be : 

hopes(Z ,  will-dominate(idea-of(X ,  faulty(theory-of(X))) ,  ba(tIeground-in(mind-of(X)))) . 

Tli e thesi s i s  tha t  thi s i s  th e sor t  o f  representatio n (o f  wha t  i t  i s  tha t  Z  reportedl y hope s for )  tha t  wil l  b e 

heuristicall y useful . 

Notic e tha t  th e effec t  o n representatio n tha t  ha s bee n claime d come s d o w n t o a n effec t  o n th e sor t 

of  predicat e symbol s (fo r  instance )  tha t  ar e used ,  o n th e assume d ontolog y underlyin g th e representation , 

and o n tJi e degre e o f  elaboratenes s o f  attitud e representations .  Th e argument s hav e no t  displaye d a  rea -

so n fo r  tliinkin g tha t  traditiona l  style s o f  representatio n — e.g .  modal ,  quotational ,  concept-based , 

situation-based '  — ar e inadequate .  However ,  m y previou s wor k o n attitud e representatio n [ B a m d e n 

1983 ,  I986a,b ,  1987a,b ]  show s tha t  th e us e o f  quotational ,  concept-base d an d situation-base d style s ha s 
a natura l  tendenc y t o lea d t o a  commitmen t  t o a  particula r  explicatio n o f  a n attitud e tha t  i s  neste d insid e 

and attitud e o f  a n agen t  Z ,  where ,  moreover ,  th e explicatio n i s  typicall y a  commonsensicall y implausi -

bl e on e t o imput e t o Z  — whereas ,  o f  course ,  w e hav e argue d fo r  th e us e o f  an y o f  a  variet y o f  com -

monsensicall y plausibl e explication s t o imput e t o Z .  Commi tment s t o particula r  explication s ca n b e 

entirel y avoided ,  bu t  onl y a t  a  significan t  cos t  o f  complexit y i n th e representationa l  synta x (se e Barnde n 

(1987a,b )  fo r  th e quotationa l  case) .  I t  is ,  o n th e othe r  hand ,  relativel y eas y t o replac e th e explication s 

th e style s ten d t o enforc e b y commonsensicall y plausibl e ones ,  usin g fonnula e analogou s t o th e secon d 

one displaye d i n lli e previou s section .  Thus ,  th e presen t  paper' s consideration s d o imping e upo n th e 

broa d styl e o f  representation ,  t o th e exten t  o f  recommendin g dia t  i f  th e mentione d style s o f  representa -
tio n shoul d onl y b e used  wit h cautio n an d i n a  particula r  way . 

'  Se e e.g. :  fo r  moda l  style ;  CheU.i s 1980 ,  H.alper n &  Mose s 1985 :  fo r  quolaliona l  style :  Haa s 1986 . 
Peril s  t98.'5 ,  Quin e 1981 ;  fo r  concept-base d style :  McCarth y 1979 .  Crear y 1979 ,  Creiu y &  Pollar d 1985 ;  fo r 
situation-ba-se d style :  Barwis e &  Perr y 1983 ,  Hobb s 1985 . 
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Tli e modal-logi c styl e wa s no t  addresse d i n (h e previou s paragraph ,  bu l  Iher e ar e consideration s 

mitigatin g agains t  it s  usefulnes s i n practica l  contexts ,  including :  th e often-note d inabilit y  t o quantif y 

ove r  belief s an d trea t  the m a s individuals ;  an d th e inabilit y  t o dea l  wit h (metaphorical )  belie f  explica -

tion s tha t  ar e explicitl y  signalled ,  a s i n " Z believe s iJia t  som e experiment ,  o f  whos e identit y sh e ha s 

onl y a  haz y idea ,  i s a  threa t  t o X' s theory "  [Bamde n 1987a,b] .  Thi s sentenc e suggest s tha t  a  belie f  i s 

compose d o f  idea s whic h ca n b e hazy . 

CONCLUSION 

We sa w tha t  a  consideratio n o f  th e metaphorica l  explication s o f  propositiona l  attitude s neste d 

withi n othe r  attitude s ha s a  fundamenta l  effec t  o n ho w w e shoul d approac h th e tas k o f  designin g a  sys -

te m Uia t  ci m represen t  altitude s s o a s t o reaso n abou t  the m adequatel y i n practica l  situations . 

Tli e issu e o f  metaphorica l  attimde-explication s i s withi n th e intersectio n o f  tw o mor e genera l 

issues :  tha t  o f  metaphor s withi n attitud e contexts ,  an d tha t  o f  commonsensica l  explication s o f  notion s 

(e.g .  "threatened" )  withi n attitud e contexts .  Thes e tw o issue s ar e i n tiu n abou t  specia l  commonsens e 

case s o f  th e bifcrence-Liftin g schem a IL ,  an d illumijuit e th e muc h mor e genera l  poin t  tha t  th e instance s 

of  schem a I L tha t  ar e o f  primar y interes t  ar e thos e wher e sense s F  and/o r  G  brin g i n commonsense , 

plausibl e reasoning ,  a s oppose d t o deductiv e reasonin g a s i s traditional . 

A detaile d representationa l  approac h base d o n th e idea s o f  thi s pape r  i s bein g develope d fro m th e 

quotational-cum-concept-base d schem e describe d i n Bamde n (1987a,b) . 
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1. INTRODUCTION 

Within the cognitively related disciplines (including Al) there are three dominant approaches towards the modeling 
of  epistemi c states .  Fo r  convenienc e w e cal l  thes e th e logistic ,  syntactic ,  an d intensiona l  approaches .  T h e logisti c 
approac h seek s t o discove r  a  logi c o f  belie f  (knowledge )  whic h woul d enabl e on e t o derive ,  a-priori ,  th e totalit y o f 
thing s a n agen t  believe s (o r  knows) ,  give n th e formula s explicitl y  writte n i n th e agent' s belie f  base. '  Th e syntacti c 
approac h (a s Levesqu e [1984 ]  dub s it )  identifie s a n agent' s belief s wit h jus t  thos e formula s explicitl y  writte n i n th e 
agent' s belie f  bas e -  th e agen t  ha s n o othe r  beliefs .  B y contrast ,  th e intensiona l  approac h identifie s belief s wit h 
abstractions ,  e.g. ,  wit h though t  content s o r  propositions .  O n thi s accoun t  th e sam e belie f  m a y b e expresse d b y 
means o f  a  limite d variet y o f  distinc t  syntacti c objects .  A s wil l  emerg e i n sectio n 1.3 ,  ou r  presen t  concern s li e wit h 
th e intensiona l  model ,  an d wit h h o w intension s ar e relate d t o th e processe s o f  inference ,  belie f  acquisition ,  an d 
belie f  retraction .  However ,  w e n o w briefl y describ e th e logisti c an d syntacti c approaches ,  an d conside r  h o w thes e 
diffe r  fro m th e presen t  work . 

1. 1 T h e Logisti c A p p r o a c h 

Thos e w h o adop t  th e logisti c approac h ar e concerne d wit h th e discover y o f  inferenc e rules ,  suc h tha t  a n agent' s 
explici t  belief s ar e close d unde r  th e applicatio n o f  thes e rules .  Typically ,  th e epistemi c logic s propose d d o no t 
requir e a n agent' s belief s t o b e close d unde r  al l  vali d inferenc e rule s (ful l  logica l  omniscienc e i s no t  required) ,  bu t 
closur e unde r  certai n inferenc e rule s i s stil l  required .  Thus ,  thes e logic s typicall y requir e tha t  agent s eac h posses s a n 
infinit y o f  beliefs ,  o r  a t  leas t  believ e a n infinit y o f  distinc t  formulas ,  (c f  [Levesque ,  1984 ;  Ha lpe m &  Moses ,  1985 ; 
Lakemeyer ,  1987]) .  S o m e hav e questione d th e motivatio n fo r  introducin g logic s whic h represen t  agent s a s 
believin g a n infinit y o f  formula s (e.g. ,  [Fagi n &  Halpem ,  1985]) ,  bu t  th e underlyin g rational e m a y b e tha t  suc h 
logic s emplo y a  non-standar d sens e o f  belief ,  whic h ye t  ha s applicatio n i n th e contex t  o f  finit e agents .  Fo r  example , 
th e sens e o f  belie f  appropriat e t o [Levesque ,  1984 ]  migh t  b e suc h tha t  " p i s believed "  mean s approximatel y tha t  on e 
coul d eventuall y c o m e t o believ e p  b y a  tractabl e computationa l  process .  However ,  whethe r  o r  no t  on e think s tha t 
epistemi c logic s (o f  th e "infinit e belie f  set "  variety )  requir e u s t o adop t  a  non-standar d sens e o f  belief ,  suc h logic s 
usuall y ar e no t  concerne d wit h certai n importan t  process-relate d aspect s o f  belie f  Fo r  example ,  wit h limite d 
exceptions ^  suc h logic s d o no t  addres s th e fac t  tha t  a n agen t  acquire s an d change s belief s ove r  time ,  o r  tha t  thes e 
processe s ofte n involv e inference ,  testin g belief s fo r  consistency ,  retraction ,  etc .  Doubtless ,  mos t  epistemi c logic s 
wer e neve r  intende d t o addres s thos e aspect s o f  belie f  bu t  fo r  certai n application s on e desire s a  forma l  mode l  o f 
h o w thes e cognitiv e processe s relat e t o th e beUe f  state s o f  th e agent .  A n agen t  X  w h o know s wha t  anothe r  agen t  Y 
believe d a n hou r  ag o m a y wis h t o for m a  reasonabl e conjectur e abou t  wha t  Y  believe s now .  I f  so ,  X  need s t o k n o w 
what  processe s mus t  b e assume d t o exis t  i n orde r  t o arriv e eve n a t  a  reasonabl e conjectur e abou t  Y' s presen t  beliefs . 
Of  course ,  s o m e aspect s o f  belie f  chang e ar e addresse d b y trut h maintenanc e system s (e.g. ,  [d e Kleer ,  1986 ;  Doyle , 
1979]) ,  bu t  T M S s ar e concerne d wit h procedure s fo r  manipulatin g belie f  sets ,  rathe r  tha n wit h forma l  model s whic h 
interrelat e th e concept s o f  belie f  knowledge ,  inference ,  retraction ,  etc .  B y contrast ,  w e ar e her e concerne d wit h 
formalization s o f  epistemi c states ,  an d th e processe s whic h affec t  thos e states . 

1. 2 T h e Syntacti c A p p r o a c h 

'Hereafter ,  "belie f  shal l  b e take n t o includ e knowledge ,  unles s th e contex t  requires  tha t  th e distinctio n b e explicit . 

^KonoUge, [1985] presents an epistemic logic which does address the process of belief introspection. However, Konolige's system is not 
intende d t o addres s mos t  othe r  process-relate d aspect s o f  belief . 
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N o w,  apar t  fro m episiemi c logic s whic h posi t  a n infinit y o f  beliefs ,  certai n syntactically-oriente d belie f  model s d o 
addres s th e fac t  tha t  belief s ca n b e acquire d an d retracte d b y processe s (cf .  [Haas ,  1985]) .  I n general ,  thos e w h o 
adop t  th e syntacti c approac h identif y belief s wit h particula r  syntacti c objects ,  s o that ,  fo r  example ,  a n agen t  migh t 
believ e th e formul a p v q bu t  no t  ̂  v  p ,  o r  believ e "Tadpole s swim "  bu t  no t  "Pollywog s swim" .  N o w ,  m a n y rejec t 
th e syntacti c approac h entirely ,  o n th e ground s tha t  i t  i s  to o fine-grained.  Th e syntacti c approac h arguabl y fail s  t o 
accoun t  fo r  th e fac t  tha t  som e syntacticall y distinc t  formula s see m t o expres s precisel y th e sam e thought ,  an d 
therefor e ough t  t o hav e th e sam e belie f  statu s (cf .  [Levesque ,  1984] ;  [Hadley ,  1986]) . 

Fagin and Halpem [1985] present what might be viewed as a liberalized syntactic belief model. The Fagin-Halpem 
(F-H )  mode l  identifie s a n agent' s belief s wit h a  subse t  o f  formula s o f  whic h th e agen t  i s aware .  Thi s particula r 
subse t  (whic h satisfie s specia l  conditions )  ma y b e take n t o includ e formula s th e agen t  wil l  onl y com e t o b e awar e o f 
at  som e futur e time .  I n thi s respec t  th e F- H mode l  i s les s restrictiv e tha n thos e whic h restric t  a n agent' s belief s t o 
formula s presend y writte n i n th e agent' s belie f  base .  However ,  apar t  fro m th e awarenes s requirement ,  th e F- H 
model  i s no t  concerne d wit h th e empirica l  precondition s o f  belie f  (e.g. ,  tha t  a  sophisticate d robo t  migh t  deriv e a 
formul a fro m existin g beliefs ,  bu t  no t  "commi t  to "  th e formul a unti l  a  "consistenc y check "  wit h othe r  belief s i s 
complete) . 

There is no reason to suppose that the F-H model was ever intended to deal with the empirical preconditions of 
belief ,  bu t  a n agen t  w h o wishe s t o reaso n (o r  conjecture )  abou t  wha t  a  give n robo t  currentl y believe s wil l  requir e a 
model  o f  belie f  whic h make s explici t  man y o f  thes e preconditions .  Suc h a  mode l  wil l  nee d t o recogniz e th e fac t  tha t 
agent s revis e an d retrac t  beliefs ,  an d tha t  the y sometime s deriv e formula s whic h the y neve r  accept ,  eve n thoug h th e 
derive d formul a i s indee d a  vali d consequenc e o f  th e agent' s existin g beliefs . 

1. 3 T h e Intensiona l  Approac h 

Th e intensiona l  approac h i s founde d upo n th e premise ,  widesprea d amon g philosopher s o f  language ,  tha t  belie f  an d 
knowledg e mus t  b e understoo d a s a  relatio n betwee n a n agen t  an d a n abstrac t  intensio n (propositio n o r  thought) . 
Recen t  wor k i n epistemi c modeling ,  whic h adopts  a n intensiona l  stance ,  include s tha t  o f  Wilk s an d Balli m [1987] , 
and Maid a [1986] .  Wilk s an d Balli m ar e concerne d primaril y wit h th e generatio n o f  neste d belief s (especiall y 
atypica l  beliefs )  an d Maid a concentrate s upo n epistemi c problem s whic h aris e betwee n agent s whos e reasonin g 
strategie s ar e unknow n t o eac h other .  Nevertheless ,  thes e author s shar e ou r  assumptio n tha t  agents  believ e a 
particula r  symboli c representatio n (sentence ,  formula )  insofa r  a s the y beUev e th e intensio n expresse d b y tha t 
representation . 

The thesis that a declarative sentence expresses an abstract sense or intension, whose structure is di function both of 
th e sentence' s synta x an d o f  th e meanin g o f  it s  parts ,  i s  a  vie w whic h date s bac k a t  leas t  t o Frege .  M o d e m 
philosophica l  descendent s o f  Frege ,  includin g Montagu e [1970 ]  an d Lewi s [1976] ,  hav e considerabl y refine d an d 
modifie d Frege' s view ,  bu t  Frege' s underlyin g ide a tha t  th e sens e (intension )  o f  a  sentenc e i s determine d b y a 
compositiona l  process ,  involvin g both  synta x an d meanin g functions ,  persists .  Th e precis e definitio n o f  'intension ' 
varie s fro m theor y t o theory ,  bu t  a  sentence' s intensio n i s usuall y take n t o b e 2i  functio n which ,  give n a  possibl e 
worl d a s argument ,  return s tha t  trut h valu e o f  th e sentenc e i n tha t  possibl e world . 

One notorious difficulty with intensional semantics is that when intensions are merely construed as functions in the 
set-theoreti c sense ,  the n ever y tautology ,  4> ,  turn s ou t  t o hav e th e sam e intensio n (o r  meaning) ,  sinc e eac h vali d ̂  
must  b e assigne d th e valu e 'true '  i n eac h possibl e world .  (Recal l  tha t  <t)' s  intensio n i s a  functio n fro m possibl e 
world s t o trut h values) .  Thus ,  whe n intension s ar e regarde d merel y a s functions ,  intension s ar e to o coarse-graine d t o 
serv e a s meaning s o r  "Uiough t  contents" .  I n a n attemp t  t o circumven t  thi s difficulty ,  Lewi s [1976 ]  define s sentenc e 
meanin g a s a  functio n both  o f  a  sentence' s pars e tre e an d it s intension .  I n doin g so ,  h e quickl y dispose s o f  th e 
proble m concernin g tautologies .  However ,  man y believ e Lewis' s modificatio n result s i n a  theor y o f  meanin g whic h 
i s excessivel y fine-grained,  sinc e unde r  hi s modificatio n virtuall y ever y syntacticall y distinc t  pai r  o f  sentence s (e.g. , 
/? V  <7 vs .  q  v  p  )  i s  assigne d a  differen t  meaning .  I n [Hadley ,  1988 ]  a  simpl e modificatio n o f  Lewis' s vie w i s 
propose d t o remov e thi s difficulty .  Th e modificatio n create s a  degre e o f  granularit y fo r  intension s whic h allow s u s 
t o sa y tha t  structurall y non-isomorphi c formula s (includin g tautologies )  diffe r  i n intension ,  bu t  formula s whic h ar e 
bot h logicall y equivalen t  an d structurall y isomorphi c i n a  graph-theoreti c sense ,  hav e th e sam e intensio n o r  meaning . 
For  example ,  o n thi s accoun t  p v q an d ̂  v  p  hav e th e sam e intensio n sinc e the y ar e logicall y equivalen t  an d 
thei r  pars e tree s ar e isomorphic . 

355 



HADLEY 

M a ny othe r  compositiona l  theorie s o f  sentenc e meanin g exist ,  o f  course ,  an d eac h ha s it s o w n degre e o f  granularity . 
Cresswel l  [1985 ]  propose s a  theor y o f  sentenc e meanin g wit h a n attractiv e degre e o f  granularity ,  a s doe s Gawro n 
[1986] .  Fo r  presen t  purposes ,  w e shal l  remai n neutra l  amon g thes e differin g theories .  W e shal l  simpl y identif y 
intension s wit h sentenc e meanings ,  an d th e reade r  m a y selec t  th e theor y o f  meanin g whic h suit s his^e r  purpose . 
W h at  i s  relevan t  fo r  ou r  purpose s i s  tha t  eac h o f  th e aforementione d theorie s propose s a  canonica l  syste m fo r 
representin g meaning s o r  intensions ,  suc h tha t  al l  sentence s whic h ar e synonymou s (accordin g l o th e semanti c 
theory )  ar e mappe d ont o a  singl e canonica l  representation .  Moreover ,  eac h o f  th e semanti c theorie s include s a 
principle d se t  o f  rule s fo r  translatin g (o r  compiling )  a n expressio n int o it s  canonica l  meanin g representation . 
Question s abou t  synonym y m a y b e answere d b y comparin g th e canonica l  representation s int o whic h th e respectiv e 
expression s ar e "compiled "  b y th e translatio n rules .  Question s whethe r  tw o distinc t  expression s ca n represen t  th e 
same belie f  wil l  i n tur n b e decide d b y ascertainin g whethe r  th e distinc t  expression s ar e synonymous. ^ 

1. 4 T h e Propose d M o d e l 

I n wha t  follow s a n axiomati c syste m i s presente d whic h aim s t o formaliz e man y o f  th e interrelationship s amon g th e 
epistemi c concepts ,  an d relate d notion s suc h a s retracting ,  questioning ,  o r  committin g t o a  belief .  Th e mode l  i s 
designe d t o captur e human-lik e epistemi c concepts ,  an d i s intende d t o b e o f  us e t o thos e w h o see k forma l  model s o f 
epistemi c processes .  Unlik e man y w h o adop t  th e logisti c approach ,  ou r  overridin g concer n i s no t  wit h findin g a 
tractabl e model ,  bu t  wit h providin g a  conceptua l  m a p whic h i s sensitiv e t o th e empirica l  contingencie s o f  belie f  an d 
knowledge.' '  Moreover ,  becaus e ou r  focu s i s  primaril y upo n cognitiv e fidelity ,  i t  i s  hope d tha t  th e axiomati c 
structur e wil l  m a k e vivi d jus t  h o w man y assumption s on e mus t  mak e t o conjectur e tha t  a n agen t  ha s som e actua l 
belie f  a t  a  give n time . 

The epistemic model to be described is axiomatized in first-order logic. In spite of this, the model permits the 
representatio n o f  neste d beliefs ,  an d permit s agent s t o reaso n abou t  th e belief s o f  themselve s an d others .  Self -
referenc e i s possibl e withi n th e languag e o f  th e model ;  thus ,  th e potentia l  fo r  paradoxe s o f  self-referenc e arises .  A 
metho d (du e t o Kripk e [1975] )  fo r  eliminatin g th e contradiction s whic h self-referenc e ca n engende r  i s describe d i n 
sectio n 3 . 

In section 2 the axioms of the formal model are presented. The axioms modify and generalize the intensional model 
of  belie f  propose d i n [Hadley ,  1988 ]  (whic h include d neithe r  knowledge ,  th e representatio n o f  neste d epistemi c 
propositions ,  no r  self-referentia l  belie f  statements) .  A s wil l  becom e apparent ,  th e mode l  propose d her e (hereafte r 
'N IM '  fo r  "neste d intensiona l  model" )  require s a n agen t  t o kno w o r  believ e onl y thos e formula s whic h ar e 
intensionall y identica l  wit h formula s explicitl y  presen t  i n th e agent' s belie f  base .  Thus ,  N I M doe s no t  entai l  logica l 
omniscience .  Moreover ,  N I M doe s no t  requir e u s t o suppos e tha t  agent s believ e ever y formul a the y hav e validl y 
derive d fro m othe r  beliefs . 

2.  A N INTENSIONA L EPISTEMI C M O D EL 

T h e ax io m se t  describe d belo w (sectio n 2.1 )  permit s agent s t o reaso n abou t  thei r  o w n epistemi c state s an d thos e o f 
others .  Thus ,  th e languag e o f  ou r  mode l  include s neste d (embedded )  epistemi c formulas .  However ,  th e languag e 
shoul d als o permi t  u s t o sa y tha t  differen t  agent s believ e differen t  formula s a t  differen t  times .  Fo r  thi s reason , 
epistemi c assertion s shoul d involv e a t  leas t  thre e separat e parameters .  T h e representatio n o f  assertion s involvin g 
multipl e parameter s i s  straightforwar d i n first-order  logi c ( F O L ) ,  an d fo r  thi s reason  (amon g others )  F O L i s chosen . 
However ,  th e representatio n o f  neste d epistemi c proposition s i n F O L i s les s straightforward . 

Perils (1985) describes a method, involving quotation, unquotation, and concatenation of expressions, which permits 
th e representatio n o f  neste d proposition s i n a n extensio n o f  F O L .  However ,  thi s metho d ca n b e unwield y fo r  level s 
abov e th e first  leve l  o f  embedcUng .  Fo r  thi s reason ,  w e her e adop t  th e simpl e expedien t  o f  U-eatin g th e epistemi c 
operator s { K an d B )  a s skole m functions .  Fo r  example ,  w e wil l  suppos e tha t  th e functio n K(i,f ,  t )  simpl y return s th e 
propositio n tha t  agen t  i  k n o w s formula/a t  tim e t .  W h e n w e wis h t o asser t  thi s proposition ,  w e simpl y attac h th e 
predicat e 'true' ,  a s i n true (  K(i,f ,  t )  ) .  ( W e assum e lowe r  cas e fo r  predicate s an d variables ,  an d uppe r  cas e fo r 

^The reader  i s  referred  t o [Hadley ,  1988 ]  fo r  a  deuUe d discussio n o f  th e compilatio n proces s an d th e individuatio n o f  intensions . 

*There  is no reason to suppose that all relevant aspeas of belief and knowledge can be expressed in tracuble fonnal systems. We know, for 
example ,  tha t  human s engag e i n certai n form s o f  reasoning  whic h ar e intractable .  Fo r  mor e o n this ,  se e Perli s  [1985] . 
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functors) .  W e d o no t  attemp t  t o defin e th e trut h predicat e withi n ou r  axio m set ,  bu t  assum e i t  t o b e interprete d fro m 
withou t  (cf .  sectio n 3) .  Moreover ,  w e nee d no t  alway s explicitl y  displa y th e trut h predicate ;  rathe r  w e stipulat e tha t 
any functo r  writte n i n bol d fac e i s precede d b y a n implici t  trut h predicate .  So ,  t o sa y tha t  (fo r  al l  agents ,  formulas , 
and times )  i f  i t  i s  tru e tha t  a  formul a i s know n t o b e known ,  the n tha t  formul a i s true ,  w e m a y write : 

K(i,KUJ,tl),t2 )  - > true(f) . 

(Unless otherwise indicated, assume variables are universally quantified with widest possible scoping). Note that 
th e foregoin g assumption s  ̂ proximat e th e Fregia n vie w tha t  whe n a  formul a occur s withi n a n epistemi c context ,  i t 
denote s it s  sense ,  an d otherwise ,  i t  denote s it s trut h value . 

2. 1 Ax iom s o f  th e M o d e l 

Befor e presentin g th e axiom s o f  N I M ,  i t  m a y prov e helpfu l  t o mak e explici t  a  fe w mor e backgroun d assumptions . 
I n th e followin g w e assum e tha t  ever y agen t  possesse s a  belie f  bas e (BB) ,  whic h contain s a  fmit e collectio n o f 
explici t  formula s whic h th e agen t  regard s a s true .  A n y axio m whic h th e agen t  accept s mus t  b e represente d i n th e B B 
by a t  leas t  on e formula .  Synonymou s (intensionall y equivalen t  bu t  syntacticall y distinct )  formulation s o f  suc h 
axiom s nee d no t  b e present .  Belief s whic h ar e cause d i n th e agen t  vi a processe s no t  normall y considere d inferentia l 
(e.g. ,  vi a sens e perception )  wil l  b e regarded ,  fo r  presen t  purposes ,  a s axiom s acquire d a t  variou s times .  I n addition , 
th e B B m a y contai n formula s whic h th e agen t  ha s explicitl y  inferre d an d "accepted" .  W e assum e tha t  al l  formula s 
i n a  B B belon g t o a n artificia l  language ,  bu t  w e mak e n o assumption s abou t  th e particula r  languag e an d inferenc e 
rule s whic h th e agen t  X  employs .  W e d o no t  assum e tha t  X' s axiom s for m a  consisten t  set ,  o r  tha t  X  neve r  make s a 
fallaciou s inference . 

We further assume that agents may employ strategies for maintaining consistency, and may, as a consequence, 
retrac t  previousl y hel d beliefs .  Th e retractio n proces s may ,  o r  m a y no t  b e ideall y rational .  Finally ,  w e d o no t 
assume tha t  a n agen t  enter s a  sentenc e int o hi s B B a s soo n a s i t  i s  inferred .  Ther e i s a  sens e o f  'infer '  accordin g t o 
whic h on e believe s anythin g on e ha s inferred ,  bu t  her e w e us e 'infer '  t o mea n merel y 'deriv e accordin g t o accepte d 
rule s (whic h m a y includ e heuristics)' .  Agent s m a y trea t  newl y inferre d formula s a s "candidates "  fo r  belief ,  an d 
ente r  a n examinatio n o r  "questioning "  phas e durin g whic h th e candidat e i s teste d fo r  consistenc y wit h al l  o r  som e o f 
th e agent' s othe r  beliefs . 

We now present the axioms of NIM. As will be apparent, NIM contains an unusual number of predicates whose 
interpretatio n i s underconstraine d b y th e forma l  structure .  Thi s i s due ,  w e believe ,  t o th e fac t  tha t  i t  deal s wit h 
aspect s o f  belie f  whic h ar e simpl y ignore d i n mos t  axiomati c treatments .  Ou r  contentio n i s tha t  on e simpl y canno t 
for m reasonabl e conjecture s abou t  a n agent' s belie f  state s ove r  time ,  unles s thes e additiona l  aspect s ar e explicitl y 
considered .  Fo r  clarity ,  th e intende d interpretation s o f  eac h axio m an d predicat e ar e discusse d a s th e axiom s ar e 
introduced . 

The expression B(i,f, t), which occurs in most of the axioms, may be interpreted as // is true that i believes/at time 
t .  Th e predicat e in-bb(i,f ,  t )  m a y b e rendered  formula/i s explicitl y  presen t  i n i'sB B a t  tim e t . 

1. in-bb(ij,t) -^B(iJ,t) 

Axiom 1 tells us that all formulas explicitly present in i's BB at time t are among i's beliefs at t. In axioms 2 and 3, 
below ,  th e intende d interpretatio n o f  sense(f,s )  is :  s  i s  th e intensio n o f  formula/ .  Th e variabl e s  range s ove r  th e clas s 
of  intensions .  Thus ,  axio m 2  state s tha t  a n agen t  w h o believe s a  formula/believe s al l  formula s synonymou s with/ . 
Ax io m 3  make s a n analogou s statemen t  abou t  knowledge .  Recal l  that ,  fo r  artificia l  language s a t  least ,  th e 
synonym y o f  formula s m a y b e ascertaine d b y compilin g th e formula s int o thei r  canonica l  intensiona l 
representations ,  an d checkin g th e result s fo r  identity . 

2. [sense(fi,s)A.sense(f2,s)] -^ [B(iJ^,t) = B(i,f2,t)] 

3. [sense(fi,s)A.sense(f2,s)] -^ [Kii,f^,t) = K{i,f2,t)] 

Th e followin g axio m expresse s th e widel y accepte d vie w tha t  whoeve r  knows /mus t  a t  leas t  believe/ ,  and /mus t  b e 
true . 
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4.  K ( i j j )  ^B{ i , f . t )^ t rue( f ) 

Not e that ,  i f  w e assum e true (  K {  Mary ,  K(John ,  p ,  /I) ,  t2) )  (whic h w e abbreviat e a s K (  Mary ,  K{John ,  p ,  t\) ,  t l )  ) , 
the n w e m a y us e axio m 4 ,  togethe r  wit h conjunctiv e simplification ,  t o deriv e true{K{John,p ,  t\)) .  Thi s i n tur n 
enable s u s t o deriv e true{p) ,  b y analogou s reasoning .  Ax io m 5  simpl y state s tha t  a n agen t  w h o retract s a  formul a 
cease s t o believ e th e formula .  This ,  togethe r  wit h axio m 4 ,  entail s tha t  th e formul a woul d no t  b e known .  W e m a y 
us e axio m 2  t o sho w tha t  th e agen t  woul d als o ceas e t o believ e al l  synonymou s formulas .  Ax iom s 1  an d 5  togethe r 
entai l  tha t  a  retracte d formul a cease s t o b e i n th e belie f  base . 

5. retracts{i,f, t) ^ ^B(/,/, /) 

I n th e followin g axiom ,  questioning(if,t )  m a y b e interprete d a s i  begin s a t  tim e t  t o investigat e whethe r  formul a f  i s 
consisten t  wit h othe r  beliefs .  Th e underlyin g ide a i s that ,  i f  i  ha s begu n t o questio n whether/shoul d b e retained , 
the n i  i s  no t  presentl y committe d to / s truth .  W e assum e tha t  thos e automate d reasonin g systems ,  whic h emplo y 
belie f  revisio n strategies ,  ente r  a  phas e i n whic h th e consistenc y o f  a  se t  o f  formula s i s investigate d befor e an y 
retraction s ar e made .  A  formul a whic h i s bein g questione d m a y b e on e whic h ha s bee n single d ou t  fo r  specia l 
investigation .  However ,  w e d o no t  insis t  tha t  'retracts '  an d 'questioning '  b e interprete d jus t  a s suggeste d here ,  an d 
n o attemp t  i s mad e t o formaliz e thes e notions .  I f  a  give n syste m lack s a  questionin g mechanism ,  o r  eve n a  retractio n 
mechanism ,  the n th e 'questioning '  predicat e (o r  'retracts' )  m a y b e assigne d th e valu e 'false' ,  whic h woul d rende r 
th e presenc e o f  thes e predicate s innocuous . 

6. questioning{i,f, t) —» -nB(i,f, t) 

The intende d interpretatio n o f  axio m 7  i s tha t  an y formul a whic h ha s jus t  bee n inferre d b y a n agent ,  fro m a  subse t  o f 
tha t  agent' s beliefs ,  i s  t o b e regarde d a s a  candidat e fo r  belie f  b y tha t  agent .  I n th e following ,  just-inferred(if,s,t ) 
m ay b e rea d /  inferre d f  f ro m se t  s  a t  tim e t .  Mem(w,s )  m a y b e rea d a s w  i s a  member  o f  se t  s ,  an d cand(f,i,t )  i s 
rendere d as// 5 a  candidat e fo r  i  a t  t . 

7. [just-inferred(i,f, s,t) a V w { mem{w, s) -^ in-bb{i, w,t))] -^ candif, i, t) 

A x i o m 8  tell s u s that ,  unde r  norma l  circumstances ,  belief s persist .  Mo r e specifically ,  th e axio m tell s u s tha t  i f  i 
believe s a  formul a a t  t̂ ,  the n i  als o believe s th e formul a a t  al l  late r  times ,  unles s i  reu-act s o r  question s th e formul a a t 

some intervenin g time .  Since  th e interpretatio n o f  'retracts '  i s  lef t  t o th e user' s discretion ,  'retracts '  m a y b e take n t o 
includ e som e for m o f  spontaneou s forgettin g o r  othe r  memor y loss .  Nothin g her e force s u s t o restric t  retractio n t o 
deliberat e actions .  I n 8 ,  later(tj,t̂ )  m a y b e rea d a s t j  i s  late r  tha n tj ,  an d inc-between(tj,t2,tj )  m a y b e rea d ̂ 2 H^ s 

inclusivel y betwee n t j  an d t y 

8.  [B(j,/, /j) A later{t^, t^) a 

- iBf j  {  inc-between{t^,t2,t ^  a  [retracts{i,f,t ^  v  questioning{},f,t.̂ ]  )  ]  - > B{i,f,t. ^ 

Th e precedin g eigh t  axiom s ar e intende d t o b e descriptiv e o f  ou r  concep t  o f  belief .  The y relat e th e concep t  o f  belie f 
t o cognat e concept s i n a  manne r  intende d t o b e usefu l  t o agent s w h o reaso n abou t  th e belief s o f  a n artificia l  agent . 
Th e followin g axiom ,  b y contrast ,  i s  prescriptive .  I t  i s  intende d t o conve y th e condition s unde r  whic h a  candidat e 
formul a (i n th e sens e introduce d b y axio m 7 )  shoul d becom e a n activ e belief .  Th e ter m 'successful(if,t2) '  shoul d b e 

take n t o mea n tha t  a t  tim e t j  formula/ha s jus t  bee n successfull y scrutinize d b y agen t  i' s  questionin g mechanism , 

and ha s bee n foun d acceptable .  Th e ter m 'should-be-inserted(if,t2 y m a y b e rea d as ,  formula/shoul d b e adde d t o 

i' s  B B a t  tim e fj -  Thu s axio m 9  state s tha t  a  formul a whic h i s a  candidat e fo r  /  a t  /j ,  an d whic h ha s successfull y 

passe d th e questionin g phas e a t  a  late r  tim e ̂ 2 shoul d b e adde d t o z' s  B B a t  fj .  Ax io m I  woul d the n ensur e that/i s  a 

belie f  at/j -

9.  [candif ,  i,t̂ )  a  laterif̂ t.̂ )  a  successful{i,f,t̂ ]  - > should-be-inserted{i,f,t ^ 

N o w,  sinc e th e interpretatio n o f  'questioning '  m a y var y accordin g t o th e intende d applicatio n o f  th e model ,  th e 
interpretatio n o f  'successful '  shoul d var y accordingly .  I f  a  particula r  agen t  altogethe r  lack s a  questionin g 
mechanism ,  w e m a y simpl y assig n 'true '  t o 'successful' ,  sinc e ther e woul d b e n o test s whic h a  candidat e formul a 
shoul d pass ,  beyon d bein g a  candidate .  O f  course ,  question s m a y aris e abou t  h o w exhaustiv e a  questionin g o r 
consistenc y testin g proces s mus t  b e befor e w e ma y assig n 'success '  t o a  formula .  However ,  thes e ar e practica l 
issue s whic h mus t  b e decide d i n particula r  applications . 

2. 2 Forma l  Propertie s o f  th e Mode l 
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We no w conside r  som e o f  th e forma l  propertie s o f  N IM .  First ,  not e tha t  th e element s o f  N I M ,  wit h mino r  syntacti c 
alterations ,  ma y b e represente d i n an y standar d first-orde r  predicat e calculus ,  know n t o b e soun d an d complete .  W e 
use 'PC '  t o denot e an y suc h logic . 

Propositio n 1 .  N I M i s consistent . 

The consistenc y o f  N I M ma y b e checke d b y transformin g eac h o f  it s  axiom s int o claus e form ,  usin g a  standar d 
clause-for m transformatio n algorithm .  Th e M M axiom s ar e consisten t  jus t  i n cas e th e resultin g clause s ar e jointl y 
consistent .  On e ma y easil y verif y tha t  thes e clause s ar e simultaneousl y satisfiabl e i n a  univers e o f  on e individual .  I f 
th e univers e contain s bu t  on e individual ,  al l  variable s i n th e clause s ma y b e replace d b y a  uniqu e constan t  denotin g 
thi s individual .  I t  i s  the n trivia l  t o assig n trut h value s t o th e resultin g grounde d literal s s o tha t  eac h o f  th e clause s i s 
rendere d tru e b y th e give n interpretation . 

Definition. Let T be a first-order theory formed by adding to PC an encoding of the axioms of NIM in PC. 

Propositio n 2 .  T  i s soun d an d complete . 

Proof .  Th e soundnes s o f  T  follow s fro m th e fac t  tha t  it s  rule s o f  inferenc e ar e exactl y thos e o f  P C ,  an d al l  axiom s i n 
T ar e consisten t  I f  P C contain s axioms ,  the y ar e universall y valid ,  an d thu s consisten t  wit h th e consisten t  se t  N I M , 
whic h wa s adde d t o P C t o obtai n T .  Th e completenes s o f  T  follow s immediatel y fro m th e completenes s o f  PC .  Th e 
inferenc e rule s o f  P C ensur e tha t  al l  logica l  consequenc e o f  th e N I M axiom s encode d i n P C ar e derivable . 

3.  D I S C U S S I O N 

We no w retur n t o a  difficult y previousl y mentioned ,  namely ,  tha t  N I M include s a n explici t  trut h predicate .  Sinc e 
our  mode l  doe s no t  includ e a  definitio n o f  th e trut h predicate ,  i t  i s  no t  vulnerabl e t o th e kin d o f  interna l 
inconsistencie s whic h Tarsk i  [1936 ]  describes .  Nevertheless ,  paradoxe s involvin g self-referenc e ca n stil l  aris e o n a 
give n interpretatio n o f  th e predicate s i n N I M .  I t  ma y b e objected ,  therefore ,  tha t  th e existenc e o f  potentiall y 
paradoxica l  sentence s render s N I M defective .  However ,  Kripk e ha s clearl y demonstrate d [1975 ]  tha t  an y languag e 
ric h enoug h t o permi t  th e ascriptio n o f  trut h t o sentence s i s vulnerabl e t o paradox .  H e furthe r  demonstrate s tha t  thi s 
vulnerabilit y  i n n o wa y presuppose s syntacti c o r  semanti c ill-formedness ,  bu t  ca n aris e fo r  perfectl y innocen t 
lookin g sentence s whe n unusua l  empirica l  condition s exist .  O f  course ,  on e ca n alway s banis h trut h ascription s i n a 
special-purpos e language ,  bu t  i f  w e ar e eve r  t o hav e a n adequat e mode l  o f  huma n cognition ,  w e wil l  nee d t o 
represen t  proposition s suc h as ,  "Wha t  Mar y believe s i s true" . 

Since we are ultimately concerned with adequate cognitive models, we have included a truth predicate. Thus, 
paradoxica l  sentence s ma y arise .  However ,  bot h Kripk e [1975 ]  an d Pedi s [1985 ]  hav e show n tha t  th e inclusio n o f 
suc h sentence s nee d no t  rende r  a  first-order  languag e inconsistent .  Kripk e propose s a  comple x theor y o f  trut h 
accordin g t o whic h paradoxica l  sentence s ar e simpl y no t  assigne d trut h values .  Th e underlyin g intuitio n o f  Kripke' s 
theor y i s tha t  an y ascriptio n o f  trut h t o a  sentenc e involve s a  presuppositio n tha t  th e sentenc e i s grounded . 
(Roughly ,  a  grounde d sentenc e i s on e whos e trut h evaluatio n "bottom s out" ,  eithe r  immediatel y o r  ultimately ,  i n th e 
evaluatio n o f  sentence s whic h d o no t  ascrib e trut h o r  falsit y t o othe r  sentences. )  O n th e rar e occasion s whe n th e 
presuppositio n o f  groundednes s i s unsatisfie d n o trut h valu e i s assigned .  Kripk e goe s o n t o argu e (followin g Kleen e 
[1952] )  tha t  th e existenc e o f  sentence s withou t  trut h value s doe s no t  requir e tha t  w e abando n an y o f  th e usua l  law s 
of  logic .  Fo r  example ,  sinc e " p v  —,p "  stil l  hold s fo r  al l  case s whe n p  ha s a .  trut h value ,  w e ma y retai n th e law . 
W h en p  lack s a  trut h value ,  th e disjunctio n i s no t  false ;  rathe r  i t  als o lack s a  trut h value . 

4.  C O N C L U S I ON 

A generalize d first-order  mode l  o f  belie f  an d knowledg e ha s bee n presente d whic h simultaneousl y avoid s logica l 
omniscienc e an d th e excessivel y fine-grained  "syntacti c approach" .  Th e model ,  N I M ,  i s intensionall y based ,  an d 
sanction s inference s involvin g neste d epistemi c attitudes ,  wit h differen t  agent s an d differen t  times .  N I M make s 
explici t  man y (i f  no t  all )  o f  th e empirica l  assumption s a n agen t  mus t  mak e befor e concludin g tha t  anothe r  agen t 
believe s (knows )  somethin g a t  a  give n time .  Becaus e th e mode l  i s axiomatize d i n F O L ,  i t  ma y b e use d b y an y 
standard ,  first-order  theore m prover .  Moreover ,  N I M provide s agent s wit h a  conceptua l  map ,  interrelatin g th e 
concept s o f  knowledg e an d belie f  an d a  numbe r  o f  cognat e concepts ,  suc h a s 'infers' ,  'retracts' ,  an d 'questions' . 
Becaus e th e mode l  build s upo n th e concep t  o f  a n intension ,  whos e degre e o f  granularit y i s lef t  open ,  th e rang e o f 
formula s whic h ar e permitte d t o expres s th e sam e belie f  i s  lef t  t o th e use r  o f  N I M .  Fo r  example ,  on e coul d defin e 
"sam e intension "  s o tha t  al l  logicall y equivalen t  formula s woul d hav e th e sam e intension ,  an d thu s (b y axio m 2 ) 
woul d expres s th e sam e belief .  However ,  i f  on e wishe s t o retai n a n intuitive ,  human-lik e concep t  o f  belief ,  on e 
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shoul d individuat e intension s s o tha t  (roughly )  onl y thos e formula s whic h w e intuitivel y regar d a s synonymou s ar e 
permitte d t o hav e th e sam e intension ,  an d thu s expres s th e sam e belief .  W e hav e suggeste d severa l  semanti c 
theorie s whic h yiel d (approximately )  th e require d criterio n o f  synonymy . 
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Subcognitiv e Probing :  H a r d Question s fo r  th e Tur in g Tes t 
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Universit y o f  Michiga n 

INTRODUCTION 

Alan Turing in his original article about an intelligence-game definition of intelligence seems to 

be makin g tw o separat e claims .  Th e first ,  cal l  i t  th e philosophica l  claim ,  i s tha t  i f  a  machin e coul d 

pas s th e Turin g Test ,  i t  woul d necessaril y  b e intelligent .  I  completel y agre e wit h thi s first  claim . 

Hi s secon d point ,  whic h I  cal l  th e pragmati c claim ,  i s tha t  i n th e not-too-distan t  futur e i t  would ,  i n 

fact ,  b e possibl e t o actuall y buil d suc h a  machine .  Turin g clearl y fel t  tha t  i t  wa s importan t  t o 

establis h bot h claims .  H e realized ,  i n particular ,  tha t  i f  on e coul d rigorousl y sho w tha t  n Q machin e 

coul d eve r  pas s hi s test ,  hi s philosophica l  point ,  whil e stil l  true ,  woul d los e a  grea t  dea l  o f  it s 

significance .  H e thu s devote d considerabl e effor t  t o establishin g no t  onl y th e philosophica l  clai m 

but  als o th e pragmati c claim . 

Ever  sinc e hi s articl e appeare d philosopher s hav e concentrate d almos t  exclusivel y o n attackin g 

or  defendin g th e philosophica l  claim .  Ther e ar e thos e w h o believ e tha t  passin g th e Turin g Tes t 

constitute s a  sufficien t  conditio n fo r  intelligenc e an d thos e w h o d o not .  A s I  sai d above ,  I 

wholeheartedl y endors e th e poin t  o f  vie w tha t  anythin g tha t  coul d pas s th e Turin g Tes t  woul d be , 

withou t  question ,  intelligent̂ .  However ,  i n thi s pape r  I  wil l  tak e issu e wit h th e pragmati c clai m 

and argu e tha t  ther e i s a  fli p sid e t o Turing' s extremel y elegan t  test ,  namely ,  tha t  it s  ver y capacit y t o 

prob e th e deepest ,  mos t  essentia l  area s o f  huma n cognitio n make s it ,  i n a  pragmati c sense ,  fa r  to o 

strong .  Th e Turin g Tes t  coul d b e passe d onl y b y thing s tha t  hav e experience d th e worl d a s w e 

hav e experience d it ;  th e Tes t  therefor e provide s a  guarante e no t  o f  intelligenc e bu t  o f 
culturally-oriente d huma n intelligence . 

I  establis h thi s consequenc e o f  th e Turin g Tes t  b y proposin g a  clas s o f  questions ,  whic h I  cal l 

explicitl y  subcognitiv e questions ,  tha t  ar e intentionall y designe d t o revea l  low-leve l  cognitiv e 

structure .  Critic s migh t  objec t  tha t  ther e i s somethin g unfai r  abou t  thi s typ e o f  question .  Thi s lead s 

t o th e centra l  ide a o f  thi s pape r  whic h i s that ,  i n fact ,  ther e i s n o wa y t o distinguis h question s tha t 

ar e subcognitiv e f ro m thos e tha t  ar e not .  T o suppor t  thi s claim ,  I  presen t  anothe r  clas s o f  question s 

~ implicitl y  subcognitiv e question s -  tha t  giv e ever y appearanc e o f  bein g a t  th e cognitiv e leve l  bu t 

that ,  i n reality ,  ar e ever y bi t  a s dependen t  o n unconsciou s mechanism s a s th e initia l  clas s o f 

explicitl y  subcognitiv e questions .  I n fact ,  clos e examinatio n o f  som e o f  th e question s pose d i n 

Turing' s origina l  articl e reveal s tha t  they ,  too ,  ar e implicitl y  subcognitive .  I n lik e manner ,  an y 

sufficientl y broa d se t  o f  question s makin g u p a  Turin g Tes t  woul d necessaril y  contai n implicitl y 

subcognitiv e questions .  I  sho w tha t  i t  i s  impossibl e t o teas e apar t  implicitl y  subcognitiv e question s 

fro m explicitl y  subcognitiv e ones .  A n d fro m thi s i t  follow s tha t  th e cognitiv e an d subcognitiv e 

level s ar e inextricabl y intertwined . 

I t  i s  thi s essentia l  inseparablilit y  o f  th e cognitiv e an d subcognitiv e level s that ,  i n a  sense , 
undermine s th e Turin g Test ,  makin g i t  to o stron g fo r  it s  o w n good .  A s a  result ,  i t  turn s ou t  t o b e a 

tes t  fo r  huma n intelligence ,  no t  intelligenc e i n general .  Thi s fact ,  whil e admittedl y interesting ,  i s  no t 

particularl y usefu l  i f  ou r  goa l  i s  t o gai n insigh t  int o intelligenc e i n general .  Thi s seem s t o brin g u s 

bac k t o th e proble m tha t  Turin g ha d hope d t o sideste p b y hi s imitation-gam e definitio n o f 
intelligence ,  namely ,  th e proble m o f  specifyin g a  se t  o f  necessar y an d sufficien t  condition s fo r 

intelligence .  Unfortunately ,  ther e seem s t o b e n o eas y wa y out ;  capturin g th e essenc e o f  genera l 

intelligenc e mus t  b e base d o n categorizatio n an d segmentatio n abilities ,  th e abilit y  t o lear n n e w 

concepts ,  th e abilit y  t o adap t  ol d one s t o a  n e w environment ,  an d s o on .  Precisel y wha t  shoul d b e 
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on thi s lis t  an d wha t  th e definitio n o f  eac h o f  it s  component s is ,  a s i t  wa s i n 1950 ,  stil l  unknown . 

ON NORDIC SEAGULLS 

Consider the following thought experiment: Suppose that the only flying animals known to the 
inhabitant s o f  a  larg e Nordi c islan d ar e seagulls .  Everyon e o n th e islan d acknowledges ,  o f  course , 
tha t  seagull s ca n fly .  On e da y th e tw o residen t  philosopher s o n th e islan d ar e overhear d tryin g t o 
pi n dow n wha t  "flying "  i s reall y al l  about . 

Says th e firs t  philosopher ,  "Th e essenc e o f  flyin g i s t o mov e throug h th e air. " 
"Bu t  yo u woul d hardl y cal l  thi s flying ,  woul d you? "  replie s th e second ,  tossin g a  pebbl e from 

th e beac h ou t  int o th e ocean . 
"Wel l  then ,  perhap s i t  mean s t o remai n alof t  fo r  a  certai n amoun t  o f  time. " 
"Bu t  cloud s an d smok e an d children' s balloon s remai n alof t  fo r  a  ver y lon g time .  An d I  ca n 

certainl y kee p a  kit e i n th e ai r  a s lon g a s I  wan t  o n a  wind y day .  I t  seem s t o m e tha t  ther e mus t  b e 
more t o flyin g tha n merel y stayin g aloft. " 

"Mayb e i t  involve s havin g wing s an d feathers. " 
"Penguin s hav e both ,  an d w e al l  kno w ho w wel l  the y fl y ... " 
And s o on .  Finally ,  the y decid e t o settl e th e questio n by ,  i n effect ,  avoidin g it .  The y d o thi s 

by firs t  agreein g tha t  th e onl y exampl e o f  object s tha t  the y ar e absolutel y certai n ca n fl y ar e th e 
seagull s tha t  populat e thei r  island .  The y do ,  however ,  agre e tha t  fligh t  ha s somethin g t o d o wit h 
bein g airborn e an d tha t  physica l  feature s suc h a s feathers ,  beaks ,  an d hollo w bone s probabl y ar e 
superficia l  aspect s o f  flight .  O n th e basi s o f  thes e assumption s an d thei r  knowledg e o f  Ala n 
Turing' s famou s articl e abou t  a  tes t  fo r  intelligence ,  the y hi t  upo n th e Seagul l  Tes t  fo r  flight .  Th e 
Seagul l  Tes t  i s  mean t  t o b e a  ver y rigorous  sufficien t  conditio n fo r  flight .  Henceforth ,  i f  someon e 
says ,  " I  hav e invente d a  machin e tha t  ca n fly, "  instea d o f  attemptin g t o appl y an y se t  o f 
flight-definin g criteri a t o th e inventor' s machine ,  the y wil l  pu t  i t  t o th e Seagul l  Test .  Th e onl y 
thing s tha t  the y wil l  certif y wit h absolut e confidenc e a s bein g abl e t o fl y  ar e thos e tha t  ca n pas s th e 
Seagul l  Test .  O n th e othe r  hand ,  the y agre e tha t  i f  somethin g fail s th e Test ,  the y wil l  no t  pas s 
judgment ;  mayb e i t  ca n fly ,  mayb e i t  can't . 

The Seagul l  Tes t  work s muc h lik e th e Turin g Test :  Ou r  philosopher s hav e tw o 
three-dimensiona l  rada r  screens ,  on e o f  whic h track s a  rea l  seagull ;  th e othe r  wil l  trac k th e putativ e 
flyin g machine .  The y ma y ru n an y imaginabl e experimen t  o n th e tw o object s i n a n attemp t  t o 
determin e whic h i s th e seagul l  an d whic h i s th e machine ,  bu t  the y ma y watc h the m onl y o n thei r 
rada r  screens .  Th e machin e wil l  b e sai d t o hav e passe d th e Seagul l  Tes t  fo r  fligh t  i f  bot h 
philosopher s ar e indefinitel y unabl e t o distinguis h th e seagul l  from  th e machine . 

An objectio n migh t  b e raise d tha t  som e o f  thei r  test s migh t  hav e nothin g t o d o wit h flight . 
They woul d reply :  "S o what ? W e ar e lookin g fo r  a  sufficien t  conditio n fo r  flight ,  no t  a  minima l 
sufficien t  condition .  Furthermore ,  w e understan d tha t  our s i s a  ver y har d tes t  t o pass ,  bu t  res t 
assured ,  inventor s o f  flyin g machines ,  failin g th e Tes t  prove s nothing .  W e wil l  no t  clai m tha t  you r 
machin e canno t  fl y  i f  i t  fail s  th e Seagul l  Test ;  i t  ma y ver y well .  However ,  we ,  a s philosophers , 
want  t o b e absolutel y certai n w e hav e a  tru e cas e o f  flight ,  an d th e onl y wa y w e ca n b e sur e o f  thi s 
i s i f  you r  machin e passe s th e Seagul l  Test. " 

N o w,  o f  course ,  th e Seagul l  Tes t  wil l  rightly  tak e bullets ,  soa p bubbles ,  an d snowball s ou t  o f 
th e running .  Thi s i s certainl y a s i t  shoul d be .  Bu t  helicopter s an d je t  airplane s -  whic h d o fl y -
woul d als o neve r  pas s it .  Nor ,  fo r  tha t  matter ,  woul d bat s o r  beetles ,  albatrosse s o r 
hummingbirds .  I n fact ,  unde r  clos e scrutiny ,  probabl y onl y seagull s woul d pas s th e Seagul l  Test , 
and mayb e onl y seagull s fro m th e philosophers '  Nordi c island ,  a t  that .  Wha t  w e hav e i s thu s no t  a 
tes t  fo r  fligh t  a t  all ,  bu t  rathe r  a  tes t  fo r  fligh t  a s practice d b y a  Nordi c seagull . 

For  th e Turin g Test ,  th e implication s o f  thi s metapho r  ar e clear :  th e Turin g Tes t  admit s o f  n o 
degree s i n it s  determinatio n o f  intelligence ,  i n spit e o f  th e fac t  tha t  th e intuitiv e huma n notio n o f 
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intelligenc e clearl y does .  Spiders ,  fo r  example ,  hav e littl e intelligence ,  sparrow s hav e mor e bu t  no t 

as m u c h a s dogs ,  monkey s hav e stil l  mor e bu t  no t  a s m u c h a s eight-year-ol d humans ,  w h o i n tur n 

hav e les s tha n adults .  I f  w e agre e tha t  th e underlyin g neura l  mechanism s (e.g. ,  Hebbia n learning ) 

ar e essentiall y  th e sam e acros s species ,  the n w e ough t  t o trea t  intelligenc e a s a  continuu m an d no t 

jus t  a s "somethin g tha t  onl y human s have" .  I t  i s  especiall y importan t  i n th e stud y o f  artificia l 

intelligenc e tha t  researcher s no t  trea t  intelligenc e a s a n all-or-nothin g phenomenon . 

SUBCOGNTTIVE QUESTIONS 

Before beginning the discussion of subcognitive questions, I wish to make a few assumptions 
tha t  I  fee l  certai n Turin g woul d hav e accepted .  First ,  I  wil l  allo w th e interrogato r  t o hav e a n 
assistant .  I  als o wan t  t o m a k e explici t  a n assumptio n that ,  i n Turing' s article ,  i s  tacit ,  namel y tha t 

th e huma n candidat e an d th e interrogato r  (and ,  i n thi s case ,  he r  assistant )  ar e fro m th e sam e cultur e 

and tha t  th e compute r  wil l  b e attemptin g t o pas s a s a n individua l  from  tha t  culture .  Thus ,  i f  eve r  th e 

compute r  replies ,  " I  don' t  spea k English "  o r  somethin g o f  th e sort ,  th e interrogato r  wil l 

immediatel y deduce ,  rightly ,  tha t  th e othe r  candidat e i s th e h u m a n being .  Finally ,  whil e I  believ e 

tha t  i t  i s  theoreticall y possibl e t o buil d a  machin e capabl e o f  experiencin g th e worl d i n a  manne r 

indistinguishabl e fro m a  h u m a n being ,  I  wil l  assum e tha t  n o compute r  i s n o w ,  o r  wil l  i n th e 

foreseeabl e futur e be ,  i n a  positio n t o d o so . 

I  wil l  designat e a s subcognitiv e an y questio n capabl e o f  providin g a  w indo w o n low-leve l  (i.e. , 

unconscious )  cognitiv e structure .  B y "low-leve l  cognitiv e structure" ,  I  a m referrin g t o th e 

subconsciou s associativ e networ k i n huma n mind s tha t  consist s o f  highl y overlappin g activatabl e 

representation s o f  experience .  Thi s i s th e leve l  currentl y bein g explore d b y n e w approache s t o 

cognitiv e modelling. ^ 

Th e firs t  typ e o f  subcognitiv e question s I  wil l  conside r  consist s o f  thos e tha t  I  cal l  explicitl y 

subcognitive .  I  hav e chose n thi s n a m e becaus e thes e question s ar e explicitl y  designe d t o revea l 

low-leve l  cognitiv e structur e (an d I  thin k everyon e woul d agre e tha t  the y undeniabl y d o so) .  I  wil l 

respon d t o th e anticipate d objectio n tha t  thes e explicitl y  subcognitiv e question s ar e unfai r  b y 
followin g u p wit h anothe r  se t  o f  question s tha t  seem ,  a t  firs t  glance ,  t o b e a t  a  highe r  cognitiv e leve l 

tha n th e firs t  set .  Thes e question s wil l  tur n out ,  unde r  close r  examination ,  t o b e subcognitiv e a s 

well .  I  wil l  conclud e wit h a  fina l  se t  o f  question s tha t  see m fo r  al l  th e worl d t o b e innocen t 

high-leve l  cognitiv e question s bu t  tha t  wil l  b e jus t  a s har d a s th e other s wer e fo r  th e compute r  t o 
answe r  i n th e w a y a  h u m a n would . 

ASSOCIATIVE PRIMING 

This first set of questions is based on current research on associative priming, often called 

semanti c facilitation .  Th e ide a i s th e following :  H u m a n s ,  ove r  th e cours e o f  thei r  lives ,  develo p 

certai n association s o f  varyin g strengt h amon g concepts .  B y mean s o f  th e so-calle d lexica l  decisio n 

tas k i t  ha s bee n established' *  tha t  i t  require s les s tim e t o decid e tha t  a  give n ite m i s a  wor d whe n tha t 
ite m i s precede d b y a n associate d word .  If ,  fo r  example ,  th e ite m "butter "  i s  precede d b y th e wor d 

"bread" ,  i t  woul d tak e significantl y les s tim e t o recogniz e tha t  "butter "  wa s a  wor d tha n ha d a n 

unassociate d wor d lik e "dog "  o r  a  nonsens e wor d precede d it . 

Th e Turin g Tes t  interrogato r  make s us e o f  thi s phenomeno n a s follows :  Sh e select s a  se t  o f 

word s (an d non-words) ,  run s th e lexica l  decisio n tas k o n he r  assistan t  an d record s hi s recognitio n 

times .  (Thi s may ,  o f  course ,  b e don e prio r  t o th e star t  o f  th e Turin g Test .  Al l  tha t  i s  require d i s 

tha t  th e interrogato r  com e t o th e Tes t  arme d wit h th e result s o f  thi s initia l  test. )  Sh e the n ask s bot h 
candidate s t o perfor m th e sam e experiment ,  an d record s thei r  results .  Onc e thi s ha s bee n done ,  sh e 

simpl y identifie s a s th e h u m a n bein g th e candidat e whos e result s mor e closel y resembl e thos e 

produce d b y he r  assistant . 

Th e machin e woul d invariabl y fai l  thi s typ e o f  tes t  becaus e ther e i s n o a  prior i  w a y o f 
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determinin g associativ e strength s betwee n al l  possibl e concepts .  I t  woul d b e necessar y fo r  th e 
machin e t o kno w (o r  b e abl e t o determine )  al l  o f  th e associativ e strength s betwee n al l  huma n 
concept s i n orde r  t o pas s thi s tes t  withou t  havin g experience d th e worl d a s th e huma n candidat e an d 
th e interrogator' s assistan t  had .  Unles s th e machin e ha d ha d thi s experience ,  ther e woul d b e a 
noticeabl y highe r  degre e o f  primin g similarit y betwee n th e assistan t  an d th e huma n candidat e tha n 
betwee n th e assistan t  an d th e machine . 

N o w,  suppos e a  criti c  claim s tha t  thes e explicitl y  subcognitiv e question s ar e unfai r  becaus e - -
ostensibly ,  a t  leas t  - -  the y hav e nothin g t o d o wit h intelligence ;  the y probe ,  th e criti c  says ,  a 
cognitiv e leve l  wel l  belo w tha t  necessar y fo r  intelhgenc e an d therefor e the y shoul d b e disallowed . 
Suppose ,  then ,  tha t  w e obligingl y disallo w suc h question s an d propos e i n thei r  stea d a  ne w se t  o f 
question s tha t  seem ,  a t  first  glance ,  t o b e a t  a  highe r  cognitiv e level . 

THE RATING GAME 

Neologisms will form the basis of the next set of questions I will propose. Our impressions 
involvin g made-u p word s provid e particularl y impressiv e example s o f  th e "unbelievabl e numbe r  o f 
force s an d factor s tha t  interac t  i n ou r  unconsciou s processin g o f  eve n ... .  word s an d name s onl y 

a fe w letter s long" .  ̂  
I  wil l  no w propos e th e followin g se t  o f  questions ,  al l  o f  whic h hav e a  completel y high-leve l 

cognitiv e appearance : 
"On a  scal e o f  0  (completel y implausible )  t o 1 0 (completel y plausible) ,  pleas e rate : 

•  'Flugblogs '  a s a  nam e Kellogg' s woul d giv e t o a  ne w breakfas t  cereal . 
•  'Flugblogs '  a s th e nam e o f  a  ne w compute r  company . 
•  'Flugblogs '  a s th e nam e o f  big ,  air-fille d bag s wor n o n th e fee t  an d use d t o wal k 

on water . 
•  'Flugly '  a s th e nam e a  chil d migh t  giv e it s favorit e tedd y bear . 
•  'Flugly '  a s th e surnam e o f  a  ban k accountan t  i n a  W.C .  Field s movie . 
•  'Flugly '  a s th e surnam e o f  a  glamorou s femal e movi e star . 
•  etc. " 

The interrogato r  wil l  give ,  say ,  betwee n fift y an d on e hundre d question s o f  thi s sor t  t o he r 
assistant" ,  wh o wil l  answe r  them .  Then ,  a s before ,  sh e wil l  giv e th e sam e se t  o f  question s t o th e 
tw o candidate s an d compar e thei r  result s t o he r  assistant' s answers .  Th e candidat e whos e result s 
most  closel y resembl e th e assistant' s  will ,  withou t  doubt ,  b e th e human . 

Let  u s examin e a  litti e mor e closel y wh y a  compute r  tha t  ha d no t  acquire d ou r  ful l  se t  o f  cultura l 
association s woul d fai l  thi s test .  Conside r  "Flugblogs "  a s th e nam e o f  a  breakfas t  cereal .  I t  i s 
unquestionabl y prett y awful .  Th e initia l  syllabl e "Aug "  phoneticall y activate s (unconsciously ,  o f 
course )  suc h thing s a s "fug" ,  "thug" ,  "flub" ,  "ugly" ,  o r  "ugh!" ,  eac h wit h it s ow n aur a o f  semanti c 
connotations ,  whil e th e secon d syllable ,  "blog" ,  n o doub t  activate s "blob" ,  "bog" ,  an d othe r 
words ,  whic h i n tur n activat e a  hal o o f  othe r  semanti c connotations .  Th e su m tota l  o f  thi s 
spreadin g activatio n determine s ho w w e react ,  a t  a  consciou s level ,  t o th e word .  An d whil e ther e 
wil l  b e n o precis e se t  o f  associate d connotation s fo r  al l  individual s acros s a  culture ,  o n th e whol e 
ther e i s enoug h overla p t o provok e simila r  reaction s t o give n word s an d phrases .  I n thi s case ,  th e 
emergen t  resul t  o f  thes e activation s i s undeniable :  "Flugblogs "  woul d b e a  lous y nam e fo r  a  cereal . 

What  abou t  "Flugly "  a s a  nam e a  chil d migh t  giv e it s favorit e tedd y bear ? N o w tha t  certainl y 
sound s plausible .  I n fact ,  it' s  kin d o f  cute .  But ,  o n th e surfac e a t  least ,  "Flugblojgs "  an d "Flugly " 
see m t o hav e quit e a  bi t  i n common ;  i f  nothin g else ,  bot h word s hav e a  commo n firs t  syllable .  Bu t 
"Flugly" ,  unlik e "Flugblogs" ,  almos t  certainl y activate s "snugly "  an d "cuddly" ,  whic h woul d brin g 
t o min d feeling s o f  coziness ,  warmth ,  an d friendship .  I t  certainl y als o activate s "ugly" ,  whic h 
migh t  normall y provok e a  rathe r  negativ e feeling ,  but ,  i n thi s case ,  ther e ar e competin g positiv e 
association s o f  vulnerabilit y  an d endearmen t  activate d b y th e notio n o f  childre n an d thing s tha t 
childre n like .  T o se e this ,  w e nee d loo k n o furthe r  tha n th e tal e o f  th e Ugl y Duckling .  I n th e end . 
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th e positiv e association s see m t o dominat e th e unpleasan t  sens e o f  "ugly" .  Th e outcom e o f  thi s 
subcognitiv e competitio n mean s tha t  "Flugly "  i s perceive d b y u s a s bein g a  cute ,  completel y 
plausibl e nam e fo r  a  child' s tedd y bear .  An d yet ,  differen t  pattern s o f  activation s rul e ou t  "Rugly " 
as a  plausibl e nam e fo r  a  glamorou s femal e movi e star . 

Imagine ,  fo r  a n instant ,  wha t  i t  woul d tak e fo r  a  compute r  t o pas s thi s test .  T o begi n with , 
ther e i s n o wa y i t  coul d loo k u p word s lik e "flugly "  an d "flugblogs" ;  the y don' t  exist .  T o judg e th e 
appropriatenes s o f  an y give n wor d (or ,  i n thi s case ,  nonsens e words )  i n a  particula r  contex t 
require s takin g unconsciou s accoun t  o f  a  vas t  numbe r  o f  culturally-acquired ,  competin g 
association s triggere d initiall y  b y phoneti c resemblances .  And ,  eve n thoug h on e migh t  succee d i n 
givin g a  progra m a  certai n numbe r  o f  thes e association s (fo r  example ,  b y askin g subject s question s 
simila r  t o th e one s abov e an d the n programmin g th e result s int o th e machine) ,  th e spac e o f 
neologism s i s virtuall y infinite .  Th e huma n candidate' s reactio n t o suc h made-u p word s i s a n 
emergen t  resul t  o f  myria d subcognitiv e pressures ,  an d unles s th e machin e ha d a  se t  o f  association s 
simila r  t o thos e o f  human s bot h i n degre e an d i n kind ,  it s  performanc e i n th e Ratin g G a me woul d 
necessaril y  diffe r  mor e fro m th e interrogator' s assistant' s performanc e tha n woul d th e huma n 
candidate's .  Onc e again ,  a  machin e tha t  ha d no t  experience d th e worl d a s w e hav e woul d b e 
unmaske d b y th e Ratin g Game,  eve n thoug h th e question s comprisin g i t  seemed ,  a t  leas t  a t  th e 
outset ,  s o cognitivel y high-leve l  i n nature . 

A VARIATION ON THE RATING GAME 

If, for some reason, the critics were still unhappy with the Rating Game using made-up words, 
we coul d conside r  a  variatio n o n th e gam e i n whic h al l  o f  th e question s woul d hav e th e form : 

"Rat e X s a s Ys "  ( 0 =  "coul d b e n o worse" ,  1 0 =  "coul d b e n o better" ) 
wher e X  an d Y  ar e an y tw o categories .  Suc h question s giv e ever y appearanc e o f  bein g high-leve l 
cognitiv e questions :  the y ar e simpl e i n th e extrem e an d rel y no t  o n neologism s bu t  o n everyda y 
words .  Fo r  example ,  w e migh t  have ,  "Rat e radio s a s musica l  instruments" .  Now ,  peopl e d o 
not  usuall y thin k o f  radio s a s musica l  instruments ,  bu t  the y d o indee d hav e som e thing s i n commo n 
wit h musica l  instruments :  bot h mak e sounds ;  bot h ar e designe d t o b e listene d to ;  Joh n Cag e onc e 
wrot e a  piec e i n whic h radio s wer e manipulate d b y performers ;  etc .  Ther e i s therefor e som e 
overla p betwee n th e categorie s o f  musica l  instrument s an d radios .  A s a  musica l  instrument , 
therefore ,  w e migh t  giv e a  radi o a  ratin g o f  3  o r  eve n 4  o n a  10-poin t  scale . 

The answe r  t o an y particula r  ratin g questio n i s necessaril y  base d o n ho w w e vie w th e tw o 
categorie s involved ,  eac h wit h it s ful l  panopl y o f  associations ,  acquire d throug h experience ,  wit h 
othe r  categories .  Othe r  question s migh t  be :  "Rat e chocolat e sundae s wit h nuts ,  whippe d 
crea m an d cherrie s o n to p a s antibiotics" ,  "Rat e gran d piano s a s wheelbarrows' ,  "Rat e 
purse s a s weapons" ,  "Rat e pen s a s weapons" ,  an d s o on .  Jus t  a s before ,  i t  woul d b e 
impossibl e t o progra m int o th e machin e al l  th e variou s type s an d degree s o f  association s necessar y 
t o answe r  thes e question s lik e a  human . 

THE CENTRAL ISSUE 

The central issue is that any reasonable set of questions in a Turing Test will necessarily 
contai n subcognitiv e question s i n som e for m o r  another .  As k enoug h o f  thes e question s an d th e 
compute r  wil l  becom e distinguishabl e fro m th e huma n becaus e it s associativ e networ k woul d 
necessaril y  b e unlik e ours .  An d thu s th e compute r  woul d fai l  th e Turin g Test . 

I s i t  possibl e t o modif y th e rule s o f  th e Turin g Tes t  i n suc h a  wa y tha t  subcognitiv e question s 
ar e forbidden ? I  thin k not .  Th e answer s t o subcognitiv e question s emerg e fro m a  lifetim e o f 
experienc e wit h th e minutia e o f  existence ,  rangin g fro m functionall y adaptiv e world-knowledg e t o 
useles s trivia .  Th e su m tota l  o f  thi s experienc e wit h it s extraordinaril y  comple x inter-relation s i s 
what  define s huma n intelligence .  An d thi s i s wha t  Turing' s imitatio n gam e test s for .  Wha t  w e 
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woul d reall y lik e i s a  tes t  fo r  intelligenc e i n genera l  ~  bu t  ho w coul d w e achiev e thi s throug h a 

Turing-lik e test ? Surely ,  w e d o no t  wan t  t o limi t  ourselve s t o question s like ,  "Wha t  i s th e capita l  o f 

France? "  o r  " H o w m a n y side s doe s a  triangl e have?" .  I f  w e admi t  tha t  intelligenc e i n genera l  mus t 

hav e somethin g t o d o wit h categorization ,  analogy-making ,  an d s o on ,  w e will ,  o f  course ,  wan t  t o 

as k question s tha t  tes t  thes e capacities .  Bu t  th e onl y question s tha t  prob e thes e capacitie s are ,  a s I 

hop e t o hav e shown ,  subcognitiv e question s — an d w e hav e see n wher e thos e question s lead ! 

CONCLUSION 

In conclusion, the imitation game proposed by Alan Turing provides a very powerful means of 

probin g huma n cognition .  Bu t  it s ver y strengt h i s also ,  i n a  sense ,  a  weakness .  Turin g invente d 

th e imitatio n gam e a s a  nove l  wa y o f  lookin g a t  th e questio n "Ca n machine s think?" .  However ,  th e 

Turin g Tes t  i s s o powerfu l  tha t  i t  i s  reall y asking ,  "Ca n machine s thin k exactl y lik e huma n 

beings?" .  A n d thi s i s les s interestin g tha n th e firs t  question .  Th e Turin g Tes t  provide s a  sufficien t 

conditio n fo r  h u m a n intelligenc e bu t  doe s no t  addres s th e mor e importan t  issu e o f  intelligenc e i n 

general . 

I  believ e I  hav e show n tha t  onl y a  compute r  tha t  ha d acquire d adul t  h u m a n intelligenc e b y 

experiencin g th e worl d a s w e hav e coul d pas s th e Turin g Test .  I n addition ,  I  fee l  tha t  an y attemp t  t o 

"fix "  th e Turin g Tes t  s o tha t  i t  coul d tes t  fo r  intelligenc e i n genera l  an d no t  jus t  h u m a n intelligenc e 

i s d o o m e d t o failur e becaus e o f  th e completel y interwove n natur e o f  h u m a n subcognitio n an d 

cognition .  T o gai n insigh t  int o intelligence ,  w e wil l  b e force d t o conside r  i t  i n th e mor e elusiv e 

term s o f  th e abilit y t o categorize ,  t o generalize ,  t o m a k e analogies ,  t o learn ,  an d s o on .  I t  i s  wit h 

respec t  t o thes e abilitie s tha t  th e compute r  wil l  alway s b e unmaske d i f  i t  ha s no t  experience d th e 

worl d a s a  h u m a n bein g has .  I n th e fina l  analysis ,  th e Turin g Test ,  a s subtl e an d elegan t  a s i t  is , 

stil l  leave s u s wit h th e nee d t o defin e genera l  intelligenc e i n term s o f  thes e abilities . 
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clai m tha t  "...i n fift y  years '  tim e [i.e. ,  b y th e yea r  2000 ]  i t  wil l  b e possibl e t o programm e computer s .. .  t o mak e 

the m pla y th e imitatio n gam e s o wel l  tha t  a n averag e interrogato r  wil l  no t  hav e mor e tha n 7 0 pe r  cent ,  chanc e o f 

makin g th e right  identificatio n afte r  five  minute s o f  questioning "  [p .  442] .  I n curren t  discussion s o f  th e Turin g Test , 

th e duratio n o f  th e questionin g perio d i s largel y ignored .  I n m y opinion ,  on e reasonabl e extensio n o f  th e Turin g Tes t 

woul d includ e th e lengt h o f  th e questionin g perio d a s on e o f  it s  parameters .  I n keepin g wit h th e spiri t  o f  th e origina l 
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INTRODUCTION 

A centra l  goa l  o f  cognitiv e scienc e researc h i n proble m solvin g ha s bee n t o illuminat e th e 

natur e o f  expertis e (Ch i  &  Glaser ,  i n press ;  Johnson ,  e t  al. ,  1981) .  Som e o f  thi s researc h 

has centere d o n th e acquisitio n o f  specifi c  skill s  tha t  ar e prerequisite s o f  exper t  performanc e 

(Feltovich ,  e t  al. ,  1984) ;  some ,  o n th e difference s i n knowledge—i n scop e an d organization — 

foun d amon g experts ,  intermediates ,  an d novice s (Chas e &  Simon ,  1973 ;  Chi ,  Feltovic h Sz 

Glaser ,  1981 ;  Larkin ,  e t  al. ,  1980 ;  Patel ,  1984 ;  Pate l  k  Frederiksen ,  1984) . 

Th e pictur e o f  expertis e tha t  emerge s fro m thes e studie s i s o f  individual s wh o kno w mor e 

tha n non-experts ;  bu t  whos e knowledg e differ s no t  onl y i n quantit y bu t  als o quality .  I n 

particular ,  th e knowledg e o f  suc h expert s i s dens e an d context-sensitive :  expert s no t  onl y 

see m t o hav e mor e domain-specifi c  concepts ,  bu t  mor e relation s amon g concepts ;  an d expert s 

hav e a  greate r  facilit y  i n identifyin g appropriat e context s i n whic h t o interpre t  th e dat a i n a 

proble m (Evans ,  Gad d &  Pople ,  i n press) . 

I n a  domai n lik e medicine ,  wher e problem s ma y involv e comple x detail s an d solution s 

may b e grounde d i n incomplet e model s o f  pathophysiologica l  processes ,  knowin g mor e ca n 

lea d t o a  tensio n betwee n th e nee d fo r  bot h effectiv e problem-solvin g behavio r  an d thoroug h 

investigatio n o f  riva l  hypotheses .  H o w suc h tension s ar e resolve d reveal s aspect s o f  th e 

pragmatic s o f  medica l  expertise .  Thi s pape r  identifie s tw o associate d phenomen a resultin g 

fro m domai n pragmatics—selectiv e ignoranc e an d disciplinar y ecologica l  equilibrium—tha t 

accoun t  fo r  apparentl y sub-optima l  behavio r  i n medica l  exper t  proble m solving . 

ON PRAGMATICS IN MEDICINE 

Pragmatic s generall y refer s t o th e collectio n o f  effect s i n th e processin g o f  informatio n 

tha t  d o no t  deriv e alon e fro m eithe r  th e surfac e dat a o r  th e semantic s o f  th e cod e i n th e 

apprehende d message .  Thi s characterizatio n applie s equall y t o hnguisti c an d non-linguisti c 

communications .  Thus ,  pragmatic s subsume s th e inferences ,  interpretations ,  groundin g o f 

references ,  an d othe r  effect s o f  context—whethe r  th e 'visible '  co-occurin g phenomen a tha t 

accompan y a  communicatio n o r  th e 'invisible '  menta l  models—tha t  ar e mobilize d i n th e 

pursui t  o f  interpretations . 

Pragmatic s i n medicin e deserve s specia l  attentio n becaus e successfu l  proble m solvin g 

depend s o n identifyin g th e appropriat e context s i n whic h t o interpre t  th e typicall y over -

whelmin g numbe r  o f  possibl e feature s i n an y particula r  medica l  case .  Suc h context s ar e 

discovere d b y organizin g surfac e observation s (e.g. ,  symptoms ,  signs ,  laborator y data )  int o 

pattern s suggestiv e o f  diagnosti c hypotheses ;  bu t  th e pattern s themselve s reflec t  component s 

of  diseas e models—idealization s o f  pathophysiologica l  processes ,  ofte n expresse d a s pseudo -

causa l  relation s amon g individua l  observation s i n a  case .  Sinc e th e availabl e dat a i n mos t 
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medica l  case s ar e to o numerous ,  an d th e availabl e correlation s to o complex ,  t o suppor t  direc t 

inductiv e reasoning ,  physician s mus t  rel y o n a  prior i  model s tha t  ma y b e underdetermine d 

by th e immediatel y accessibl e informatio n (Evans ,  Gad d &  Pople ,  i n press) .  On e natura l 

resul t  i s  tha t  physician s hypothesiz e candidat e diagnoses ;  an d on e effec t  i s  tha t  candidat e 

diagnose s defin e context s i n whic h dat a ma y b e over-interpreted . 

ON EXPERTISE IN MEDICINE 

Expert s i n medicin e ar e individual s wh o hav e achieve d a  hig h leve l  o f  competence ,  per -

haps a s measure d b y pee r  assessment—individual s wh o hav e complete d al l  norma l  phase s 

of  trainin g an d hav e bee n practicin g medica l  proble m solvin g fo r  som e time .  Typically , 

suc h expert s ar e no t  exper t  across-the-board ,  i n al l  phase s o f  medica l  proble m solving ,  bu t 

ar e 'specialists'—expert s i n solvin g domain-specifi c  proble m types ,  e.g. ,  problem s i n inter -

nal  medicin e o r  pathology .  Bu t  thoug h specialized ,  medica l  expertis e i s no t  special-cas e 

or  extraordinar y expertise—i s no t  cognitivel y anomalous—rather ,  i s  attainabl e b y normall y 

intelligen t  individuals .  I n particular ,  medica l  non-expert s (novices ,  intermediates )  ar e no t 

cognitivel y immatur e individual s o r  laypeople .  The y ar e medica l  students ,  interns ,  an d res -

idents :  individual s wh o hav e attaine d a  hig h leve l  o f  genera l  competenc e an d som e degre e 

of  specialize d training .  Th e focu s o f  researc h i n medica l  proble m solvin g i s o n ho w suc h 

non-expert s acquir e domain-specifi c  knowledg e an d competence . 

One measur e o f  expertis e i s th e abilit y  t o manag e a n amoun t  o f  informatio n tha t  woul d 

overwhel m th e novice .  Indeed ,  tha t  ma y b e th e singl e mos t  strikin g an d consisten t  charac -

teristi c o f  expert s acros s subdomain s o f  medicine .  Bu t  ther e ar e aspect s o f  medica l  exper t 

behavio r  (an d expert/novic e differences )  tha t  indicat e tha t  suc h exper t  abilit y  t o manag e 

dat a ma y no t  lea d t o commensurabl y improve d reasonin g abilitie s i n problem-relate d tasks . 

For  example ,  expert s mak e accurat e diagnose s eve n whe n the y explai n thei r  diagnose s incor -

rectl y (Pate l  &  Groen ,  1986) .  Thi s suggest s tha t  differen t  relation s amon g th e feature s i n a 

cas e ma y b e involve d i n actua l  proble m solvin g tha n ar e reveale d i n th e normativ e model s 

of  pathophysiologica l  processe s tha t  for m th e communit y standar d fo r  medica l  explanations . 

As a  relate d example ,  expert s i n on e medica l  domai n hav e difficult y solvin g problem s i n 

anothe r  medica l  domain ,  eve n whe n presente d wit h th e basi c scienc e informatio n require d 

t o accoun t  fo r  th e pathophysiologica l  processe s involve d i n th e proble m (Patel ,  Aroch a k , 

Groen ,  1987 ;  Patel ,  Evan s &  Groen ,  i n press) .  Thi s suggest s tha t  th e inference s tha t  expert s 

make ar e no t  base d o n 'first-principle '  reasoning ,  bu t  ar e guide d b y other ,  domain-specific , 

reasonin g processes .  A s a  final  example ,  expert s ar e typicall y mor e intoleran t  o f  uncertaint y 

tha n novices ,  thoug h the y hav e th e knowledg e require d t o se e a  greate r  numbe r  o f  possibilite s 

i n interpretin g dat a (Patel ,  Evan s &  Kaufman ,  i n press) .  Thi s suggest s tha t  th e process -

in g o f  informatio n b y medica l  expert s i s a t  leas t  partl y categorial ,  an d tha t  th e categorie s 

effectivel y filter  variatio n i n data . 

I n short ,  exper t  performanc e i s no t  perfect ;  an d aspect s o f  exper t  performanc e fal l  shor t 

of  standard s tha t  experts ,  themselves ,  ma y acknowledg e a s desirable .  (Thi s i s especiall y 
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th e cas e i n th e emphasi s o n basi c scienc e a s a  basi s fo r  medica l  reasoning. )  Mor e problem -

ati c tha n simpl e failure s i n performance ,  though ,  i s th e fac t  tha t  th e observe d behavio r  o f 

experts—i n thei r  approac h t o problems ,  i n thei r  explanations—i s consistent ,  coherent ,  an d 

superficiall y  rational .  Wha t  ca n accoun t  fo r  this ? 

EFFECTS OF PRAGMATICS IN MEDICAL PROBLEM SOLVING 

I f  w e tak e th e abov e observation s a t  fac e value ,  w e mus t  conclud e tha t  medica l  expert s 

ar e no t  capabl e o f  flawless  judgment ,  eve n i n thei r  area s o f  specialization ;  that ,  i n a  sense , 

the y practic e fals e science ,  o r  a t  leas t  a  differen t  scienc e tha n the y imagine .  I n eithe r  cas e 

we shoul d b e concerned .  I f  ther e i s n o metho d a t  all ,  ther e i s n o basi s fo r  th e decision s 

physician s make .  An d i f  ther e i s a  method ,  bu t  i t  i s  differen t  fro m th e on e use d t o infor m 

th e discipline ,  ther e i s n o basi s fo r  predictin g th e effect s o f  change—modification s o f  th e 

normativ e model s i n th e fagad e method—o n actua l  practice . 

On th e surface ,  thi s ha s th e for m o f  a  dilemma .  I  suggest ,  however ,  tha t  i t  i s  th e natura l 

consequenc e o f  problem-solvin g behavio r  'i n th e limit' ;  an d tha t  thi s situatio n ma y actuall y 

reflec t  a n optima l  adaptatio n t o th e need s o f  communicatio n i n comple x domains .  I n par -

ticular ,  I  woul d clai m tha t  th e observe d sub-optima l  performanc e o n som e problem-relate d 

task s ca n b e attribute d t o th e pragmatic s o f  informatio n managemen t  i n medicine .  On e 

pragmati c effec t  i s  loca l  (an d 'low-level' ,  i n actua l  proble m solving) :  th e nee d t o discrimi -

nat e phenomen a s o tha t  the y ca n b e analyze d a s element s o f  comple x categories .  Thi s lead s 

t o selectiv e ignorance— a failur e t o se e variatio n an d t o distinguis h 'source '  dat a fro m inter -

pretations .  Anothe r  pragmati c effec t  i s globa l  (an d ca n hav e consequence s fo r  perfomanc e a t 

al l  levels) :  th e nee d t o organiz e informatio n i n problem-solvin g situation s i s greate r  tha n th e 

need t o establis h accurat e relation s amon g elements .  Thi s lead s t o a n emphasi s o n principle s 

of  organizatio n an d o n compHanc e wit h estabhshe d standard s o f  coherenc e (a t  th e expens e 

of  principle s o f  science )  givin g ris e t o disciplinar y ecologica l  equilibrium—wher e degredation s 

i n communit y standard s pos e a  greate r  threa t  t o performanc e tha n degredation s i n models . 

The followin g section s offe r  furthe r  reflection s o n thes e points . 

Selective Ignorance 

One sourc e o f  erro r  i n exper t  performanc e derive s directl y fro m a  sourc e o f  efficiency : 

expert s ma y fai l  t o se e certai n relation s i n dat a becaus e invoked ,  candidat e interpretation s 

effectivel y accoun t  fo r  man y o f  th e relation s i n th e data ,  obscurin g possibl e alternativ e 

interpretation s an d invitin g a n under-interpretatio n o f  anomalou s data .  Thi s i s seen ,  fo r 

example ,  i n studie s o f  novices ,  intermediates ,  an d expert s i n doctor/patien t  interview s (Patel , 

Evan s &  Kaufman ,  i n press) .  Th e principa l  proble m fo r  novice s i s seein g to o much—the y 

canno t  discriminat e th e relevan t  fro m irrelevan t  details ;  an d the y canno t  organiz e al l  th e 

informatio n the y gathe r  i n interview s (though t  the y ma y retai n it) .  Th e principa l  proble m 

fo r  experts ,  o n th e othe r  hand ,  i s tha t  the y ma y mis-manag e th e flow  o f  informatio n b y 

over-interpretin g possibl e cue s and ,  consequently ,  ignorin g possibl y importan t  details . 

I n actua l  practice ,  th e salvatio n i n th e first  cas e i s knowledge ;  i n th e second ,  discipline . 
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Throug h knowledge ,  th e novic e acquire s prototype s tha t  serv e bot h a s target s fo r  th e in -

terpretatio n o f  detail s an d als o a s predictor s o f  additiona l  relation s o r  detail s tha t  ma y b e 

relevant .  Prototype s becom e signpost s o n th e wa y t o th e successfu l  organizatio n o f  th e in -

formatio n i n a  case ;  an d prototype s ar e leamable .  Throug h discipline ,  th e exper t  check s th e 

tendenc y t o prematur e closure—i n particular ,  b y followin g procedure s tha t  wil l  typicall y re -

quir e tha t  detail s b e examine d fro m severa l  point s o f  vie w befor e a  conclusio n ca n b e drawn . 

Thi s force s th e exper t  t o re-examin e th e preferre d hypothesis ,  thoug h i t  ma y no t  forc e hi m 

or  he r  t o abando n i t  i n th e fac e o f  counterevidence . 

I t  i s  interestin g t o not e tha t  expert s w e hav e studie d d o no t  recove r  wel l  fro m defeate d 

hypotheses .  The y frequentl y discar d methodolog y a t  suc h point s an d generat e inference s 

tha t  ar e base d o n possibl e association s o f  data-—no t  necessaril y  probabl e o r  plausibl e ones . 

Indeed ,  attempt s t o appea l  t o 'basi c scientific '  reasonin g a t  suc h time s i s actuall y counter -

productiv e (Patel ,  Evan s &  Groen ,  i n press) . 

Thi s ma y b e partiall y  explaine d b y a  relate d phenomenon ,  viz. ,  tha t  exper t  understandin g 

involve s wha t  appear s t o b e simultaneou s derivatio n o f  a  situatio n mode l  alon g wit h th e 

processin g o f  surfac e data—an d tha t  th e tw o ar e integrate d i n recal l  (Patel ,  1988) .  Thi s i s 

distinc t  fro m th e result s wit h novices ,  wher e ther e appear s t o b e a  separatio n i n memor y o f 

th e fact s an d th e derive d situation . 

Bot h phenomena—th e over-interpretatio n o f  cue s (an d consequen t  under-interpretatio n o f 

variation )  an d th e integratio n o f  sourc e dat a an d interpretations—bea r  a  strikin g similarit y 

t o wha t  w e se e i n categoria l  perception—wher e discret e phenomen a ar e no t  notice d i f  the y 

fal l  belo w a  threshol d o f  perception ;  bu t  ar e homogenize d an d integrate d int o a  perceptua l  o r 

processin g category ,  i f  the y excee d th e threshold .  Typically ,  i n suc h case s o f  perception ,  th e 

sourc e stimulu s i s los t  an d onl y th e categor y an d it s prototypica l  prediction s ar e recoverable . 

I n th e fac e o f  nois y o r  comple x data ,  categoria l  perceptio n give s ris e t o efficien t  perform -

ance—but  als o selectiv e ignorance :  on e ha s th e abilit y  t o mak e clea r  judgment s bu t  on e lose s 

th e abilit y  t o mak e (o r  see )  fine  distinctions .  On e importan t  effec t  o f  selectiv e ignoranc e 

i s tha t  al l  peopl e wh o shar e th e perceptua l  categorie s wil l  agre e o n thei r  classification s 

of  phenomena .  (Thi s phenomeno n assure s agreement s i n phonologica l  interpretations ,  fo r 

example ,  amon g nativ e speaker s o f  th e sam e language. )  Bu t  anothe r  effec t  i s  tha t  whe n 

categorizatio n prove s incorrect ,  i t  ma y b e difficul t  t o se e dat a objectively ,  withou t  partia l 

interpretations . 

Disciplinary Ecological Equilibrium 

A serie s o f  studie s o n th e basi s o f  medical-concept s hav e recentl y suggeste d tha t  actua l 

medica l  expertis e ma y i n som e instance s b e base d o n fals e informatio n (Coulson ,  Feltovic h 

L Spiro ,  1986 ;  Feltovich ,  Spir o &  Coulson ,  i n press ;  Spiro ,  Feltovic h &  Coulson ,  1987) . 

Such observation s clearl y presen t  a  challeng e t o th e scienc e o f  medicine ,  bu t  als o t o ou r 

understandin g o f  effectiv e proble m solving .  I f  th e acknowledge d basi s fo r  proble m solvin g i s 

flawed,  wha t  account s fo r  th e persistenc e i n us e o f  inaccurat e model s i n medcia l  textbooks . 
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i n medica l  curricula ,  an d i n exper t  discourse ? I s thi s on e sourc e o f  th e sub-optima l  behavio r 

we observ e i n exper t  proble m solving ? 

One analysi s i s tha t  fals e model s arise ,  i n part ,  throug h simplification s tha t  facilitat e 

learning .  Th e stron g clai m i n thi s cas e woul d b e tha t  suc h practic e lead s t o a  perniciou s 

degradatio n i n th e validit y o f  a  science .  I n th e wors t  case ,  th e cycl e becomes :  Learnin g 

efficienc y lead s t o performanc e deficiency ,  whic h late r  lead s t o ne w learnin g inefficiency . 

Mor e concretely ,  th e simplification s tha t  mak e th e learnin g o f  comple x concept s easie r  o n 

first  exposur e actuall y becom e th e base s o f  model s tha t  ar e flawed.  These ,  i n turn ,  giv e ris e t o 

performanc e anomalies ;  an d inhibi t  th e acquisitio n o f  new—and possibl y 'correct'-—model s 

of  biomedica l  phenomena . 

An alternativ e interpretatio n i s possible .  Simplification s (eve n falsifications )  ar e bot h 

adaptiv e an d necessar y i n comple x domain s suc h a s medicine .  Th e clai m woul d b e tha t 

th e nee d fo r  coherenc e outweigh s th e nee d fo r  accuracy ;  an d coherenc e i s assure d onl y 

i f  th e normativ e model s ar e widel y accepted ,  remembered ,  an d use d a s th e basi s fo r  th e 

description ,  analysis ,  an d discussio n o f  problems .  T o th e exten t  tha t  detai l  i s  comple x 

and render s model s difficul t  t o lear n an d use ,  actua l  accurac y ca n lea d t o degradation s i n 

agreemen t  o n coherenc e standards .  Rathe r  tha n promot e performanc e deficiency ,  change s 

i n practic e (e.g. ,  emphasizin g scientifi c  accurac y whe n w e trai n physicians )  ma y presen t  a 

greate r  threa t  o f  reducin g globa l  expertis e tha n hop e o f  improvin g disciplinar y performance . 

Th e tensio n her e i s betwee n th e nee d fo r  globa l  coherenc e an d proble m solvin g efficienc y 

(purchase d vi a selectiv e ignorance) ,  o n th e on e hand ,  an d accurac y o f  knowledg e (purchase d 

vi a attentio n t o greate r  detail—an d perhap s intoleranc e o f  variation) ,  o n th e other .  Th e 

clai m woul d b e tha t  i n domain s wher e perfomanc e grow s asymptoti c i n th e limit—and , 

mor e importantly ,  wher e expertis e i s collectiv e i n practice ,  no t  individual—ther e i s a  dis -

ciplinar y ecologica l  equilibrium—i n whic h th e nee d fo r  grea t  sensitivit y t o coherenc e an d 

grea t  conformit y wit h paradigm s (t o promot e agreemen t  i n proble m solvin g behavior )  i s 

mor e importan t  tha n accurac y o f  th e accepte d models .  I n suc h a  case ,  th e superfica l  biase s 

we observ e woul d actuall y b e th e symptom s o f  constructiv e adaptiv e behavior . 

CONCLUSION 

Th e sourc e o f  th e problem s w e observ e i n medica l  expert s derive s fro m limitation s i n 

human intelligenc e (an d epistemologica l  models )  i n capturin g th e ontolog y o f  biomedicine . 

The uniformit y o f  performanc e acros s expert s reflect s th e 'sociology '  o f  th e discipline—th e 

adaptiv e behavio r  associate d wit h share d an d reinforce d principle s o f  communicatio n an d 

explanator y adequacy . 

One lesso n i s tha t  wha t  expert s d o wef l  ma y necessaril y  determin e wha t  expert s d o poorly . 

The medica l  exper t  purchase s efficienc y wit h selectiv e ignorance ;  an d achieve s effectiv e com -

municatio n an d coherenc e throug h a  conspirac y o f  simplifications .  Thes e ar e tw o o f  th e 

pragmati c feature s o f  expertis e i n medicine . 

Th e reflection s offere d her e requir e elaboratio n beyon d th e scop e o f  thi s paper ;  bu t  the y 
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rais e question s tha t  hav e impHcation s fo r  ou r  understandin g o f  learnin g an d skil l  master y i n 

othe r  comple x problem-solvin g domains—no t  jus t  i n medicine . 
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C O G N I T I VE FLEXIBILIT Y T H E O R Y: 
A D V A N C ED K N O W L E D GE A C Q U I S I T I O N I N I L L - S T R U C T U R E D D O M A I N S 
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Universit y o f  Illinoi s a t  Urbana-Champaig n 

Richard L. Coulson, Paul J. Feltovich, and Daniel K. Anderson 
Souther n Illinoi s Universit y Schoo l  o f  Medicin e 

Advanced knowledge acquisition in a subject area is different in many important ways from introductory 

learnin g (an d fro m expertise) .  I n thi s pape r  w e discus s som e o f  th e speciz d characteristic s o f  advance d 

learnin g o f  comple x conceptua l  material .  W e not e h o w thes e characteristic s ar e ofte n a t  odd s wit h th e goal s 

and tactic s o f  introductor y instructio n an d wit h psychologica l  biase s i n learning .  W e allud e t o ou r  researc h i n 

biomedica l  cognitio n tha t  ha s reveale d a  substantia l  incidenc e o f  misconceptio n attributabl e t o variou s form s 

of  oversimplification ,  an d w e outlin e th e factor s tha t  contribut e t o suboptima l  learnin g a t  th e advance d stage . 

We the n sketc h a  theoretica l  orientatio n fo r  mor e successfu l  advance d knowledg e acquisitio n i n ill-structure d 

domains .  Cognitiv e Flexibilit y  Theory . 

The Goals of Advanced Knowledge Acquisition 

In our work we have been interested in "advanced knowledge acquisition"--learning beyond the introductory 

stag e fo r  a  subjec t  area ,  bu t  befor e th e achievemen t  o f  practice d expertis e tha t  come s wit h massiv e experience . 

Thi s ofte n neglecte d intermediat e stag e i s importan t  becaus e th e aim s an d mean s o f  advance d knowledg e 

acquisitio n ar e differen t  fro m thos e o f  introductor y learning .  I n introductor y learnin g th e goa l  i s  ofte n mer e 

exposur e t o conten t  an d th e establishmen t  o f  a  genera l  orientatio n t o a  field;  objective s o f  assessmen t  ar e 

likewis e confine d t o th e simpl e effect s o f  exposur e (e.g. ,  recognitio n an d recall) .  A t  som e poin t  i n learnin g 

abou t  a  knowledg e domai n th e goa l  mus t  change ;  a t  som e poin t  student s mus t  "ge t  i t  right. "  Thi s i s th e stag e 

of  advance d knowledg e acquisitio n [7,10,12] :  th e learne r  mus t  attai n a  deepe r  understandin g o f  conten t 

material ,  reaso n wit h it ,  an d appl y i t  flexibl y i n divers e contexts .  Obstacle s t o advance d knowledg e acquisitio n 

includ e conceptua l  complexit y an d th e increasin g ill-structurednes s tha t  come s int o pla y wit h mor e advance d 

approache s t o a  subjec t  area .  B y ill-structurednes s w e mea n tha t  man y concept s (interactin g contextually )  ar e 

pertinen t  i n th e typica l  cas e o f  knowledg e application ,  an d tha t  thei r  pattern s o f  combinatio n ar e inconsisten t 

acros s cas e application s o f  th e sam e nomina l  type .  (Se e [12 ]  fo r  a  mor e detaile d treatmen t  o f  th e natur e an d 

consequence s o f  ill-structuredness. ) 

The methods of education in introductory and advanced learning seem, in many ways, to be at odds. For 

example ,  compartmentalizin g knowledge ,  presentin g clea r  instance s (an d no t  th e man y pertinen t  exceptions) , 

and employin g reproductiv e memor y criteri a ar e ofte n i n conflic t  wit h th e realitie s o f  advance d learning -

knowledg e whic h i s intertwine d an d dependent ,  ha s significan t  context-dependen t  variations ,  an d require s th e 

abilit y  t o respon d flexibl y t o "messy "  applicatio n situations .  Thes e discrepancie s i n aim s an d tactic s (alon g 

wit h man y other s tha t  w e hav e observed )  rais e th e possibilit y  tha t  introductor y learning ,  eve n whe n i t  i s 

"successful, "  lay s foundation s i n knowledg e an d i n a n approac h t o learnin g tha t  interfer e wit h advance d 

acquisition .  A s w e hav e see n repeatedl y demonstrated ,  tha t  possibilit y  i s a n actualit y  [6 ,  7,10,12] . 

Deficiencies in Advanced Knowledge Acquisition 

Medical school is an archetype of an advanced knowledge acquisition setting [7]. Medical students have 

alread y ha d introductor y exposur e t o man y o f  th e subjec t  area s o f  biologica l  scienc e tha t  the y g o o n t o stud y 

i n medica l  school ,  bu t  the y ar e certainl y no t  ye t  expert .  Furthermore ,  th e goal s o f  medica l  educatio n ar e 

clearl y thos e o f  advance d knowledg e acquisition .  Importan t  aspect s o f  conceptua l  complexit y mus t  n o w b e 

mastere d (superficia l  familiarit y wit h ke y concept s i s n o longe r  sufficient) ;  an d th e abilit y  t o appl y knowledg e 
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from formal instruction to real-world cases is certainly something that is expected of those studying to be 

physicians . 

In our laboratory we have been studying medical students' learning, understanding and application of 

importan t  bu t  difficul t  biomedica l  scienc e concepts .  Thi s effor t  ha s reveale d widel y hel d systemati c 

misconception s a m o n g students ,  despit e thei r  havin g bee n expose d t o appropriat e informatio n [6 ,  7,10,12] . 

Stubbor n misconception ,  notwithstandin g usua l  classroo m effort s a t  instruction ,  ha s bee n foun d fo r  difficul t 

concept s i n othe r  area s a s wel l  (e.g. ,  physics :  [3,13]) . 

The biomedical misconceptions that we have identified are of various kinds [7, 10]. These include contentive 

errors ,  ofte n involvin g overgeneralization ;  fo r  example ,  area s o f  subjec t  matte r  ar e see n a s bein g mor e simila r 

tha n the y reall y  are .  Error s attributabl e t o dysfunctiona l  biase s i n menta l  representatio n ar e als o observed ;  fo r 

example ,  dynami c processe s ar e ofte n represente d mor e statically .  Prefigurativ e "worl d views "  tha t  underli e 

learners '  understandin g processe s als o caus e problems ;  fo r  example ,  th e presuppositio n tha t  th e worl d work s 

i n suc h a  wa y tha t  "part s ad d u p t o wholes "  lead s student s t o decompos e comple x processe s int o component s 

tha t  ar e treate d (mistakenly )  a s independent .  Furthermore ,  a t  al l  thes e level s misconception s interac t  i n 

reciprocall y supportiv e ways ,  an d combin e t o yiel d highe r  orde r  misconception s [6,7] .  Failure s o f 

understandin g compoun d themselves ,  buildin g u p durabl e chain s o f  large r  scal e misconception . 

Reductive biases: The pervasive role of oversimplincation in the development of misconceptions. A 

predominan t  shar e o f  th e misconception s (an d network s o f  misconception )  tha t  w e hav e identifie d reflec t  on e 

or  anothe r  kin d o t  oversimplificatio n o f  comple x material-associate d wit h learners '  earlie r  experience s wit h 

introductor y learning ,  an d eve n influence d b y man y experience s wit h advance d learning .  Misconception s o f 

advance d materia l  resul t  bot h from  interferenc e fro m earlier ,  simplifie d treatment s o f  tha t  materia l  an d fro m 

a prevailin g m o d e o f  approachin g th e learnin g proces s i n genera l  tha t  foster s simplificationa l  strategie s an d 

leave s learner s withou t  a n appropriat e cognitiv e repertoir e fo r  th e processin g o f  complexit y [7,10,12] . 

We have termed the general tendency to reduce important aspects of complexity the reductive bias. Several 

form s o f  th e bia s hav e bee n identified ,  selecte d example s o f  whic h follo w (se e [6 ,  7,10 ]  fo r  example s o f 

biomedica l  misconception s correspondin g t o th e type s o f  reductiv e bia s listed) : 

1. Oversimplification of complex and irregular structure. Superficial similarities among related phenomena 

ar e treate d a s unifyin g characteristics .  Interactin g component s ar e treate d a s independent .  Incomplet e 

conceptua l  account s ar e presente d (o r  accepte d b y th e learner )  a s bein g comprehensive .  Instance s tha t  ar e 

referre d t o a s belongin g t o th e sam e generi c categor y ar e treate d i n a  unifor m manne r  despit e thei r  bein g 

highl y diverse .  Th e irregula r  i s  treate d a s regular ,  th e nonroutin e a s routine ,  th e disorderl y a s orderly ,  th e 

continuou s a s discrete ,  th e dynami c a s static ,  th e multidimensiona l  a s unidimensional .  (Thi s first  reductiv e 

bia s i s th e mos t  genera l  one ,  encompassin g man y o f  th e specifi c  one s liste d below. ) 

2. Overreliance on a single basis for mental representation. A single, encompassing representational logic is 

applie d t o comple x concept s an d phenomen a tha t  ar e inadequatel y covere d b y tha t  logic .  Fo r  example : 

Understandin g o f  a  ne w concep t  i s  reduce d t o th e feature s o f  a  (partially )  analogou s concept .  N e w ,  highl y 

divergen t  example s ar e understoo d b y exclusiv e referenc e t o a  singl e prototype .  A  singl e schem a o r  theor y i s 

profferre d an d preferred ,  despit e th e fac t  tha t  it s  coverag e i s significantl y incomplete .  Complexl y multifacete d 

conten t  ha s it s understandin g narrowe d t o jus t  thos e aspect s covere d b y a  singl e organizationa l  scheme .  A n d 

soon . 

3. Overreliance on "top down" processing. Understanding and decision making in knowledge application 

situation s (i.e. ,  cases )  rel y to o exclusivel y o n generi c abstraction s (i.e. ,  concepts ,  theories ,  etc.) ;  detaile d 

knowledg e o f  cas e structur e i s no t  use d enoug h (i.e. ,  knowledg e o f  "ho w case s go, "  a s wel l  a s reasonin g from 

specifi c  cas e precedents) . 
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4. Context-independent conceptual representation. TTie contexts in which a concept is relevant are treated 

as havin g overl y unifor m characteristics .  Thi s promote s th e representatio n o f  conceptua l  knowledg e i n a 

manner  to o abstrac t  fo r  effectiv e applicatio n (i.e. ,  withou t  sufficien t  regar d fo r  th e specific s o f  applicatio n i n 

context) .  Concept s ar e insufficientl y tailore d t o thei r  uses ;  concept s ar e no t  recognize d a s relevan t  when ,  i n 

fact ,  the y are ;  an d concept s ar e mistakenl y judge d t o b e relevan t  i n context s wher e the y ar e not . 

5. Overreliance on precompiled knowledge structures. Fixed protocols or rigidly prepackaged schemas are 

presente d t o learner s an d use d b y the m a s recipe s fo r  wha t  t o d o i n ne w cases . 

6. Rigid compartmentalization of knowledge components. Components of knowledge that are in fact 

interdependen t  ar e treate d a s bein g separabl e fro m eac h other .  Learner s develo p mistake n belief s i n th e 

independenc e o f  th e components .  Relatedly ,  wher e knowledg e component s d o functio n independently ,  i t 

may nevertheles s b e th e cas e tha t  conveyin g relationship s betwee n thei r  conceptua l  structure s woul d ai d 

understanding ;  thes e connection s ar e no t  drawn .  W h e n component s ar e interrelated ,  ther e i s a  tendenc y t o 

use jus t  on e linkag e scheme ,  thereb y underrepresentin g th e richnes s o f  interconnectio n i n th e syste m an d 

promotin g narrow ,  doctrinair e viewpoint s (se e th e proble m o f  singl e representations) . 

7. Passive transmission of knowledge. Knowledge is preemptively encoded under a scheme determined by 

externa l  authorit y (e.g. ,  a  textbook )  o r  a  schem e whic h facilitate s deliver y an d use .  Knowledg e i s "handed "  t o 

th e learner .  Th e preemptiv e encodin g i s passivel y receive d b y th e learner ,  an d usefu l  benefit s tha t  resul t  fro m 

personalize d knowledg e representations ,  derivabl e fro m activ e exploratio n an d involvemen t  i n th e subjec t 
area ,  d o no t  develop .  W h e n active ,  participator y learnin g i s encouraged ,  adequat e suppor t  fo r  th e 

management  o f  increase d indeterminac y an d cognitiv e loa d i s no t  provide d (e.g. ,  mento r  guidance ,  memor y 

aids ,  etc.) . 

The next section will outline our theoretical approach to remedying the problems of advanced knowledge 

acquisitio n tha t  ar e cause d b y thes e reductiv e biases . 

Cognitive Flexibility Theory: 

T h e m es o f  A d v a n c e d K n o w l e d g e Acquisit io n 

Where has our research on the problems of advanced knowledge acquisition led us? To an overall theoretical 

orientatio n tha t  i n man y way s derive s it s fundamenta l  theme s fro m th e specifi c  natur e o f  thos e learnin g 

problems ,  a s th e problem s relat e t o th e characteristic s o f  ill-structure d domain s an d th e specia l  goal s o f 

advance d knowledg e acquisitio n (i.e. ,  master y o f  conceptua l  complexit y an d knowledg e application/transfer) . 

In this section we provide a brief discussion of our most fundamental, theoretically motivated remedies for 

th e problem s o f  advance d knowledg e acquisition .  Th e followin g theme s constitut e differen t  facet s o f  wha t  w e 

cal l  cognitiv e flexibilit y  [12] .  Th e theme s are ,  i n a  sense ,  condition s fo r  developin g master y o f  complexit y an d 

knowledg e transferability .  Eac h o f  th e headline d theoretica l  commitment s ha s receive d som e for m o f 

implementation ,  eithe r  i n ou r  experiment s o r  i n ou r  theory-base d compute r  hypertex t  system s (includin g on e 

prototyp e tha t  implement s th e theory' s principle s o f  advance d knowledg e acquisitio n i n cardiovascula r 

medicine ,  th e Cardioworl d Explorer) .  Give n th e extrem e limitation s o f  space ,  th e theme s ar e discusse d 

schematicall y an d i n th e abstract ;  detaile d developmen t  o f  theoretica l  rationales ,  example s o f  ou r  concret e 

instantiation s o f  th e theme s (i n th e biomedica l  domai n an d other s tha t  w e hav e studied) ,  an d pattern s o f 

empirica l  suppor t  fo r  ou r  claim s ca n b e foun d i n ou r  cite d papers . 

1. Avoidance of Oversimplification and Overregularization. Because of the strong bias towards 

oversimplificatio n tha t  w e hav e observed ,  i t  i s  clea r  tha t  advance d knowledg e acquisitio n mus t  plac e a  hig h 

premiu m o n makin g salien t  thos e way s tha t  knowledg e i s no t  a s simpl e an d orderl y a s i t  migh t  first  see m i n 

introductor y treatments .  W h e r e th e proble m i s s o ofte n a  presumptio n o f  simplicit y an d regularity ,  th e 

remed y i s t o tak e specia l  measure s t o demonstrat e complexitie s an d irregularities .  I t  i s  importan t  t o la y bar e th e 

limitation s o f  initial ,  first  pas s understandings ,  t o highligh t  exceptions ,  t o sho w h o w th e superficiall y  simila r  i s 
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dissimilar and how superficial unities are broken. Where conceptual error frequently occurs from atomistic 

decompositio n o f  complexl y interactin g information ,  followe d b y misguide d attempt s a t  "additive "  reassembl y 

of  th e decompose d elements ,  th e remed y i s t o tak e pain s t o highligh t  componen t  interactions ,  t o clearl y 

demonstrat e th e intricat e pattern s o f  conceptua l  combination . 

This is a very general theme, encompassing many of the others that follow in this list. Cognitive flexibility 

involve s th e selectiv e us e o f  knowledg e t o adaptivelyfi t  th e need s o f  understandin g an d decisio n makin g i n a 

particula r  situation ;  th e potentia l  fo r  maximall y adaptiv e knowledg e assembl y depend s o n havin g availabl e a s 

ful l  a  representatio n o f  complexit y t o dra w upo n a s possible . 

2. Multiple Representations. Single representations (e.g., a single schema, organizational logic, line of 

argument ,  prototype ,  analogy ,  etc. )  wil l  mis s importan t  facet s o f  comple x concepts .  Cognitiv e flexibilit y  i s 

dependen t  upo n havin g a  diversifie d repertoir e o f  way s o f  thinkin g abou t  a  conceptua l  topic .  Knowledg e tha t 

wil l  hav e t o b e use d i n man y way s ha s t o b e learned ,  represented ,  an d trie d ou t  (i n application )  i n man y ways . 

The use of multiple representations is important at different levels. For example, we have found multiple 

analogie s t o b e ver y usefu l  i n understandin g comple x individua l  concept s ([10] ;  se e th e exampl e belo w o f  forc e 

productio n b y muscl e fibers ;  se e als o [5,14]) .  However ,  th e importanc e o f  multipl e representation s ma y b e 

eve n mor e importan t  fo r  large r  unit s o f  analysis .  Fo r  example ,  w e hav e foun d tha t  students '  understanding s 

of  th e entir e domai n o f  biomedica l  knowledg e i s adversel y affecte d b y th e tendenc y t o us e jus t  on e wa y o f 

modelin g th e variou s phenomen a the y encounter ,  on e tha t  come s fro m th e metapho r  o f  th e machine .  Thi s on e 

"lens "  lead s the m t o tak e fo r  grante d certai n issue s relate d t o th e natur e o f  explanations ,  th e structur e o f 

menta l  model s o f  functiona l  systems ,  an d s o on .  Thes e student s develo p understanding s tha t  d o no t  captur e 

importan t  aspect s o f  th e biomedica l  domai n (e.g. ,  inherentl y organi c processes) .  Thei r  understanding s woul d 

be mor e complet e i f  the y wer e t o augmen t  th e selectiv e vie w tha t  result s fro m thei r  mechanisti c bia s wit h 

othe r  understanding s tha t  selectivel y emerg e fro m th e uniqu e aspect s o f  othe r  cognitiv e "lenses, "  fo r  example , 

fro m organicis t  metaphor s [7] . 

The need for multiple representations applies not only to complex concepts, but to cases as well. In an ill-

structure d domain ,  case s (examples ,  occurrences ,  events-occasion s o f  us e o f  conceptua l  knowledge )  ten d t o 

be comple x an d highl y variable ,  on e t o th e next .  Th e complexit y o f  case s require s tha t  the y b e represente d 
fro m multipl e theoretical/conceptua l  perspectives--i f  case s ar e treate d narrowl y b y characterizin g the m usin g a 

to o limite d subse t  o f  thei r  relevan t  perspectives ,  th e abilit y  t o proces s futur e case s wil l  b e limited .  First ,  ther e 

wil l  b e a n assumptio n tha t  case s ar e simple r  tha n the y i n fac t  are ,  an d attempt s t o dea l  wit h ne w case s wil l 

prematurel y conclud e afte r  the y ar e onl y partiall y  analyzed .  Second ,  ther e wil l  b e insufficien t  preparednes s t o 

deal  wit h th e specifi c  pattern s o f  interactio n o f  theoretical/conceptua l  perspective s withi n cases .  Third ,  t o th e 

exten t  tha t  performanc e i n futur e case s wil l  requir e reasonin g fro m set s o f  preceden t  case s (whic h i s alway s a 

greate r  nee d i n ill-structure d domains) ,  th e likelihoo d o f  havin g cas e representation s availabl e i n prio r 

knowledg e whic h ar e maximall y ap t  i n thei r  relatio n t o som e ne w cas e i s lessene d t o th e exten t  tha t  case s ar e 

narrowl y represente d i n memory .  Thi s i s especiall y s o whe n ther e i s substantia l  across-cas e dissimilarity ;  th e 

relativ e novelt y o f  a  ne w cas e i n a n ill-structure d domai n wil l  requir e mor e elaborat e effort s t o find 

appropriat e precedents-th e wide r  th e variet y tha t  i s  available ,  th e bette r  th e chance s o f  finding  a  fit. 

An Example of Multiple Representations: Integrated Multiple Analogies for Complex Concepts. As we have 

said ,  ou r  studie s o f  medica l  student s hav e indicate d tha t  on e o f  th e mos t  seriou s contributor s t o th e problem s 

of  advance d knowledg e acquisitio n i s th e us e o f  a  singl e knowledg e representation .  Comple x concept s ca n 

rarel y b e adequatel y represente d usin g a  singl e schema ,  theoretica l  perspective ,  lin e o f  exposition ,  an d s o on . 

Nevertheless ,  i n practice ,  comple x concept s frequentl y ar e represente d i n som e singl e fashion ,  wit h substantia l 

consequences . 

Our remedy has been to approach learning in all of the domains that we have studied with the goal of 

promotin g multipl e representation s (e.g. ,  multipl e preceden t  case s fo r  a  ne w case ;  multipl e organizationa l 

scheme s fo r  representin g th e sam e conten t  materia l  i n ou r  compute r  hypertexts ;  etc.) .  Her e w e wil l  briefl y 

378 



Spiro ,  Coulson ,  Feltovich ,  Anderso n 

consider just the case of analogy. We have discovered a large number of misconceptions that result from the 

overextende d applicatio n o f  analogie s (10] .  T o comba t  th e negativ e effect s o f  a  powerfu l  an d seductiv e singl e 

analogy ,  w e emplo y set s o f  integrate d multipl e analogies .  Wheneve r  a  sourc e concep t  i n a n analog y i s missin g 

importan t  aspect s o f  a  targe t  concept ,  o r  th e sourc e concep t  i s i n som e wa y misleadin g abou t  th e targe t 

concept ,  w e introduc e anothe r  analog y t o counterac t  thos e specifi c  negativ e effect s o f  th e earlie r  analogy . 

So, where we find that misconceptions about the nature of force production by muscle fibers often develop 

becaus e o f  a  c o m m o n analog y t o th e operatio n o f  rowin g crew s (sarcomer e "arms "  an d oar s bot h generat e 

forc e b y a  kin d o f  "pulling") ,  othe r  analogie s ar e introduce d t o mitigat e th e negativ e effect s o f  th e limite d 

rowin g cre w analog y [10] .  A n analog y t o turnbuckle s correct s misleadin g notion s abou t  th e natur e o f  relativ e 

movement  an d th e gros s structure s withi n th e muscle .  A n analog y t o "finge r  handcuffs "  cover s importan t 

informatio n missin g i n th e rowin g cre w analog y abou t  limit s o f  fiber  lengt h (th e elasti n coverin g o n muscl e 

fiber  bundle s constrict s a t  lon g lengths ,  stoppin g extensio n i n a  manne r  simila r  t o th e cross-hatche d finger 

cuff s whe n yo u tr y t o pul l  a  finger  ou t  o f  eac h end) .  A n d s o on .  A  composit e imagin g techniqu e tha t  help s 

th e use r  t o integrat e th e multipl e analogies ,  s o tha t  th e correc t  aspect s o f  eac h analog y ca n b e selectivel y 

instantiate d i n relevan t  context s o f  us e o f  th e targe t  concept ,  ha s als o bee n developed .  T h e procedur e 

facilitate s th e learnin g o f  a  concep t  (throug h th e pedagogica l  benefit s o f  analogy) ,  whil e maintainin g th e 

integrit y o f  th e concept' s complexitie s (b y usin g multipl e analogie s t o cove r  th e concept' s multifacetednes s 

and t o vitiat e th e forc e o f  incorrec t  aspect s o f  an y singl e analogy) .  (Als o se e [2]. ) 

Theory-based hypertext systems to implement the themes of advanced knowledge acquisition in ill-

structure d domains :  Th e importanc e o f  revisitin g an d rearrangin g i n th e developmen t  o f  multipl e 

representations .  M u c h o f  th e wor k o n compute r  hypertex t  system s ha s bee n drive n b y th e powe r  o f  th e 

technology ,  rathe r  tha n b y a  coheren t  vie w o f  th e cognitiv e psycholog y o f  nonlinea r  an d multidimensiona l 

learnin g an d instruction .  I n contrast ,  ou r  hypertex t  approache s hav e a  basi s i n cognitiv e theory-the y deriv e 

fro m th e theme s o f  Cognitiv e Flexibilit y  Theory .  A n d thei r  real m o f  operatio n i s specified ;  the y ar e especiall y 

targete d a t  advance d knowledg e acquisitio n i n ill-structure d domains .  (Ther e i s n o poin t  i n imposin g th e 

extr a cognitiv e loa d o f  nonlinearit y an d multidimensionalit y i f  th e domai n bein g studie d i s simpl e an d well -

structured ,  o r  i f  th e goal s o f  learnin g ar e th e mor e easil y attainabl e one s o f  introductor y treatments. )  W e wil l 

briefl y characteriz e ou r  approac h t o implementin g Cognitiv e Flexibilit y  Theor y i n compute r  hypertex t  systems . 

Our hypertext systems build multiple representations in a manner that can be understood using a metaphor of 

landscap e exploration .  Dee p understandin g o f  a  comple x landscap e wil l  no t  b e obtaine d fro m a  singl e 

traversal .  Similarl y fo r  a  conceptua l  landscape .  Rather ,  th e landscap e mus t  b e criss-crosse d i n m a n y direction s 
t o maste r  it s complexit y an d t o avoi d havin g th e fullnes s o f  th e domai n attenuate d [12,15] .  Th e sam e site s i n 

a landscap e (th e sam e case s o r  concept s i n a  knowledg e domain )  shoul d b e revisite d fro m differen t  directions , 
though t  abou t  fro m differen t  perspectives ,  an d s o on .  Ther e i s a  limi t  t o h o w m u c h understandin g o f  a 

comple x entit y ca n b e achieve d i n a  singl e treatment ,  i n a  singl e context ,  fo r  a  singl e purpose .  B y repeatin g th e 

presentatio n o f  th e sam e comple x cas e o r  concep t  informatio n i n ne w contexts ,  additiona l  aspect s o f  th e 

multifacetednes s o f  thes e "landscap e sites "  ar e brough t  out ,  enablin g th e kin d o f  ric h representation s 
necessar y i n a  comple x an d ill-structure d domain .  Thus ,  cognitiv e flexibility  i s fostere d b y a  flexible  approac h 
t o learnin g an d instruction .  Th e sam e conten t  materia l  i s  covere d i n differen t  ways ,  a t  differen t  times ,  i n 

orde r  t o demonstrat e th e potentia l  flexibility  o f  us e inheren t  i n tha t  conten t  ([11,12]) . 

3. Centrality of Cases. The more ill-structured the domain, the poorer the guidance for knowledge 

applicatio n tha t  "top-down "  structure s wil l  generall y provide .  Tha t  is ,  th e wa y abstrac t  concept s (theories , 

genera l  principles ,  etc. )  shoul d b e use d t o facilitat e understandin g an d t o dictat e actio n i n naturall y occurrin g 

case s become s increasingl y indeterminat e i n ill-structure d domains .  Th e applicatio n o f  knowledg e t o case s i n 

an ill-structure d domai n (i.e. ,  a  domai n i n whic h case s ar e individuall y multidimensional ,  an d irregularl y 

relate d on e t o th e next )  canno t  b e prescribe d i n advanc e b y genera l  principles .  Thi s i s because ,  i n ill -

structure d domains ,  ther e i s grea t  variabilit y  fro m cas e t o cas e regardin g whic h conceptua l  element s wil l  b e 

relevan t  an d i n wha t  patter n o f  combination .  I n a n ill-structure d domain ,  genera l  principle s wil l  no t  captur e 
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enough of the structured dynamics of cases; increased flexibility in responding to highly diverse new cases 

comes increasingl y fro m relianc e o n reasonin g fro m preceden t  cases . 

Thus, examples/cases cannot be assigned the ancillary status of merely illustrating abstract principles (and 

the n bein g discardable) :  th e case s ar e key-example s ar e necessary ,  an d no t  jus t  nic e [7,11,12] . 

4. Conceptual Knowledge as Knowledge-in-Use. Not only is it more difficult to count on top down 

prescription s fo r  performanc e i n n e w case s i n a n ill-structure d domai n (i.e. ,  abstrac t  concepts/theorie s 

inadequatel y determin e response s t o ne w cases) ,  bu t  ther e i s als o considerabl e indeterminatenes s i n definin g 

condition s fo r  accessin g conceptua l  structure s i n th e firs t  place ,  t o engag e th e guidanc e th e conceptua l 

structure s d o offer .  I t  i s  no t  tha t  abstrac t  knowledg e ha s n o rol e i n ill-structure d domains ,  bu t  tha t  it s  rol e i s 

highl y intertwine d wit h tha t  o f  case-centere d reasoning .  Pu t  anothe r  way ,  i n a n ill-structure d domai n ther e 

wil l  b e greatl y increase d variabilit y  acros s case s i n th e wa y th e sam e concep t  i s use d o r  applied .  Thu s i t  i s 

harde r  t o ge t  fro m feature s o f  case s t o th e concept s tha t  migh t  nee d t o b e applie d t o thos e cases .  A n d i t  i s 

harde r  t o appl y a  concept ,  onc e accessed ,  i f  i t  ha s m a n y differen t  kind s o f  use s acros s cases-concept s mus t  b e 

tailore d t o thei r  applicatio n contexts .  T h e Wittgensteinia n dictu m tha t  meanin g i s determine d b y us e clearl y 

applie s i n ill-structure d domains .  I f  a  concept' s meanin g i n us e canno t  b e determine d universall y acros s case s 

(a s i n a n ill-structure d domain) ,  the n on e mus t  pa y m u c h mor e attentio n t o th e detail s o f  h o w th e concep t  i s 

used—knowledg e i n practice ,  rathe r  tha n i n th e abstrac t  [11,12,15] . 

In  medical training, this issue of variability and combination in concept instantiation has an obvious implication 

fo r  th e traditiona l  difficult y o f  integratin g th e biomedica l  basi c scienc e part s o f  th e curriculu m wit h th e clinica l 

parts .  Physicians '  practic e woul d b e improve d i f  i n problemati c situation s the y coul d appl y th e interactin g 

basi c biomedica l  scienc e concept s tha t  underli e th e clinica l  situatio n tha t  i s posin g th e problem .  However ,  i t  i s 

ver y difficul t  fo r  medica l  student s t o lear n h o w t o ge t  t o th e basi c scienc e concept s fro m clinica l  presentin g 

features ,  partl y becaus e o f  th e grea t  variabilit y  acros s clinica l  case s i n th e wa y thos e concept s ge t  instantiated . 

A ke y featur e o f  ou r  Cardioworl d Explore r  hypertex t  i s tha t  i t  permit s th e learne r  t o selectivel y examin e th e 

ful l  rang e o f  use s o f  an y selecte d basi c scienc e concep t  (o r  an y selecte d combinatio n o f  concepts )  acros s case s 

wit h differin g clinica l  features ,  teachin g th e pattern s o f  concep t  applicatio n an d thu s facilitatin g acces s t o 

conceptua l  informatio n i n clinica l  context s (a s wel l  a s fosterin g a n understandin g o f  th e differen t  way s tha t  a 

give n concep t  ha s t o b e tailore d t o b e clinicall y  relevant) . 

Again, in an ill-structured domain the meaning of a concept is intimately connected to its patterns of use. 

W h en th e use s (instances ,  cases )  o f  th e sam e concep t  hav e a  comple x an d irregula r  distributio n (i.e. ,  th e 

domai n i s ill-structured) ,  adequat e prepackage d prescription s fo r  prope r  activatio n o f  th e concep t  canno t  b e 

provide d (i.e. ,  concep t  instantiatio n i s  non-routine) .  Instead ,  greate r  weigh t  (tha n i n a  well-structure d domain ) 

must  b e give n t o activatin g concept s i n a  ne w cas e b y examinatio n o f  famil y resemblance s acros s th e feature s 

of  pas t  case s tha t  hav e bee n calle d (labele d a s instance s of )  tha t  concept . 

5. Schema Assembly (from Rigidity to Flexibility). In an ill-structured domain, emphasis must be shifted 

fro m retrieva l  o f  intact ,  rigid ,  precompile d knowledg e structures ,  t o assembl y o f  knowledg e fro m differen t 

conceptua l  an d preceden t  cas e source s t o adaptivel y fi t  th e situatio n a t  han d [9,12] .  Thi s follows ,  again ,  fro m 

characteristic s o f  ill-structure d domains .  Sinc e ill-structurednes s implie s kind s o f  complexit y an d irregularit y 

tha t  militat e agains t  th e us e o f  knowledg e structure s tha t  assum e routinizabilit y  acros s cases ,  th e rol e o f  intac t 

schem a retrieva l  mus t  b e diminished-greate r  across-cas e difference s caus e a  necessar y declin e i n th e abilit y  o f 

any large ,  singl e precompilatio n t o fi t  a  wid e variet y o f  cases .  I n comple x an d ill-structure d domains ,  on e 

canno t  hav e a  prepackage d schem a fo r  everything !  A s ill-structurednes s increases ,  th e us e o f  rigid  knowledg e 

structure s (i.e. ,  th e sam e precompile d knowledg e structur e use d fo r  man y cases )  mus t  b e replace d h y flexible, 

recombinabl e knowledg e structures .  Fo r  an y particula r  case ,  man y smal l  precompile d knowledg e structure s 

wil l  nee d t o b e used .  A n d ther e wil l  b e relativel y littl e repetitio n o f  pattern s acros s case-specifi c  assemblie s o f 

thes e smalle r  piece s o f  precompile d knowledge .  Accordingly ,  i n knowledg e acquisitio n fo r  cognitiv e flexibility , 

th e "storag e o f  fixe d knowledg e i s devalue d i n favo r  o f  th e mobilizatio n o f  potentia l  knowledge "  ([12] ,  p .  181) . 

(Se e als o [8]. ) 
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6.  Noncompartmentalizatio n o f  Concept s an d Case s (Multipl e Interconnectedness) .  Becaus e o f  th e 

comple x an d irregula r  wa y tha t  abstrac t  conceptua l  feature s weav e throug h cases/example s i n ill-structure d 

domains ,  knowledg e canno t  b e neatl y compartmentalized .  I n orde r  t o enabl e th e situation-dependent , 

adaptiv e schem a assembl y fro m disparat e knowledg e source s tha t  characterize s cognitiv e flexibility ,  thos e 

multipl e source s mus t  b e highl y interconnected .  Concept s canno t  b e treate d a s separat e "chapters. " 

Retroactiv e assembl y o f  independentl y taught ,  an d noninterrelated ,  constituen t  conceptua l  aspect s to o ofte n 

fails .  Also ,  althoug h case s hav e t o b e focuse d o n separately ,  s o tha t  th e complexit y o f  cas e structur e i s 

conveyed ,  the y shoul d no t  b e taugh t  i n jus t  tha t  way-connection s acros s case s mus t  als o b e established . 

Rathe r  tha n relegatin g concept s o r  case s t o separat e compartments ,  chapters ,  an d s o on ,  ou r  system s striv e 

fo r  multipl e interconnectednes s (o f  case s an d concepts )  alon g multipl e conceptua l  an d clinica l  dimensions . 

Our approach to fostering multiple interconnectedness of knowledge representations in our hypertexts is to 

cod e cas e segment s wit h a  multidimensiona l  vecto r  indicatin g th e relevanc e o f  a  variet y o f 

thematic/conceptua l  dimension s t o tha t  cas e segmen t  [11] .  (Positiv e value s i n th e vecto r  als o poin t  t o 

commentary ,  providin g exper t  guidanc e abou t  th e natur e o f  th e conceptua l  dimension' s instantiatio n i n tha t 

particula r  cas e segment ;  thi s help s wit h th e proble m o f  teachin g conceptua l  knowledge-in-us e discusse d 

earlier) .  Then ,  a s th e hypertex t  progra m guide s th e learne r  i n criss-crossin g th e domain' s "landscape, "  b y 

explorin g pattern s o f  overla p i n th e vector s fo r  differen t  cas e segments ,  knowledg e representation s ar e buil t 

u p i n whic h part s o f  case s ar e connecte d wit h man y part s o f  othe r  cases ,  alon g man y conceptual/theoretica l 

dimension s o f  case-segmen t  similarity .  I n tha t  way ,  man y alternativ e path s ar e establishe d t o ge t  fro m on e 

par t  o f  th e overal l  knowledg e bas e t o an y othe r  par t  o f  th e knowledg e bas e tha t  aspect s o f  som e futur e cas e 

m ay signa l  a s relevant .  Thus ,  th e potentia l  fo r  flexible ,  situation-adaptiv e schem a assembl y i s fostere d (alon g 

wit h suc h othe r  virtue s a s th e establishmen t  o f  multipl e route s fo r  m e m o r y acces s t o an y nod e i n th e system) . 

So, for example, in the Cardioworld Explorer segments of clinical cases are encoded with a vector of clinical 

and basi c biomedica l  scienc e theme s tha t  ar e relevan t  t o eac h segment .  Th e syste m ca n the n establis h 

connection s betwee n a  segmen t  o f  on e cas e an d segment s o f  man y othe r  cases ,  alon g th e variou s (conceptua l 

and clinical )  themati c dimension s represente d i n th e vector .  I n case-base d instruction ,  i t  i s ofte n tru e tha t 

ther e ar e important ,  instructiv e relationship s betwee n a n aspec t  o f  on e cas e an d aspect s o f  others .  Suc h 

relationship s ar e rarel y brough t  out .  O u r  hypertex t  system s captur e thes e man y lesson s tha t  ar e misse d i n 

stric t  case-by-cas e (o r  problem-by-problem )  instruction .  I n a n ill-structure d domain ,  facilitatin g retrieva l  o f 

multipl e (partial )  precedent s i s important ,  becaus e understandin g wha t  t o d o i n a  give n cas e contex t  wil l 

usuall y requir e referenc e t o mor e tha n an y singl e prototype-th e cas e i n questio n wil l  b e "kin d o f  lik e thi s 

earlie r  one ,  kin d o f  lik e tha t  one, "  an d s o on .  Also ,  understandin g o f  th e cas e i n questio n wil l  requir e tha t 

variou s concept s b e brough t  t o bea r  an d integrated ;  this ,  too ,  i s facilitate d b y th e multipl e conceptua l  codin g 

scheme employe d i n ou r  systems . 

There are several other benefits of the multiple-conceptual coding of multiple case segments. A 

power/efficienc y advantag e i s tha t  i t  allow s th e hypertext s t o automaticall y generat e larg e number s o f  lesson s 

(man y "landscap e criss-crossings") .  If ,  fo r  example ,  eac h o f  2 0 case s i s divide d int o a n averag e o f  1 0 cas e 
segments ,  eac h wit h a  valu e o n 1 5 relevan t  themati c dimensions ,  ther e i s a  many-fol d increas e i n th e numbe r 

of  possibl e automatizabl e instructiona l  comparison s an d contrast s tha t  result s fro m havin g 20 0 cas e segment s 

(instea d o f  2 0 ful l  cases )  intertwine d b y relationship s i n th e 15-slo t  vector . 

Also, the use of case segments prevents the subsumption to a "common denominator" that occurs when 
large r  structura l  unit s ar e used :  a n interestin g loca l  elemen t  o f  a  cas e wil l  ten d t o ge t  los t  i f  i t  ha s feature s 
tha t  ar e no t  presen t  i n othe r  part s o f  th e cas e (whe n th e monolithi c cas e i s th e structura l  unit) .  Usin g smal l 

cas e segment s (minicases )  help s t o retai n th e pluralit y  o f  situations . 

There is another virtue of the division into case segments and the multidimensional coding of the segments 

tha t  relate s t o keepin g cas e understandin g fro m bein g overl y simplified .  I n a n ill-structure d knowledg e 

domain ,  b y definition ,  ther e i s sufficien t  variabilit y  acros s case s (du e i n par t  t o th e interactio n o f  th e man y 
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factor s tha t  mak e u p comple x cases )  tha t  th e se t  o f  case s tha t  migh t  b e nominall y groupe d togethe r  unde r 

some schem a o r  classificatio n wil l  b e greatl y variabl e i n thei r  particulars .  A  case ,  instea d o f  bein g represente d 

as on e kin d o f  thing ,  conveyin g on e kin d o f  "lesson, "  i s  instea d clearl y show n t o th e learne r  t o t o b e man y 

things .  Case s o f  th e sam e nomina l  typ e hav e differen t  segment s o r  scene s tha t  ar e demonstrate d no t  t o b e th e 

same,  an d eac h o f  th e segment s i s show n t o hav e multipl e significances .  Therefore ,  th e c o m m o n temptatio n 

t o nes t  case s uniquel y unde r  a  singl e superordinat e conceptua l  categor y wil l  b e resisted ,  makin g i t  les s likel y 

tha t  th e comple x relationship s amon g case s i n a  domai n wil l  b e artificiall y  regularized .  I n a n ill-structure d 

domain ,  case s ar e relate d t o man y differen t  concept s o f  th e domain ,  an d i t  promote s dysfunctiona l 

simplificatio n t o hierarchicall y nes t  o r  "slot "  case s unde r  singl e conceptua l  categorie s (e.g. ,  "Th e followin g 

case s ar e example s o f  X  [only]") .  W h e n ther e i s considerabl e across-cas e variability ,  a s ther e wil l  b e i n a n ill -

structure d domain ,  cognitiv e flexibilit y  require s tha t  cas e informatio n b e code d conceptuall y fo r  th e man y 

differen t  kind s o f  us e tha t  ne w situation s ma y require . 

The thematic coding scheme and the landscape criss-crossing system of instruction result in a weblike multiple 

interconnectednes s o n multipl e dimension s tha t  i s  no t  subjec t  t o th e limitation s o f  instructio n tha t  i s 

characterize d b y a  singl e organizationa l  slant .  Instea d o f  a  singl e tex t  wit h a  singl e organizationa l  schem e an d 

a singl e sequencin g o f  comparison s an d contrasts ,  ou r  hypertext s allo w th e sam e informatio n t o b e 

automaticaill y  reconfigure d accordin g t o a  hug e numbe r  o f  possibl e organizationa l  schemes ,  determine d b y 

usin g subset s o f  th e multipl e themati c codin g space-ou r  hypertext s enabl e th e virtuall y limitles s automati c 

generatio n o f  ne w tex t  configurations .  Becaus e o f  th e richnes s o f  ill-structure d domain s suc h a s biomedica l 

science ,  eac h o f  thes e tex t  configuration s teache s som e case -  (experience- )  grounde d lesson s tha t  woul d no t 

hav e bee n taugh t  (o r  easil y see n i f  taught )  fro m anothe r  text' s organizationa l  perspective .  Suc h additiona l 

experience s an d perspective s ar e alway s helpfu l  i n a  comple x domain- a physicia n neve r  learn s al l  tha t  i t  woul d 

be helpfu l  t o lear n (whic h i s wh y additiona l  experienc e i s alway s value d i n a  physician) .  Hypertex t  system s lik e 

th e Cardioworl d Explore r  systematicall y consolidat e th e proces s o f  acquirin g experience . 

Yet another virtue of the multiple interconnectedness along multiple dimensions of the representations that 

ou r  system s buil d ha s t o d o wit h th e proble m o f  reciproca l  misconceptio n compoundin g tha t  w e hav e 

observe d i n ou r  studie s o f  medica l  student s an d physician s [6,7] .  Misconception s bolste r  eac h othe r  an d 

combin e t o for m seductivel y entrenche d network s o f  misconception .  O u r  approac h help s t o forestal l  th e 

developmen t  o f  misconceptio n network s b y developin g a  kin d o f  positiv e reciprocation .  Becaus e correctl y 

conceive d representation s wit h a  hig h degre e o f  multipl e interconnectednes s ar e established ,  th e fres h entr y o f 

fallaciou s knowledg e a t  an y nod e i n th e weblik e networ k wil l  fire  of f  s o man y connection s tha t  i t  woul d b e 

likel y t o activat e som e misconception-disablin g correc t  knowledge .  Befor e yo u ca n g o to o fa r  wrong ,  yo u ar e 

likel y t o touc h somethin g tha t  set s yo u right . 

7. Active Participation, Tutorial Guidance, and Adjunct Support for the Management of Complexity. In an 

ill-structure d domain ,  knowledg e canno t  jus t  b e hande d t o th e learner .  A  prior i  codification s o f  knowledg e 

ar e likel y t o misrepresent .  (Tha t  i s par t  o f  wha t  ill-structurednes s means. )  Henc e th e importance , 

increasingl y widel y recognize d today ,  o f  activ e learne r  involvemen t  i n knowledg e acquisition ,  accompanie d b y 

opportunisti c guidanc e b y exper t  mentor s (whic h ca n b e incorporate d i n a  compute r  program-i t  doe s no t 

hav e t o b e live ,  one-to-on e guidance) .  Furthermore ,  aid s mus t  b e provide d t o hel p th e learne r  manag e th e 

adde d complexit y tha t  come s wit h ill-structure .  O u r  hypertex t  program s allo w learner s t o explor e comple x 

conceptua l  landscape s i n man y directions ,  wit h exper t  guidanc e an d variou s kind s o f  cognitiv e suppor t  (e.g. , 

integrate d visua l  displays) .  W h e n ther e ar e limit s t o th e explici t  transmissio n o f  knowledge ,  learner s wil l  nee d 

specia l  kind s o f  hel p i n figuring  thing s ou t  fo r  themselves ,  (se e [1 ,  4,12]. ) 

Recapitulation: A Shift from Single to Multiple Representations and from Generic 

S c h e m a Retrieva l  t o Situation-Specifi c  K n o w l e d g e A s s e m b l y 

In general, we argue that the goals of advanced knowledge acquisition in complex and ill-structured domains 

ca n bes t  b e attaine d (an d th e problem s w e hav e identifie d avoided )  b y th e developmen t  o f  menta l 
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representation s tha t  suppor t  cognitiv e flexibility.  Centra l  t o th e cultivatio n o f  cognitiv e flexibilit y  ar e 

approache s t o learning ,  instruction ,  an d knowledg e representatio n that :  (a )  allo w a n importan t  rol e fo r 

multipl e representations ;  (b )  vie w learnin g a s th e multidirectiona l  an d multiperspectiva l  "criss-crossing "  o f 

case s an d concept s tha t  m a k e u p comple x domains '  "landscapes "  (wit h resultin g interconnectednes s alon g 

multipl e dimensions) ;  an d (c )  foste r  th e abilit y  t o assembl e divers e knowledg e source s t o adaptivel y fi t  th e 

need s o f  a  particula r  knowledg e applicatio n situatio n (rathe r  tha n th e searc h fo r  a  precompile d schem a tha t 

fits  th e situation) .  W e sugges t  tha t  theory-base d compute r  hypertex t  system s ca n implemen t  th e goal s an d 

strategie s o f  Cognitiv e Flexibilit y  Theory ,  engenderin g multipl e cognitiv e representation s tha t  captur e th e 

real-worl d complexitie s o f  th e kind s o f  case s t o whic h abstrac t  conceptua l  knowledg e mus t  b e applied . 
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Introductio n 

In the present paper we will provide a brief discussion of how the appeal to formal 

models ,  eve n use d a t  th e conceptua l  level ,  ca n lea d t o "ne w direction s i n cognitiv e agin g 

research" .  Followin g th e lea d o f  Salthous e (1988) ,  on e o f  ou r  goal s i s t o encourag e 

effort s t o develo p an d utiliz e forma l  model s tha t  lea d t o testabl e hypothesi s concernin g 

age-relate d cognitiv e p h e n o m e n a .  O u r  primai y focu s i s o n th e explanator y an d 

predictiv e utilit y  o f  a  specifi c  mode l  fo r  consolidatin g otherwis e confusin g age-relate d 

practic e effect s i n visual ,  m e m o r y ,  an d hybri d visual/memor y searc h tasks . 

Cognitive Aging Research 

A review of the literature on differential age-effects in perceptual learning leads to 

a suggestio n o f  th e ag e independenc e o f  searc h i n a  consisten t  mapp in g ( C M )  tas k a s 

wel l  a s th e ag e dependenc e o f  performanc e i n varie d mapp in g ( V M )  searc h tasks-"- .  I t  i s 

importan t  t o not e tha t  ther e ar e tw o genera l  assertion s m a d e i n th e cognitiv e agin g 

literatur e whic h ar e relevan t  t o th e presen t  discussion .  Firs t  i s  th e assumptio n tha t  age -

relate d deficit s ar e du e t o reduction s i n controlle d processin g ability ,  efficienc y o f 

processing ,  etc .  Followin g thi s view ,  V M searc h effect s shoul d diffe r  a s a  functio n o f 

age .  Second ,  i t  i s  assume d tha t  automati c processe s ar e s o m e h o w i m m u n e t o th e 

deleteriou s effect s o f  aging .  I t  i s  tru e tha t  automati c processe s develope d prio r  t o 

senescenc e m a y no t  declin e wit h age ,  a s ha s bee n demonstrate d i n lexica l  primin g 

studie s an d th e maintenanc e o f  Stroo p interferenc e effects .  However ,  th e assertio n tha t 

th e characteristic s o f  C M search ,  whic h lea d t o th e developmen t  o f  automati c processes , 

d o no t  diffe r  a s a  functio n o f  ag e ha s no t  bee n agree d upon . 

1 Consistentl y mappe d practic e involve s searchin g fo r  specifi c  stimul i  whic h alway s evok e th e sam e 

respons e whe n the y occur .  Fo r  example ,  i n visua l  search ,  wheneve r  th e targe t  lette r  'A '  appear s i n a  displa y 

i t  alway s require s th e sam e respons e fro m th e subject .  Whe n stimul i  ar e variabl y mappe d (VM) ,  i.e. ,  stimul i 

requir e response s tha t  constantl y chang e durin g training ,  automati c processin g doe s no t  develo p an d 

performanc e show s littl e change .  Fo r  example ,  i n V M training ,  o n on e tria l  th e lette r  'A '  migh t  serv e a s a 

target ,  an d therefor e requir e a  specifie d response ,  whil e o n anothe r  tria l  th e lette r  'A '  woul d serv e a s a 

distractor ,  an d therefor e b e ignore d b y th e subject .  Schneide r  an d Shiffri n (1977 )  demonstrate d tha t  C M 

practic e wa s a  necessar y requisit e fo r  automati c proces s development . 
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I n general ,  previou s researcher s hav e inferre d tha t  simila r  C M learnin g curve s earl y 
i n practic e (indexe d b y a  nonsignifican t  Ag e X  Practic e Sessio n interaction )  implie d 
tha t  bot h youn g an d ol d adult s wer e developin g automati c processin g a t  th e sam e rate . 
The logi c o f  tha t  ar^men t  presuppose s tha t  al l  ag e group s wil l  eventuall y develo p 
equivalen t  automati c processin g o f  th e C M traine d stimul i  (e.g. ,  Madden ,  1983 ;  Plud e 
& Hoyer ,  1981) .  Wit h ver y fe w exception s (e.g. ,  Salthous e &  Somberg ,  1982) ,  previou s 
researc h examinin g effect s o f  C M trainin g o n youn g an d ol d subjects '  performanc e ha s 
provide d relativel y littl e practice ;  tha t  is ,  th e experiment s hav e no t  bee n carrie d ou t 
ong enoug h t o determin e i f  th e automati c processe s d o actuall y develo p i n bot h ag e 

groups . 

When extended CM and VM practice is provided to young and old adults, the 
result s ar e surprisin g i n ligh t  o f  th e assumption s existin g i n th e literature .  Recently ,  w e 
(Fisk ,  M c G e e ,  &  Giambra ,  i n press ;  Fisk ,  Rogers ,  &  Giambra ,  1987 ;  Roger s &  Fisk , 
1988 )  examine d th e influenc e o f  ag e o n a  rang e o f  performanc e measure s fo r 
consistentl y mappe d an d variabl y mappe d visual/memor y searc h tasks .  Tha t  researc h 
extende d th e previou s researc h examinin g age-effect s i n perceptua l  searc h task s b y 
providin g extende d practic e (a t  leas t  4,00 0 C M an d 4,00 0 V M trials) ,  requirin g subject s 
t o perfor m comple x semantic-categor y searc h tasks ,  an d examining ,  within-subjects ,  C M 
relativ e t o V M performance .  I n al l  cases ,  earl y i n practice ,  th e youn g an d ol d subjects ' 
performanc e wa s simila r  t o tha t  see n i n othe r  studies ;  tha t  is ,  improvin g C M searc h 
performanc e fo r  bot h ag e group s (measure d b y reactio n time ,  respons e tim e variability , 
and decreasin g compariso n slopes )  an d a  nonsignifican t  Ag e X  Practic e Sessio n 
interaction .  However ,  lat e i n practice ,  th e result s sugges t  tha t  qualitativ e ag e 
difference s exis t  fo r  C M performance ;  tha t  is ,  i n additio n t o th e fac t  tha t  olde r  adult s 
ar e slowe r  (quantitativel y different )  tha n youn g adults ,  th e patter n o f  performanc e 
improvemen t  als o differs .  Althoug h th e olde r  subjects '  reactio n tim e decrease d wit h 
C M practice ,  ther e wa s comparativel y littl e reductio n i n reactio n time ,  compariso n 
slope ,  o r  respons e variability .  Thes e finding s hol d fo r  simpl e characte r  searc h a s wel l  a s 
th e mor e comple x semanti c categor y searc h task s (Fis k &  Rogers ,  1988) .  I t  i s als o 
importan t  t o not e that ,  wit h extende d practice ,  th e characteristic s o f  th e olde r  adults ' 
V M memor y scannin g an d visua l  searc h i s simila r  t o tha t  o f  th e youn g subjects .  No t 
onl y ar e th e pattern s o f  V M searc h performanc e equivalent ,  bu t  th e searc h rate ,  a s 
measure d b y th e slop e o f  th e functio n relatin g reactio n tim e t o numbe r  o f  comparisons , 
i s als o simila r  (als o se e Strayer ,  Wickens ,  &  Braune ,  1987) . 

As noted above, often a plea is made to some amount of reduced mental energy, 
reductio n i n controlle d processin g ability/efficiency ,  etc .  i n olde r  adult s i n orde r  t o 
accoun t  fo r  age-relate d difference s i n visual/memor y search .  Give n ou r  finding s o f 
age-relate d similaritie s i n V M searc h (mostl y dependen t  o n controlle d processing )  an d 
age-relate d difference s afte r  extende d C M searc h (indicativ e o f  age-relate d difference s 
i n automati c proces s development) ,  th e previou s explanation s ar e no t  appealing . 
Severa l  question s remai n t o b e answered .  W h y d o youn g an d ol d adult s sho w 
equivalen t  learnin g earl y i n practic e an d subsequen t  divergenc e lat e i n practice ? W h y 
i s i t  tha t  onl y th e youn g adult s sho w automati c C M targe t  detection ? Th e resolutio n o f 
thes e question s mus t  b e foun d i n orde r  t o explai n age-relate d disruptions ,  eithe r  partia l 
or  complete ,  o f  automati c proces s development . 
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Potentia l  answer s t o th e abov e question s ma y b e foun d throug h th e us e o f  a  forma l 
model  o f  informatio n processing .  Th e mode l  whic h seem s t o accoun t  fo r  th e apparentl y 
discrepan t  dat a discusse d abov e i s a  hybri d connectionist/productio n syste m mode l 
(Schneider ,  1985 ;  Schneide r  &  Detweiler ,  1987) .  Th e forma l  modelin g approac h 
propose d b y Schneide r  an d hi s colleague s represent s a  hybri d o f  tw o majo r  approache s 
modelin g cognitiv e mechanisms :  connectionis t  model s (fo r  a  revie w se e McClelland , 
Rumelhart ,  &  Hinton ,  1986 ;  Schneider ,  1987 )  an d productio n syste m processin g model s 
(e.g. ,  Anderson ,  1983) .  Whil e th e utilizatio n o f  thi s mode l  fo r  th e explanatio n o f 
empirica l  dat a ma y see m inherentl y pos t  hoc ,  th e mode l  doe s mak e uniqu e an d testabl e 
prediction s concernin g age-relate d effect s i n visual/memor y search .  Therefore ,  w e ca n 
us e thi s approac h no t  onl y t o consolidat e th e cognitiv e agin g dat a alread y available ,  bu t 
als o t o driv e th e directio n o f  futur e researc h t o furthe r  investigat e age-relate d 
differences . 

A Hybrid Connectionist/Production System Model: Conceptually Defined 

Schneider's hybrid model proposes two types of learning mechanisms: associative 
and priorit y learning .  I t  i s assume d tha t  thes e tw o differen t  type s o f  learnin g ca n occu r 
durin g C M practic e an d tha t  bot h type s o f  learnin g ar e necessar y i n orde r  fo r  th e C M 
traine d stimul i  t o automaticall y attrac t  attention .  Associativ e learnin g develop s prio r  t o 
priorit y learnin g an d i s accomplishe d vi a a  modifie d Hebb-typ e learnin g rul e (Stone , 
1986 )  b y whic h a n inpu t  associativel y evoke s o r  retrieve s a n outpu t  messag e tha t  ca n b e 
transmitte d fo r  additiona l  processin g (e.g. ,  "re d light "  retrieve s "pres s brak e pedal") . 
Wit h associativ e learning ,  th e learnin g mechanis m change s th e connectio n weight s 
betwee n th e inpu t  an d outpu t  informatio n transmission s s o tha t  th e give n inpu t  tend s t o 
evok e th e associate d output .  Associativ e learnin g i s responsibl e fo r  th e unitizatio n o f 
memory-sets ,  categorizatio n (e.g. ,  increasin g strengt h o f  connection s betwee n semanti c 
categor y exemplar s an d th e highe r  leve l  category) ,  an d increasin g connection s betwee n 
targe t  item s an d require d responses .  A s associativ e learnin g develop s performanc e 
improvement s ar e expecte d becaus e ther e i s a  decreas e i n th e nee d t o pre-loa d workin g 
memory wit h individua l  memor y se t  item s an d th e response s associate d t o thos e items . 

If a deficient associative learning mechanism were the locus of age effects in CM 
searc h the n ol d subject s shoul d sho w n o learnin g durin g C M search .  However ,  previou s 
studie s demonstrat e C M learnin g earl y i n practic e fo r  bot h ag e groups .  Thu s th e dat a 
argu e agains t  th e associativ e learnin g mechanis m a s th e primar y sourc e o f  age -
dependen t  C M searc h effects .  I f  associativ e learnin g i s affecte d t o som e degre e b y age , 
tha t  disruptio n doe s no t  appea r  sufficien t  t o explai n th e ag e difference s see n afte r  long -
ter m C M practice . 

The other learning mechanism, priority learning, is hypothesized as a mechanism 
tha t  modifie s whether ,  an d ho w strongly ,  a  give n messag e wil l  b e transmitted .  Priorit y 
learnin g i s a n associatio n o f  a  messag e t o a  metri c o f  it s  importance .  Message s wit h 
hig h priorit y ar e transmitte d t o highe r  level s o f  processing ;  thus ,  priorit y learnin g 
provide s acces s o f  informatio n fo r  follow-o n processin g (e.g. ,  "re d light "  -  strongl y 
transmit s th e associate d messag e "pres s brake "  t o effec t  a n action) .  A  messag e wil l  hav e 
hig h o r  lo w relevanc e a s a  functio n o f  it s  "priorit y  tag" .  Th e valu e o f  th e priorit y ta g i s 
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determine d b y th e numbe r  o f  positiv e transmission s o f  th e messag e relativ e t o negativ e 
or  nul l  event s associate d wit h th e messag e transmissio n (e.g. ,  a  matc h respons e i n a 
searc h tas k [ a positiv e event ]  relativ e t o a  negativ e controlle d processin g even t 
processin g wit h n o matc h an d n o response]) .  Eac h positiv e even t  result s i n th e priorit y 

ta g valu e bein g incremente d an d eac h negativ e even t  result s i n a  decremen t  o f  th e 
priorit y  tag .  Consisten t  practic e woul d lea d t o continua l  incrementin g o f  th e priorit y 
ta g fo r  targe t  stimul i  (whe n detected )  an d decrementin g o f  th e priorit y fo r  distracto r 
stimuli .  Continue d C M practic e woul d lea d t o a  segregatio n o f  stimul i  suc h tha t  thos e 
stimul i  wit h hig h priorit y tag s (consisten t  targets )  woul d becom e "foreground "  an d 
stimul i  wit h ver y lo w priorit y tag s (consisten t  distractors )  woul d becom e "background" . 
Withi n th e hybri d connectionis t  model ,  pur e automati c processin g (processin g withou t 
contro l  proces s assistance )  i s no t  possibl e withou t  sufficien t  priorit y learning .  A 
combinatio n o f  bot h associativ e an d priorit y learnin g allow s stimu U t o b e filtere d an d 
message s transmitte d withou t  contr o processin g assistance ;  hence ,  stimul i  ca n 
automaticall y attrac t  attention .  I f  "priority "  wer e maintaine d b y simpl y increasin g o r 
decreasin g th e associate d connectio n weight s (i.e. ,  simpl y associativ e learning )  the n a 
decremen t  i n "priority "  woul d entai l  a  concurren t  los s o f  associativ e connection s thereb y 
implyin g a  memor y loss .  However ,  developin g a  ver y lo w priorit y ta g t o exemplar s o f  a 
C M categor y suc h a s "four-foote d animals "  doe s no t  impl y forgettin g th e meanin g o f 
"cat "  o r  tha t  i t  i s a n exempla r  o f  th e category . 

Given the necessity of the priority learning mechanism for the attainment of 
automaticity ,  an d th e apparen t  inabilit y  o f  ol d adult s t o develo p automaticity ,  i t  seem s 
logica l  t o focu s researc h effort s o n thi s mechanis m i n a n effor t  t o understan d age -
relate d decrement s i n extended-practic e experiments .  Not e tha t  th e disruptio n o f  th e 
priorit y chang e mechanis m nee d no t  b e all-or-non e t o yiel d th e ag e effect s w e hav e 
observed .  Indeed ,  a  slowin g i n th e priorit y chang e proces s would ,  t o som e extent ,  lea d 
t o a  slowin g i n automati c proces s development .  Therefore ,  althoug h w e hav e provide d 
ol d subject s wit h thousand s o f  trial s o f  practic e i n a n effor t  t o allo w th e developmen t  o f 
automaticit y (e.g. ,  Fisk ,  M c G e e &  Giambr a [i n press ]  gav e som e subject s a s man y a s 
12,00 0 trials) ,  i t  i s stil l  possibl e tha t  thousand s o f  trial s mor e migh t  b e necessar y i f 
indee d automati c proces s developmen t  i s simpl y slowe d a s a  functio n o f  age .  Ou r 
result s hav e show n tha t  ther e i s a n age-relate d chang e i n th e extended-practic e C M 
performanc e functio n whic h may ,  a t  th e ver y least ,  indicat e a  disruptio n i n th e priorit y 
earnin g mechanism . 

Conclusions and Future Directions 

The current conceptual framework based on the formal model of Schneider and his 
colleague s ca n explai n man y o f  th e previou s result s o f  age-relate d perceptua l  learning ^ 
suc h as :  1 )  Som e amoun t  o f  learnin g fo r  bot h youn g an d ol d group s o f  subject s wit h 
consisten t  practice ;  2 )  Qualitativel y equivalen t  performanc e earl y i n consisten t  practic e 
but  non-equivalen t  performanc e wit h extende d consisten t  practice ;  an d 3 )  Maintenanc e 
of  Stroo p interferenc e effect s o r  othe r  previousl y automatize d processe s suc h a s lexica l 

2 Not e tha t  thi s mode l  i s  derive d fro m youn g subjects '  dat a an d ha s bee n foun d t o mimi c th e practic e effect s 

whic h ar e typicall y foun d fo r  bot h C M an d V M practice . 
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access .  Ol d subjects '  improvemen t  i n C M search ,  relativ e t o V M search ,  i s expecte d 
give n a  relativel y intac t  associativ e learnin g mechanism .  However ,  th e fac t  tha t  thes e 
subject s demonstrat e a  failur e t o achiev e automati c processin g implie s a  concurren t 
inabilit y  t o sufficientl y chang e th e priorit y ta g values .  Maintenanc e o f  automati c 
processe s develope d prio r  t o operationa l  failur e i n th e priorit y mechanism ,  e.g. ,  color -
wor d Stroo p effect s (Cohn ,  Dustman ,  &  Bradford ,  1984) ,  arithmeti c stroo p effect s (Fis k 
& M c G e e ,  1987) ,  an d automati c activatio n o f  th e lexico n (Cerell a &  Fozard ,  1984 ; 
Chiarello ,  Church ,  &  Williams ,  1985 )  woul d b e unaffecte d b y age . 

We are therefore proposing that a failure of the priority tag mechanism may 
accompan y agin g whil e th e associativ e learnin g mechanis m remain s intact ,  o r  a t  leas t  i s 
not  completel y disrupted .  Thre e importan t  prediction s ma y b e generate d fro m thi s 
conceptualization .  Thes e prediction s ar e currentl y bein g teste d i n severa l  experiments . 
First ,  th e mode l  predict s tha t  ol d adult s shoul d b e abl e t o unitiz e (o r  develo p categorie s 
of )  stimulu s set s withou t  th e subsequen t  developmen t  o f  automatism .  Behaviorally ,  thi s 
shoul d resul t  i n reduce d compariso n slope s i n th e absenc e o f  othe r  indice s o f  automati c 
processin g o f  th e stimul i  a s demonstrate d b y dual-tas k o r  stimulu s reversa l  effects . 
Anothe r  predictio n o f  th e mode l  suggest s tha t  th e strengt h (i.e. ,  th e abilit y  t o "attract " 
attention )  o f  targe t  stimul i  relativ e t o distracto r  stimul i  shoul d diffe r  acros s youn g an d 
ol d subject s an d lea d t o difference s i n th e patter n o f  attentio n attractio n fo r  C M traine d 
stimul i  a s wel l  a s difference s i n variou s C M / V M target/distracto r  reversa l  effects .  A s 
predicte d b y th e model ,  i f  th e priorit y chang e mechanis m deteriorate s a s a  functio n o f 
age ,  les s "strength "  differenc e shoul d develo p betwee n C M targe t  an d C M distracto r 
stimul i  du e t o a  lessenin g abilit y  t o modif y th e priorit y o f  consisten t  target s relativ e t o 
th e consisten t  distractors .  Th e thir d predictio n i s tha t  well-learned ,  automatize d skill s 
develope d prio r  t o senescenc e shoul d b e difficul t  t o modify .  Again ,  thi s woul d occu r 
becaus e the ,  onc e appropriate ,  hig h priorit y o f  th e stimuli/response s woul d b e les s 
modifiabl e eve n i n th e fac e o f  new ,  consistent ,  contrar y practice .  Thi s predictio n i s 
bein g teste d b y examinin g th e attenuatio n o f  Stroo p interferenc e effect s a s a  functio n o f 
age an d practice . 

Although much of the present review has focussed on visual/memory search, the 
importanc e o f  th e mode l  i s i n it s apparen t  abilit y  t o accoun t  fo r  a  variet y o f  result s 
reporte d i n th e cognitiv e agin g literature .  Mor e importantly ,  th e adoptio n o f  thi s mode l 
has allowe d u s t o mak e strong ,  testabl e prediction s abou t  age-relate d performanc e 
unde r  specifiabl e conditions . 
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For decades psychologists have administered a variety of cognitive tasks 
and psychometri c intelligenc e test s t o adult s o f  al l  age s an d backgrounds . 
One goa l  i n thi s researc h wa s t o answe r  suc h globa l  cognitiv e developmenta l 
question s as :  I s ther e ineluctable ,  generalize d declin e i n cognitiv e 
performanc e wit h advancin g age ? Althoug h exception s ar e scattere d throughou t 
th e literature ,  on e frequentl y observe d resul t  i s  that ,  indeed ,  olde r  adult s 
perfor m wors e tha n younge r  adult s o n numerou s comple x cognitiv e tasks .  Prio r 
t o profferin g fir m conclusion s regardin g th e generalit y o f  aging-relate d 
decline ,  however ,  cognitiv e psychologist s hav e recentl y begu n t o examin e th e 
exception s t o th e apparen t  pattern .  I n s o doin g th e followin g argument s ar e 
among thos e tha t  hav e bee n noted :  (a )  Some longitudina l  studie s hav e detecte d 
substantia l  individua l  difference s i n rat e an d magnitud e o f  decline ;  (b )  Some 
cross-sectiona l  studie s hav e reporte d considerabl e overla p i n distributions , 
wit h som e olde r  adult s performin g a s wel l  o r  bette r  tha n som e younge r  adult s 
on selecte d tasks ;  (c )  Severa l  investigator s hav e note d tha t  th e trajectorie s 
of  chang e pattern s ar e no t  unifor m acros s domains ;  an d (d )  Severa l  observer s 
hav e identifie d a  discrepanc y betwee n th e apparen t  everyda y (includin g 
professiona l  an d leisure )  competenc y o f  man y norma l  olde r  adult s an d thei r 
relativel y lo w observe d performanc e o n numerou s laborator y cognitiv e task s 
(e.g. ,  Salthouse ,  1987) .  A  viabl e (albei t  vague )  conclusio n may b e that , 
althoug h cognitiv e agin g certainl y involve s declin e i n numerou s componen t  an d 
comple x cognitiv e processes ,  ther e i s som e evidenc e fo r  som e stabilizatio n fo r 
some peopl e i n som e tasks .  A  derivativ e researc h questio n the n becomes :  What 
ar e th e condition s unde r  whic h adult s migh t  develo p o r  maintai n highl y skille d 
level s o f  performanc e fo r  cognitivel y demandin g tasks ? I t  i s  thi s questio n 
tha t  th e presen t  brie f  repor t  addresses . 

The specifi c  cognitiv e activit y o f  interes t  i s  readin g an d recal l  o f 
prose .  I n thi s (a s i n other )  area s ther e i s som e evidenc e tha t  unde r  selecte d 
condition s typica l  ag e difference s (i n whic h youn g adult s perfor m a t  a 
superio r  leve l  t o olde r  adults )  may b e attenuate d fo r  particula r  performanc e 
measure s (e.g. ,  Dixo n &  Backman ,  i n press) .  Th e condition s considere d i n th e 
presen t  repor t  ar e thos e relate d t o th e experienc e o r  expertis e o f  olde r 
adults .  I n particular ,  th e interes t  i s  i n th e effect s o f  experienc e o r 
expertis e o n th e attenuatio n o f  ag e difference s i n measure s o f  pros e readin g 
and recall .  I t  i s  eviden t  tha t  researc h o n skille d discours e processin g an d 
pros e recal l  i s  no t  a s complet e o r  conclusiv e a s i t  i s  fo r  othe r  cognitiv e 
skills .  Thi s may b e du e i n par t  t o difficultie s i n providin g conceptua l 
constraint s o n a n ambiguou s skill ,  identifyin g an d measurin g th e performance s 
tha t  indicat e tha t  skill ,  identifyin g an d operationall y definin g th e 
components ,  an d modelin g th e connection s an d pattern s o f  influence .  Althoug h 
a forma l  mode l  i s a s ye t  unavailable, "  progres s i n identifyin g relevan t 
feature s o f  th e mode l  i s summarized . 
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SKILLED PROSE READING AND RECALL IN ADULTHOOD 
Ther e ha s bee n littl e empirica l  o r  forma l  analysi s o f  exceptiona l  pros e 

readin g an d memor y skill .  Th e wor k tha t  i s  availabl e range s fro m description s 
of  legendar y performance s stemmin g fro m th e ora l  traditio n o f  forme r  time s t o 
studie s o f  individua l  performance s o f  contemporar y actor s o r  memor y 
specialists .  I n a  previou s revie w (Dixo n &  Backman ,  i n press) ,  w e note d that , 
althoug h cognitiv e developmen t  i n adulthoo d wa s no t  a  majo r  concer n o f  mos t  o f 
th e availabl e studies ,  i n som e case s middle-age d an d olde r  adult s wer e foun d 
t o perfor m a t  highl y skille d levels .  I n th e fe w studie s tha t  hav e examine d 
pros e processin g skil l  an d adul t  age ,  expertis e wa s conceive d o f  withi n a 
norma l  rang e o f  functionin g an d usuall y a s a  variabl e wit h whic h t o compar e 
and differentiat e withi n an d acros s adul t  ag e groups .  Fo r  example ,  afte r 
identifyin g a  relevan t  skill ,  researcher s migh t  divid e ol d an d youn g adul t  ag e 
group s int o roughl y equivalen t  hig h an d lo w skil l  group s an d compar e the m o n 
selecte d measure s o f  readin g o r  recal l  o f  stories .  Thi s literatur e suggest s 
tha t  ther e ar e a t  leas t  tw o categorie s o f  skill s  (maintaine d i n adulthood ) 
tha t  coul d ac t  a s cognitiv e suppor t  system s fo r  readin g an d pros e memor y i n 
olde r  adults :  domai n specifi c  (e.g. ,  availabilit y  o f  pertinen t  prio r  knowledg e 
or  schemata )  an d domai n genera l  (e.g. ,  languag e experienc e an d verba l  skill) . 
Followin g a  brie f  summar y o f  on e stud y i n th e domai n specifi c  category ,  w e 
describ e recen t  effort s t o examin e th e influenc e o f  th e domai n genera l 
category . 

Prior Knowledge 
The presenc e o f  prio r  knowledg e abou t  th e conten t  o f  tex t  material s coul d 

make th e reade r  analogou s t o th e exper t  i n othe r  domain s o f  memor y (Ericsson , 
1986) .  Th e questio n i s whethe r  olde r  adult s can ,  lik e youn g adults ,  us e thei r 
prio r  knowledg e abou t  th e conten t  o f  passage s t o provid e a  semanticall y ric h 
contex t  i n whic h t o encod e an d retriev e th e informatio n actuall y presente d i n 
th e text .  A  subsequen t  question ,  o f  course ,  i s whethe r  successfu l  olde r 
adult s us e th e sam e mechanism s t o achiev e a  hig h performanc e level .  A n 
additiona l  questio n i s whethe r  unde r  thes e condition s the y perfor m a s wel l  a s 
younge r  adults ,  whethe r  expert s o r  novice s i n th e conten t  domain .  O f  th e tw o 
studie s ar e relevan t  t o thi s category ,  on e investigatin g th e effect s o f  prio r 
knowledg e an d memor y fo r  domain-specifi c  storie s i s summarize d (Hultsc h & 
Dixon ,  1983) .  I n thi s stud y w e devise d short ,  structurall y equivalen t 
biographica l  sketche s abou t  thre e entertainmen t  figure s fo r  who m young , 
middle-aged ,  an d olde r  adult s possesse d significantl y mor e o r  les s prio r 
knowledg e tha n di d thei r  counterpart s (th e figure s wer e Stev e Marti n (youn g 
adults) ,  Susa n Haywar d (middle-age d adults) ,  an d Mar y Pickfor d (ol d adults)) . 
A fourt h biographica l  sketc h o f  a n entertainmen t  figur e (Bo b Hope )  know n 
equivalentl y b y al l  thre e ag e group s wa s included .  Th e result s wer e 
encouragin g t o thi s lin e o f  investigation .  Specifically ,  althoug h ther e wa s 
an overal l  mai n effec t  fo r  ag e (i n favo r  o f  youn g adults) ,  th e ol d adult s 
performe d a s wel l  a s th e youn g adult s i n rememberin g wha t  the y ha d rea d o f  th e 
storie s abou t  Mar y Pickfor d an d Bo b Hope .  Give n certai n qualifications ,  thi s 
initia l  manipulatio n o f  expertis e permit s th e followin g interpretation .  Ag e 
difference s i n pros e recal l  performanc e may b e presen t  o r  absen t  dependin g o n 
th e leve l  o f  prio r  knowledg e regardin g th e to-be-remembere d materia l  possesse d 
by th e variou s ag e groups . 
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Language Experience and Verbal Skill 
The secon d categor y i s tha t  o f  languag e experienc e an d verba l  skill ,  bot h 

of  whic h may b e positivel y correlate d wit h adul t  age .  I t  i s  a  typica l  findin g 
tha t  experienc e wit h languag e an d measure s o f  verba l  abilit y  (e.g. ,  vocabular y 
score )  increas e wit h advancin g age .  Initia l  effort s t o examin e whethe r  suc h 
skill s  coul d suppor t  tex t  processin g i n olde r  adult s yielde d som e promisin g 
result s (e.g. ,  Dixon ,  Hultsch ,  Simon ,  &  vo n Eye ,  1984 ;  Meye r  &  Rice ,  1983) . 
I n on e o f  thes e studie s (Dixo n e t  al. ,  1984) ,  w e compare d hig h verba l  an d lo w 
verba l  younge r  an d olde r  adult s o n fre e recal l  o f  informatio n fro m a  serie s o f 
expositor y texts .  Ther e wer e clea r  mai n effect s fo r  ag e (i n favo r  o f  youn g 
adults) ,  verba l  skil l  (i n favo r  o f  hig h abilit y  adults) ,  an d leve l  o f 
informatio n (wher e mai n idea s wer e recalle d bette r  tha n subordinat e ideas) . 
For  presen t  purposes ,  th e mos t  pertinen t  findin g wa s a  three-wa y interactio n 
among age ,  verba l  ability ,  an d leve l  o f  information .  Fo r  hig h verba l  subject s 
(an d no t  lo w verba l  subjects )  ther e wer e n o ag e difference s i n recal l  o f  th e 
mai n idea s o f  th e texts ,  bu t  ther e wer e ag e difference s a t  th e leve l  o f  tex t 
details .  Thus ,  hig h verba l  olde r  adult s wer e abl e t o identif y an d recal l  th e 
mai n idea s o f  thes e text s a s wel l  a s youn g adults ,  bu t  faile d t o remembe r  a s 
many o f  th e details . 

More recen t  effort s hav e bee n directe d a t  elaboratin g th e operationa l 
definitio n o f  languag e experienc e an d a t  expandin g th e domai n o f  respons e 
measures .  Tw o recen t  project s ar e describe d i n somewha t  mor e detail .  I n th e 
firs t  project ,  a n hypothesi s pertainin g t o whethe r  experienc e wit h languag e 
and discourse ,  whic h increase s wit h norma l  agin g irrespectiv e o f  professiona l 
specialization ,  coul d contribut e t o th e developmen t  o f  aging-relate d cognitiv e 
compensator y processin g mechanisms .  Th e secon d projec t  i s  distinguishe d fro m 
th e firs t  i n tha t  languag e experienc e o f  a  mor e specifi c  variet y i s examine d 
i n term s o f  it s  potentia l  contributio n t o maintenanc e o f  cognitiv e performanc e 
levels .  I n thi s project ,  adult s wh o hav e ha d regula r  experienc e a t 
remembering ,  analyzing ,  an d recordin g th e "narratives "  o f  dail y lif e (i.e. , 
diarists )  wer e teste d o n a  serie s o f  cognitiv e tasks . 

Metaphori c Processin g a s Potentia l  Compensator y Component :  I n a  recen t 
chapter ,  w e describe d a  conceptualizatio n o f  cognitiv e compensation , 
especiall y a s i t  applie d t o th e are a o f  pros e readin g an d recal l  (Dixo n & 
Backman,  i n press) .  A  brie f  overvie w o f  th e logi c o f  thi s conceptualizatio n 
follows .  Pros e readin g an d recal l  may b e considere d mola r  cognitiv e tasks , 
th e successfu l  performanc e o f  whic h require s competenc e i n numerou s molecula r 
components .  Severa l  component s o f  fluen t  readin g an d pros e recal l  hav e bee n 
identifie d (e.g. ,  Baddeley .  Logie ,  Nimmo-Smith ,  &  Brereton ,  1985) .  I n norma l 
(young )  adult s whe n suc h component s (a s indicate d by ,  e.g. ,  workin g memor y 
span ,  lexica l  decision ,  an d lette r  matchin g tests )  ar e operatin g effectivel y 
fluen t  pros e readin g an d recal l  may result .  Ther e i s considerabl e evidence , 
however ,  tha t  olde r  adult s hav e impaire d abilitie s i n suc h components . 
Decrement s i n thes e component s shoul d hav e th e effec t  o f  diminishin g 
performanc e level s o n th e mola r  tasks .  A s note d above ,  however ,  ther e ar e 
some condition s unde r  whic h olde r  adult s see m t o hav e maintaine d relativel y 
hig h performanc e level s fo r  readin g an d pros e recal l  tasks .  Thi s maintenanc e 
of  mola r  performanc e level s coul d b e du e t o maintenanc e o f  performanc e o n th e 
molecula r  component s o r  t o th e activatio n o f  substitutabl e molecula r 
component s o r  relate d skills .  I n brief ,  i f  olde r  adults ,  sufferin g decrement s 
i n th e typica l  components ,  emplo y substitutabl e molecula r  component s i n 
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processing prose materials then cognitive compensation may be indicated. In a 
serie s o f  studie s w e examine d hypothese s derive d fro m thi s logi c (se e Dixo n & 
Backman,  i n press ,  fo r  a n overview) . 

The firs t  stud y wa s designe d t o investigat e whethe r  preliminar y evidenc e 
fo r  suc h compensatio n coul d b e observe d i n a  larg e sampl e o f  unselecte d youn g 
and olde r  adults .  Give n tha t  ther e i s som e evidenc e fo r  a  generalize d aging -
relate d increas e (o r  a t  leas t  maintenance )  i n metaphori c processin g 
(specifically ,  metapho r  interpretation) ,  w e reasone d that ,  fo r  olde r  adult s 
who perfor m relativel y poorl y o n typica l  molecula r  components ,  thi s skil l 
migh t  suppor t  performanc e i n readin g an d rememberin g metaphori c (bu t  probabl y 
not  nonmetaphoric )  passages .  Give n certai n limitation s i n th e desig n o f  th e 
study ,  a  particula r  patter n o f  age-relate d result s wa s require d befor e a n 
inferenc e o f  compensatio n coul d b e mad e (se e Dixo n &  Backman ,  i n press) .  Thi s 
patter n include d th e followin g elements :  (a )  Positiv e correlation s betwee n 
measure s o f  molecula r  component s an d mola r  tasks ;  (b )  Significan t  ag e 
difference s (youn g >  ol d adults )  o n th e molecula r  tasks ;  (c )  Positiv e 
correlation s (fo r  ol d adults )  betwee n metapho r  interpretatio n an d mola r  tasks ; 
(d )  Significan t  ag e difference s (ol d >  youn g adults )  o n metapho r 
interpretation ;  (e )  Significan t  ag e difference s (youn g >  ol d adult s o n pros e 
recal l  measure s fo r  nonmetaphori c passages) ;  an d (f )  Significan t  ag e 
difference s (ol d >  youn g adults )  o r  ag e grou p equivalenc e o n pros e recal l 
measure s fo r  metaphori c passages . 

Material s pertainin g t o eac h o f  th e logica l  element s (an d predictions ) 
wer e administere d t o a  sampl e o f  youn g ( n =  70 ;  M ag e =  25. 6 years )  an d ol d ( n 
= 66 ;  M ag e =  68.8  years )  normal ,  community-dwellin g adults .  Of  th e fou r 
structurall y equivalen t  texts ,  tw o wer e metaphori c an d tw o wer e nonmetaphoric . 
Participant s wer e aske d t o rea d eac h passage ,  rat e eac h o n a  serie s o f 
dimensions ,  an d the n re-tel l  (i n writing )  th e passage s i n thei r  ow n words . 
Among th e respons e measure s fo r  thi s re-tellin g o f  th e passage s wer e th e 
following :  (a )  gis t  recall ,  (b )  elaborations ,  o r  extra-tex t  statement s tha t 
ar e consisten t  wit h th e topic ,  (c )  metaphorica l  statement s no t  originall y i n 
th e texts ,  an d (d )  macrostatement s o r  summar y statements .  Componen t  task s 
wer e adapte d fro m thos e describe d elsewher e i n th e literatur e (e.g. ,  Baddele y 
et  al. ,  1985) .  Wit h respec t  t o gis t  recall ,  th e result s matche d closel y th e 
predicte d patter n but ,  becaus e o f  tw o critica l  variation s fro m th e pattern , 
di d no t  provid e eve n preliminar y evidenc e o f  compensatio n vi a preserve d skil l 
i n metapho r  interpretation .  Th e variation s were :  (a )  althoug h ol d adult s 
performe d bette r  tha n youn g adult s o n metapho r  interpretation ,  thei r 
performanc e o n thi s tas k wa s generall y uncorrelate d t o thei r  performanc e o n 
th e pros e processin g measures ,  an d (b )  youn g adult s performe d bette r  tha n ol d 
adult s o n rememberin g proposition s fro m bot h metaphori c ( M =  12. 0 vs .  5.0 , 
respectively )  an d nonmetaphori c ( M =  13. 5 vs .  7.9 ,  respectively )  passages . 
Wit h respec t  t o th e othe r  respons e measures ,  i t  wa s foun d tha t  fo r  tw o o f  the m 
(elaboration s an d metapho r  production )  youn g an d ol d adult s performe d a t 
equivalen t  levels .  Tw o qualification s discourag e a n interpretatio n o f 
compensatio n i n th e cas e o f  thes e importan t  variables :  (a )  metapho r 
interpretatio n wa s generall y uncorrelate d wit h thes e measure s a s well ,  an d (b ) 
th e frequenc y o f  incidence s wa s quit e smal l  fo r  bot h youn g an d ol d adults . 

We ar e concentratin g o n tw o complementar y interpretations .  First ,  give n 
tha t  metaphori c skil l  i s  no t  a  unitar y construct ,  metapho r  interpretatio n may 
dra w o n a  differen t  aspec t  tha n doe s metaphori c pros e memory .  Thi s may 
accoun t  fo r  th e fac t  tha t  th e tw o variable s ar e empiricall y unrelated .  I n 
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another recent study, similar results were found for recall of metaphoric 
sentences .  A  secon d possibl e interpretatio n i s tha t  th e conceptua l  analysi s 
was overdrawn .  Th e relationshi p may work ,  bu t  onl y fo r  a  selec t  sample ,  no t 
fo r  th e unselecte d sampl e describe d above .  On e avenu e presentl y bein g pursue d 
i s th e analysi s o f  individua l  olde r  adults ,  eac h o f  who m ha s a n unusua l 
constellatio n o f  professiona l  an d leisur e experience s i n manipulatin g an d 
usin g languag e (e.g. ,  editors ,  linguists ,  an d lawyers) .  A s a  firs t  ste p i n 
thi s direction ,  dat a fro m highl y skille d (o n metapho r  interpretation )  olde r 
adult s fro m th e abov e stud y wer e selecte d fro m th e sample .  Te n subject s 
constitute d thi s selec t  grou p o f  metaphoricall y skille d olde r  adults .  Thei r 
mean score s o n al l  tex t  performanc e measure s (fou r  storie s b y si x measures ) 
wer e compare d t o thos e fo r  th e remainin g ol d subjects ,  a  similarl y selec t 
grou p o f  youn g subjects ,  an d th e tota l  grou p o f  youn g subjects .  Th e selec t 
olde r  subject s performe d a t  a  uniforml y highe r  leve l  tha n th e remainin g ol d 
subject s an d i n som e case s a s hig h a s th e tota l  grou p o f  youn g subjects .  I n 
addition ,  th e correlationa l  patter n wa s considerabl y differen t  fo r  th e selec t 
grou p o f  ol d subject s tha n fo r  th e unselecte d youn g an d ol d samples .  Th e 
correlation s betwee n th e tw o domain s o f  variable s range d fro m -. 7 t o . 7 (a s 
compare d t o predominantl y zer o orde r  correlation s fo r  th e unselecte d groups) . 
Our  tentativ e conclusio n i s tha t  furthe r  analysi s o f  individua l  olde r  adults , 
wit h extende d informatio n o n thei r  languag e experienc e an d on-lin e measure s o f 
readin g an d recal l  activities ,  i s  i n order . 

Diary-keepin g a s Potentia l  Conpensator y Experience :  I n a  recen t  stud y 
(Dixon ,  Fox ,  &  Gould ,  1988 )  w e sough t  t o examin e a  se t  o f  languag e experience s 
associate d wit h a  variet y o f  diary-keepin g activities .  Ther e wer e thre e majo r 
objectives .  Th e firs t  goa l  wa s t o develo p measure s o f  experienc e i n diar y 
keeping .  Give n suc h measure s i t  woul d b e possibl e t o construc t  a n operationa l 
definitio n o f  diary-keepin g styl e o r  (possibly )  skill .  Th e secon d goa l  wa s t o 
develo p procedure s an d task s fo r  measurin g a  serie s o f  cognitiv e 
characteristic s associate d wit h diary-keepin g practice .  Th e thir d goa l  wa s t o 
examin e th e exten t  t o whic h diary-keepin g experienc e wa s associate d wit h (o r 
woul d support )  performanc e b y olde r  adult s o n selecte d tasks ,  arraye d o n a 
continuu m fro m thos e tha t  wer e designe d t o b e closel y relate d t o diary-keepin g 
activit y (nea r  transfer )  t o thos e tha t  wer e no t  (contro l  o r  fa r  transfe r 
tasks) .  A  globa l  expectatio n wa s tha t  continua l  practic e a t  remembering , 
analyzing ,  an d recordin g one' s ow n dail y event s (o r  th e narrativ e o f  one' s 
dail y life )  woul d b e relate d t o performanc e o n suc h task s as :  (a )  Productio n 
of  diar y entrie s fo r  presente d hypothetica l  events ,  (b )  Chronologica l  orderin g 
of  randoml y presente d list s o f  activities ,  (c )  Recallin g list s o f  dail y lif e 
events ,  (d )  Recallin g narrativ e storie s o f  dail y lif e an d a  busines s dilemma , 
and (e )  Solvin g lif e problem s presente d a s diar y entries .  I n thi s summar y w e 
wil l  mentio n onl y result s pertainin g t o tas k (d) .  I t  shoul d b e noted ,  then , 
tha t  tw o narrativ e storie s presente d a s diar y entrie s o f  fictitiou s 
protagonist s experiencin g mino r  lif e crise s an d on e structurall y equivalen t 
stor y describin g a  ne w busines s i n th e mids t  o f  a n importan t  decisio n wer e 
presente d t o th e participants .  Subject s wer e aske d t o thin k alou d a s the y 
offere d thei r  solution s t o th e dilemma s i n eac h story .  Th e recal l  o f  th e 
stimulu s storie s wa s therefor e a n incidenta l  task .  I n addition ,  on e control , 
normed narrativ e stor y wa s presente d t o eac h subjec t  wit h instruction s t o rea d 
and intentionall y remembe r  th e informatio n presente d therein . 
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Young (n = 15, M age = 26.2 years) and old (n = 15, M age = 61.9 years) 
adul t  nondiarist s an d youn g ( n =  15 ,  M ag e =  24. 5 years )  an d ol d ( n =  15 ,  M 
age =  60. 6 years )  adul t  diarist s wer e teste d individuall y o n a  serie s o f 
cognitiv e tasks .  Fou r  measure s o f  diary-keepin g experienc e wer e developed . 
The firs t  wa s a  simpl e measur e o f  duratio n (i n consecutiv e months )  o f  regula r 
diar y keepin g experience .  Althoug h man y o f  th e (nondiarist )  respondent s ha d 
kep t  a  diar y fo r  som e perio d o f  tim e a t  on e o r  mor e point s i n thei r  lives , 
diarist s ( M =  205. 4 months )  ha d significantl y mor e experienc e tha n nondiarist s 
( M =  9. 4 months) .  Initia l  analyse s o f  th e pros e processin g dat a wer e 
concentrate d o n th e ag e an d experienc e (diarist/nondiarist )  factors ,  wher e th e 
latte r  facto r  wa s define d i n thi s simpl e way .  Overall ,  younge r  adult s 
recalle d a  greate r  proportio n o f  proposition s fro m th e text s tha n di d olde r 
adults .  Althoug h severa l  interaction s pertainin g t o othe r  dependen t  measure s 
wer e encouragin g t o th e lin e o f  investigation ,  fo r  th e tex t  recal l  measure s 
th e ol d subject s performe d similarly ,  whethe r  the y wer e diarist s o r  not .  Fo r 
example ,  ag e difference s wer e attenuate d fo r  proportio n o f  proposition s 
recalle d o f  th e diar y entrie s (youn g >  ol d b y 4%)  a s compare d t o th e busines s 
proble m (youn g >  ol d b y 13%)  an d th e narrativ e (youn g >  ol d b y 14%) . 
Subsequen t  analyse s concentrate d o n th e adul t  ag e an d experienc e factors , 
wher e th e latte r  wa s operationall y define d i n term s o f  diary-keepin g styl e (a s 
measure d b y self-rating s o f  ow n diar y entrie s an d b y independen t  rating s o f 
produce d diar y entries) .  Usin g a  composit e measur e o f  diary-keepin g styl e o r 
skil l  w e foun d tha t  selec t  olde r  diarist s wer e amon g th e highes t  performin g 
individual s o n som e o f  th e comple x cognitiv e tasks .  I n wha t  wa y woul d suc h 
measure s o f  diary-keepin g styl e o r  skil l  b e relate d t o th e pros e processin g 
measures ? T o investigat e thi s questio n w e compute d hierarchica l  multipl e 
regressions .  Entere d i n th e firs t  bloc k fo r  eac h dependen t  measur e wer e 
selecte d predicto r  component s (o r  mai n effects) :  verba l  ability ,  age ,  and ,  a s 
appropriate ,  th e variou s measure s o f  diary-keepin g experience .  Th e 
interaction s (produc t  variables )  wer e entere d i n th e secon d block .  Th e mai n 
result s may b e summarize d a s follows .  When onl y th e diarist s (youn g an d old ) 
wer e include d i n th e analysis ,  th e composit e "skill "  variabl e wa s no t  a 
significan t  predicto r  o f  pros e recal l  performance .  When al l  subject s wer e 
included ,  however ,  duratio n o f  diar y keepin g an d produce d diar y styl e (a s 
rate d b y independen t  observers )  wer e ofte n significan t  predictor s and , 
furthermore ,  interacte d wit h ag e an d verba l  ability . 

Give n th e desig n o f  thi s study ,  i t  i s  impossibl e t o disentangl e competin g 
potentia l  causa l  relationships .  I t  appears ,  however ,  tha t  ther e i s a 
recoverabl e relationshi p betwee n diary-keepin g experience—whic h i s a n 
activit y that ,  a t  th e ver y least ,  require s frequen t  an d regula r  us e o f 
language ,  recal l  an d formulatio n o f  naturall y occurrin g an d varyin g 
narratives ,  an d practic e a t  writin g suc h passages—an d cognitiv e performance . 
Additiona l  analyse s hav e bee n directe d a t  th e exten t  t o whic h thi s 
relationshi p i s observe d i n far-transfer ,  a s wel l  a s near-transfer ,  tasks . 

SUMMARY 
As a  fiel d o f  inquiry ,  th e cognitiv e psycholog y o f  adulthoo d an d agin g 

has undergon e numerou s conceptua l  shift s an d empirica l  revelations .  T o som e 
exten t  th e transition s hav e ru n paralle l  t o thos e apparen t  i n relate d area s 
of  th e cognitiv e sciences .  I n thi s pape r  w e hav e summarize d som e recen t 
effort s t o understan d a  particula r  constellatio n o f  mechanism s an d influence s 
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on specific examples of complex cognitive functioning. A paramount (and 
complicating )  concer n i s wit h change s i n th e mechanisms ,  influenc e patterns , 
and cognitiv e performanc e level s tha t  occu r  a s a  functio n o f  advancin g age . 
The genera l  issu e w e hav e focusse d o n i n thi s repor t  i s  th e condition s unde r 
whic h norma l  ol d adult s migh t  maintai n skill s  i n readin g an d memor y fo r  prose . 
We hav e suggeste d elsewher e (Dixo n &  Backman ,  i n press )  tha t  ther e ar e 
individua l  difference s i n (a )  th e leve l  attaine d i n suc h demandin g cognitiv e 
activities ,  (b )  whethe r  th e skil l  i s  maintained ,  an d (c )  th e cognitiv e profil e 
(o r  reason s for )  th e maintenance .  I t  i s  possibl e tha t  som e olde r  adult s may 
rel y o n th e sam e molecula r  component s (i n th e performanc e o f  mola r  tasks )  a s 
younge r  adults .  I t  i s  als o possibl e tha t  som e olde r  adult s may compensat e 
(eithe r  deliberatel y o r  automatically )  vi a substitutio n o f  alternative ,  aging -
related ,  cognitivel y supportiv e skill s  (o r  component s thereof) -

Afte r  summarizin g som e previou s work ,  w e describe d briefl y tw o set s o f 
studie s pertainin g t o th e us e o f  experienc e (an d compensation )  i n readin g an d 
memory fo r  prose .  I n bot h i t  wa s foun d tha t  globa l  hypothese s regardin g th e 
importanc e o f  language-relate d experienc e o r  skil l  wer e no t  supported . 
Instead ,  mor e specific ,  fine-graine d analyse s o f  th e components ,  experience , 
and th e mola r  skil l  produce d mor e promisin g results .  We ar e no t  prepare d t o 
answer  th e questio n o f  whethe r  experienc e i n readin g an d relate d activitie s 
suppor t  skille d level s o f  performanc e throughou t  adulthood .  Base d o n th e mor e 
recen t  analyse s o f  th e abov e data ,  however ,  w e ar e confiden t  i t  i s  a  questio n 
worth y o f  continue d conceptua l  an d empirica l  attention . 
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EFFECTS O F AGE AN D SKIL L O N DOMAIN-SPECIFI C VISUA L SEARCH 

Stephanie M. Clancy and William J. Hoyer 

Syracuse University 

I t  i s  frequentl y reporte d tha t  ther e i s a n age-associate d declin e i n 
visua l  searc h an d targe t  detectio n perfonnance .  Aqe-relate d decline s an d 
limitation s i n a  wid e variet y o f  capacitie s an d processin g resource s hav e 
bee n invoke d t o accoun t  fo r  adul t  ag e difference s i n visua l  informatio n 
processin g performance ,  suc h a s effortfu l  processin g (e.g. ,  Salthouse ,  i n 
press) .  However ,  olde r  adult s frequentl y sho w preserve d functio n whe n 
carryin g ou t  attentionally-demandin g visua l  searc h task s i n familia r  domain s 
(e.g. ,  se e Charness ,  1987 ;  Hoyer ,  1985 ;  Salthouse ,  1984) . 

Althoug h cognitiv e scienc e researcher s hav e studie d novic e versu s ex|)er t 
difference s i n a  variet y o f  domain s (e.g. ,  Chi ,  Feltovich ,  &  Glaser ,  1981 ; 
Lesqold ,  Rubinson ,  Feltovich ,  Glaser ,  &  Klopfer ,  i n press ;  Pate l  &  Groen , 
1986) ,  relativel y littl e attentio n ha s bee n give n t o th e stud y o f  th e 
interactio n o f  ag e an d skil l  i n accountin g fo r  differentia l  (o r  dissociable ) 
pattern s o f  visua l  informatio n processin g performance .  We repor t  th e result s 
of  a  stud y examinin g skill-relate d (novic e v s expert )  an d age-relate d (youn g 
vs middle-age d adults )  difference s i n visua l  searc h performanc e unde r 
single-tas k an d dual-tas k conditions .  Ou r  primar y ai m wa s t o examin e th e 
exten t  t o whic h skille d searc h performanc e require s les s capacit y fo r  expert s 
as compare d t o age-matche d controls ,  an d th e exten t  t o whic h ther e ar e 
age-relate d decline s i n genera l  searc h performance .  I t  wa s expecte d tha t 
younge r  an d middle-age d contro l  subject s woul d hav e longe r  reactio n time s an d 
highe r  erro r  rate s unde r  dual-tas k condition s o f  skille d visua l  searc h tas k 
compare d t o age-matche d experts ,  an d tha t  olde r  contro l  subject s woul d b e 
particularl y disadvantage d i n th e dua l  tas k conditio n canpare d t o olde r 
skille d subjects .  Th e skil l  domai n selecte d fo r  stud y involve d targe t 
detectio n i n visua l  display s o f  microbiologica l  materials . 

METHOD 

Subjects. Thirty-two female subjects at two age levels (young and 
middle-age d adults) ,  an d a t  tw o skil l  level s (medica l  technologist s an d 
contro l  group )  wer e teste d individuall y i n tw o one-hou r  sessions .  Tti e youn g 
adult s i n th e skille d grou p ha d a  mea n ag e =  26. 5 year s (rang e =  23-2 9 
years) .  Th e mea n ag e o f  th e middle-age d skille d individual s wa s 41. 6 year s 
(rang e 31-5 6 years) .  I n th e contro l  group ,  th e mea n ag e o f  th e younge r 
subject s wa s 21. 6 year s (rang e 20-2 6 years) .  Middle-age d contro l  subject s ha d 
a mea n ag e =  47. 0 year s (rang e 37-5 8 years) .  Score s o n Lauzon' s (1987 ) 
Clinica l  Microbiolog y Laborator y Tes t  fo r  th e medica l  technologist s range d 
fro m 70 % t o 100 % compare d t o 20 % t o 40 % fo r  th e contro l  subjects .  Al l 
subject s wer e i n goo d t o excellen t  healt h (base d o n self-report )  an d ha d 
visua l  acuit y o f  20/4 0 o r  bette r  (wit h correction )  a s measure d b y a n 
Orthorater . 
Desig n an d materials .  We use d a  dual-tas k procedur e t o examin e ag e an d skil l 
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differences j.n the attentional demands of visual search (e.q., see Loqan, 
1978 ;  Madden ,  1987) .  I n th e dua l  tas k condition ,  th e secondar y tas k wa s a 
simpl e ton e reactio n time ,  an d th e primar y tas k wa s a  comple x visua l  searc h 
reactio n tim e task .  Th e visua l  searc h tas k require d th e subjec t  t o mak e a 
decisio n abou t  th e presenc e o r  absenc e o f  a  tarqe t  o r  prob e ite m i n a 
previousl y presente d display .  Tw o type s o f  visua l  searc h task s (skjlle d an d 
qeneral )  wer e administere d usin g computer-drive n tachJstoscopi c display s t o 
al l  subject s unde r  single-tas k an d dual-tas k conditions .  Th e stimulu s 
iTiaterial s fo r  skille d visua l  searc h tas k consiste d o f  colo r  slide s (3 5 mm)  o f 
gra m stains .  Th e sample s use d a s stimul i  reflecte d pathogen s commonl y 
encountere d i n th e microbiolog y sectio n o f  a  clinica l  patholog y laboratory . 
Two block s o f  forty-eigh t  pair s o f  fiel d display s an d probe s wer e presented . 
Each o f  th e positiv e probe s ha d som e degre e o f  diagnosti c significance ,  an d 
eac h wa s a n exac t  cop y o f  par t  o f  th e fiel d display .  Th e stimulu s material s 
fo r  genera l  visua l  searc h consiste d o f  tw o block s o f  forty-eJgh t  pair s o f 
fiel d an d prob e displa y slides .  Stimul i  varie d alon g th e dirnensj.on s o f 
shading ,  size ,  shape ,  numbe r  o f  features ,  an d orientation .  Th e searc h 
display s consiste d o f  four ,  si x o r  eigh t  objects . 
Procedure .  Th e procedure s fo r  bot h visua l  searc h task s wer e a s follows :  1 )  A 
LED warnin g ligh t  wa s presente d fo r  10 0 ms a t  th e centra l  fixatio n point .  2 ) 
The visua l  displa y t o b e searche d wa s the n projecte d fo r  50 0 ms .  3 )  A  mas k 
of  blac k an d re d diagona l  line s wa s displaye d fo r  10 0 ms ,  followe d 
immediatel y b y a  centrally-presente d probe .  4 )  A  yes/n o respons e indicatin g 
th e presenc e o r  absenc e o f  th e prob e i n th e previou s visua l  displa y remove d 
th e probe .  5 )  Onse t  o f  th e LE D fo r  th e nex t  tria l  followe d afte r  a  variabl e 
intertria l  interva l  averagin g 1.7 5 se c (rang e 1.25-2.2 5 sec) .  Fo r  eac h 
searc h tas k an d bloc k o f  dual-tas k trials ,  ther e wer e 3 0 trial s i n whic h bot h 
ton e an d visua l  displa y wer e presente d an d 1 8 trial s i n whic h onl y a  visua l 
displa y wa s presented .  Durin g th e dual-tas k trials ,  ton e onse t  followe d th e 
visua l  displa y b y eithe r  100 ,  55 0 o r  70 0 ms .  Th e 3 0 tone-presen t  trial s 
containe d 1 0 trial s a t  eac h SOA value .  Th e orde r  o f  th e dual-tas k an d 
single-tas k trial s wa s randomize d withi n eac h bloc k o f  trial s an d th e 
presentatio n o f  tas k typ e wa s counterbalance d acros s subjects .  Viewin g 
condition s wer e binocula r  a t  approximatel y 5 5 cd/ m projecte d luminance . 

RESULTS 

For both skilled and qeneral visual search, median correct reaction 
times ,  proportiona l  ton e reactio n time s fo r  correc t  trials ,  an d erro r  rate s 
wer e calculate d fo r  eac h individual .  Separat e split-plo t  ANOVAs wer e compute d 
fo r  eac h measur e wit h ag e an d skil l  a s between-subject s factors ,  an d prob e 
typ e an d tria l  typ e (ton e presen t  vs .  ton e absent )  a s wjthin-subject s 
factors .  Th e simpl e R T dat a fo r  skille d visua l  searc h ar e displaye d i n Figur e 
1.  A  significan t  mai n effec t  o f  age ,  F  (-1,28 )  =  14.90 ,  MSe =  5921 ,  reveale d 
tha t  middle-age d subject s exhibite d longe r  reactio n time s (  M =  1460.3 1 ms , 
SD =  70.08 )  tha n younge r  subject s (  M =  938.1 0 ms ,  S D =  22.20) .  A  significan t 
age b y skil l  b y tria l  typ e (i.e. ,  ton e presen t  vs .  ton e absent )  interactio n 
was als o observed ,  F  (1,28 )  =  5.82 ,  MSe =  1612 .  A  tes t  o f  simpl e effect s 
reveale d tha t  i n th e middle-age d group ,  th e skil l  b y tria l  typ e interactio n 
was significant ,  F_ (1,14 )  =  4.62 ,  MSe =3086 .  A s show n i n Figur e 1 ,  th e 
middle-age d contro l  subject s wer e significantl y slowe r  (  M̂  =  1794.1 0 ms ,  S D = 
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24.72 )  durin g th e ton e presen t  trial s tha n th e middle-aqe d medica l 

technologist s (  m =  1267.5 0 ms ,  S D =  26.59) . 

1300 

1 111 n 

1600 

1500 

1400 

1300 

1200 

B "*° 
C 
-  100 0 
t 900 

: boo 

t 700 
O 
u 600 
m 
* 5t)0 
4«0 

300 

200 

100 

Medica l  Technologist s 
D Voun g 
•  Middl e Age d 

ConCrol* 
O IToun g 
•  Kiddl e Age d 

Tone Prcsen c Tone Absen t 

Tone Typ e 

Figur e >  .  Mea n Skille d Visua l  Sesrc h Reictlo n Tin *  (RT )  I n ms 
as a  Functio n o f  Tone ,  Skil l  an d Ag e I n Experloen t  II . 

400 



CLANCY AN D HOYER 

1.6 0 

1.50 

1.40 

« 1-30. 

^ 1.20 

J I.10 

*' 1.00 
e 
o 
-  0. 9 
u 
:  0. 8 

« 0.7 
e 
H 0. 6 
•: 0.5 
o 
o 
2 0. 4 
I o.^ 
O 
»•  0. 2 
0.1 

•  Medica l  Technologist s 

LJ Controls 

Koung Middl e Age d 

Age 

Figur e 2 .  Proportlons l  Ton e Reactio n Tim e (RT )  a s a 
Functio n o f  Ag e an d Skil l  I n Ezperlnen C I I 
Under  Skille d Visua l  Searc h Conditions . 

Proportiona l  ton e reactio n tim e dat a ar e displaye d i n Figur e 2 .  Analyse s 

reveale d a  significan t  mai n effec t  o f  age ,  F  (1,28 )  =  7.49 ,  MSe =  .5 1 wi t h 

middle-age d adult s havin g highe r  proportiona l  tone s (  M =  .80 ,  S D =  .57 )  tha n 

younge r  subject s (  M =  .52 ,  S D =  . 3 3 ) .  I n addit ion ,  a  mai n effec t  o f  prob e 

typ e J F (1,28 )  =  5.07 ,  MSe =  .1 4 wa s als o obtaine d i n whic h th e proport iona l 

reactio n tim e t o tone s durin g negativ e prob e trial s (  M =  .72 ,  S D =  .54 )  wa s 

highe r  tha n proportiona l  reactio n tim e t o tone s durin g positiv e prob e trial s 

(  M =  .60 ,  S D =  . 4 2 ) .  Analyse s als o reveale d a n ag e b y skil l  interaction ,  £ 

(1,28 )  =  10.41 ,  MSe =  .51 .  N o ag e effect s wer e observe d i n proportiona l  ton e 

i n th e medica l  technolog y group ,  F  (1,14 )  =  .32 ,  MSe =  .24 .  However ,  i n th e 

contro l  group ,  middle-age d subject s ha d significantl y large r  proport iona l 

ton e reactio n time s (  M =  1.07 ,  S D =  .67 )  tha n younge r  individual s (  M^  =  .45 , 

SD =  . 2 8 ) ,  F  (1,14 )  =  11.70 ,  MSe =  .77 . 
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For general visual search> no main effects of skill or interaction 
effect s involvin g skil l  wer e expected ;  no r  wer e the y obtained .  B y extendin g 
th e result s o f  previou s studie s o f  olde r  adult s (e.g. ,  se e Madden ,  1986) ,  th e 
dua l  tas k conditio n wa s expecte d t o b e relativel y mor e difficul t  fo r 
middle-age d subject s tha n fo r  younge r  adults .  A s predicted ,  ther e wa s a  mai n 
effec t  o f  age ,  £  (1,29 )  =  11.92 ,  wit h middle-age d subject s havin g longe r 
reactio n time s (  M =  1516.6 0 ms ,  S D =  53.13 )  tha n younge r  subject s (  M = 
1102.1 0 ms ,  S D =  27.52) .  Althoug h th e ag e b y dua l  tas k interactio n di d no t 
reac h significanc e base d o n th e analysi s o f  simpl e R T data ,  th e analysi s o f 
proportiona l  ton e R T di d yiel d a  statisticall y significan t  ag e b y dua l  tas k 
effect .  Sinpl e effect s an d othe r  interaction s base d o n th e analysi s o f 
proportiona l  reactio n time s an d error s supporte d th e expecte d findin g o f 
age-relate d declin e a s processin g demand s increased . 

DISCUSSION 

It is interesting that age differences in the efficiency of general 
visua l  searc h ca n b e foun d eve n whe n comparin g middle-age d subject s wit h 
youn g adults .  CXj r  result s rais e severa l  importan t  question s regardin g natur e 
of  age-relate d declin e i n domain-genera l  visua l  processin g i n th e absenc e o f 
age-relate d reduction s i n danain-specifi c  visua l  search .  Ther e ar e severa l 
ways o f  interpretin g th e beneficia l  effect s o f  th e observer' s domain-specifi c 
experienc e o n adul t  ag e difference s i n searc h performance .  First ,  consisten t 
wit h previou s work ,  domain-genera l  computationa l  processe s ar e susceptibl e t o 
age-relate d declin e becaus e the y requir e mor e o f  som e unspecifie d limite d 
capacity ,  bu t  onc e develope d les s o f  thi s genera l  capacit y i s require d fo r 
th e "ru n off "  o r  executio n o f  performanc e (Salthouse ,  1987) .  Althouq h i t  ma y 
be reasonabl e t o speculat e tha t  wit h advancin g age ,  ther e i s increase d 
constrain t  o n th e exten t  t o whic h genera l  computationa l  processe s ca n b e 
applie d t o specifi c  contents ,  i t  i s  difficul t  t o formaliz e suc h a n 
explanation . 

Alternatively ,  i t  ca n b e suggeste d tha t  i f  skille d observer s kno w wha t 
t o se e o r  loo k fo r  i n familia r  displays ,  the n compare d t o les s skille d 
observers ,  les s processin g tim e (and/o r  capacity )  i s  require d fo r  handlin g 
nonsalien t  information .  Tha t  is ,  compare d t o novices ,  skille d observer s us e 
differen t  (o r  fewer )  processin g component s t o perfor m th e sam e mola r  task . 
Thus ,  aqe-norma l  deficit s i n processin g spee d o r  capacit y ar e eithe r 
circumvente d o r  suc h processe s a s orientation ,  recognition ,  inpu t  analysis , 
filtering ,  search ,  comparison ,  an d othe r  normall y age-sensitive , 
capacity-demandin g processe s hav e sufficien t  lea d tim e t o "ru n off "  withou t 
noticeabl e deficit .  Fo r  example ,  ther e ma y b e reduce d susceptibilit y  t o 
distracto r  informatio n i n skille d domains .  Compare d t o younge r  adults ,  olde r 
adult s hav e bee n show n t o b e mor e susceptabl e t o th e effect s o f  nois e factor s 
whic h distur b th e receptio n an d processin g o f  incomin g signal s (e.g. ,  se e 
Lindhol m &  Parkinson ,  1983 ;  Sekule r  &  Ball ,  1986) .  Skille d olde r  observers , 
may b e abl e t o effectivel y "se e through "  nois e i n familia r  informatio n 
processin g tasks ,  eve n thoug h olde r  adult s ar e generall y mor e pron e t o nois e 
distractor s whe n searchin g unfamilia r  danains/displays .  I t  ma y b e tha t  th e 
disadvantageou s effect s o f  nois e ar e a t  minimu m fo r  experts ,  withi n a 
relativel y wid e ag e range ,  becaus e o f  th e benefit s o f  attentiona l  selectivit y 
and preparation ,  whic h attenuat e th e typica l  patter n o f  age-relate d 
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differences found when familiarity or preparation effects are not available 
(e.g. ,  se e Hoye r  &  Familant ,  1987) .  Tha t  is ,  domain-specifi c  searc h minimize s 
th e differentia l  effect s o f  distractor s o n ag e difference s i n visua l  search . 

I t  i s  als o reasonabl e t o sugges t  tha t  searc h performanc e i n skille d 
domain s involve s a  criterio n adjustmen t  a t  th e encodin g o r  identificatio n 
stage s o f  informatio n processing .  Familia r  contex t  may affec t  th e observer' s 
criterio n fo r  acceptin g partia l  stimulu s informatio n a s evidenc e fo r  th e 
presenc e o r  absenc e o f  a  probe .  Particula r  feature s o f  th e displa y ma y 
operat e a s prime s fo r  th e expert ,  whic h facilitat e th e encodin g an d stimulu s 
identificatio n processe s throug h networ k activatio n (e.g. ,  Chiarello ,  Church , 
& Hoyer ,  1985) .  Thus ,  skille d visua l  searc h performanc e ma y involv e 
increase d contextualizatio n an d th e activatio n o r  impositio n o f  usefu l 
constraint s o n th e processin g o f  visua l  information .  Althoug h i t  ma y b e 
usefu l  t o explai n ag e b y skil l  interaction s i n term s o f  contextua l  factor s 
whic h suppor t  acces s and/o r  retrieva l  o f  informatio n withi n domain s o f 
expertise ,  th e proble m remain s o f  criticall y testin g th e variou s availabl e 
explanation s o f  th e paradoxica l  effect s o f  ag e an d skil l  i n visua l  searc h 
performance . 
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A B S T R A CT 

Recent research has demonstrated the value of re-using old plans rather than creating plans from 
scratch .  Thi s approac h t o plannin g create s th e nee d fo r  efficien t  an d flexibl e pla n adaptatio n method s t o 
transfor m a  pas t  pla n t o fit  th e curren t  problem .  A  characteristi c o f  plan s i s tha t  the y ofte n fail .  Thi s 
create s th e nee d fo r  efficien t  an d flexible  pla n repai r  methods .  W e propos e a  unifor m treatmen t  o f  th e tw o 
issues ,  pla n adaptatio n an d repair ,  base d o n a  combinatio n o f  Case-Bas e Reasonin g an d heuristics .  Pla n 
adaptatio n involve s incrementa l  modificatio n o f  th e ol d plan ,  an d fixing  o f  anticipate d problem s throug h 
similarity-base d retrieva l  o f  case s tha t  suppl y appropriat e modifications .  Pla n repai r  involve s explanation -
base d retrieva l  o f  previou s failure s tha t  suppl y possibl e repairs .  A  selecte d repai r  i s  the n adapte d t o fit  th e 
curren t  failure .  Tli e propose d approac h give s a  planne r  th e flexibility  t o acces s a  broa d rang e o f 
adaptatio n an d repai r  strategie s no t  availabl e t o planner s tha t  us e eithe r  o f  th e tw o method s i n isolafion . 
The approac h ha s bee n implemente d i n th e P E R S U A D E R,  a  case-base d planne r  tha t  generate s an d repair s 
plan s t o resolv e labo r  managemen t  disputes . 

INTRODUCTION 

Recent research has demonstrated the value of re-using old plans rather than generating plans from 
scratc h [Alterma n 87 ,  H a m m o nd 86 ,  Simpso n 85 ,  Kolodne r  e t  al .  85 ,  Turne r  87] .  I f  a  planne r  want s t o 
re-us e plan s effectivel y i t  mus t  hav e way s o f  adaptin g a  previou s pla n t o fit  th e curren t  situafion .  Re -
usin g plan s i s especiall y usefu l  i n domain s tha t  ar e ill-define d an d hav e n o stron g causa l  theorie s o r 
well-understoo d empirica l  regularities .  On e consequenc e o f  thes e characteristic s i s tha t  solution s ma y fai l 
and ma y nee d repair .  Thi s pape r  addresse s th e issue s o f  pla n adaptatio n an d repair .  Th e propose d 
approac h involve s th e integratio n o f  Case-Base d Reasonin g (CBR )  an d heuristics . 

Adaptation in the past has been done using only heuristics (e.g., (Hammond 86]). We are using CBR in 
a nove l  way :  t o sugges t  mean s o f  adaptation .  Th e propose d proces s o f  comin g u p wit h a n initia l  solutio n 
i s a n incrementa l  proces s o f  adjustin g th e previou s pla n usin g C B R an d heuristics ,  an d anticipatin g 
possibl e failure s b y examinin g th e cas e memor y fo r  failure s tha t  hav e th e sam e feature s a s th e feature s i n 
th e curren t  problem .  Usin g C B R fo r  adaptatio n add s flexibility  since ,  a s mor e experieiKe s ar e acquired , 
th e planne r  ha s a n increasingl y large r  repertoir e o f  adaptation s tha t  i t  ca n choos e from .  I n plannin g fo r 
th e satisfactio n o f  multipl e goals ,  th e preceden t  pla n selecte d migh t  no t  mak e provision s fo r  a U inpu t 
goals .  C B R provide s mean s o f  adaptin g a  pla n tha t  sausfie s som e o f  th e goals ,  t o sausf y th e rest.  I n 
addition ,  sinc e case s incorporat e accumulate d expertis e an d changin g circumstances ,  th e propose d 
adaptation s ar e mor e closel y suite d t o a  curren t  problem . 

After a plan has been created, it is tried out in the world. If the plan fails, it needs to be repaired. Our 
approac h t o repai r  use s a n explanatio n fo r  th e failur e provide d b y environmenta l  feedback .  Thi s 
explanatio n i s use d t o inde x int o th e cas e memor y t o retrieve  an d adap t  th e repair  o f  previou s simila r 
failure s t o th e repair  need s o f  th e curren t  situation .  I n othe r  words ,  Case-Base d Reasonin g i n th e spac e o f 
failure s i s employed . 

T̂hi s researc h wa s funde d i n par t  b y th e Arm y Researc h Offic e unde r  contrac t  No .  DAA G 29-85-K-00230 . 
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The specim m o f  situation s wher e plan s wil l  fai l  canno t  b e anticipated .  Thus ,  us e o f  heuristic s o r 
hardwire d T O P s alon e (Hammon d 86 ,  Turne r  87 ]  d o no t  provid e a  flexibl e enoug h methodolog y fo r 
dealin g wit h faile d plans .  C B R i s mor e flexible ,  since ,  a s memor y i s enriche d wit h ne w experiences ,  ne w 
ways tha t  plan s ca n fai l  an d ne w repairs  becom e available .  Simpso n [Simpso n 85 ]  als o ha s use d C B R fo r 
failur e recover y an d repair.  Hi s approac h differ s fro m our s i n tha t  h e use s similarity-base d retrieval  o f 
faile d cases .  H a m m o nd [Hammon d 86 ]  finds  a n explanatio n o f  a  pla n failur e vi a a  se t  o f  causa l  rule s tha t 
describ e effect s o f  action s unde r  differen t  circumstances .  Th e explanatio n i s the n use d t o find a  plannin g 
T OP wit h repair  strategies .  I n ou r  model ,  th e explanatio n i s provide d vi a environmenta l  feedback .  Thi s i s 
realistic  fo r  proble m domain s wit h incomplet e an d changin g knowledg e an d n o stron g domai n model . 
For  suc h problems ,  automati c failur e explanatio n method s ar e no t  applicable .  Th e feature s o f  th e 
explanatio n ar e use d a s indice s t o retriev e previou s failure s an d acces s th e associate d repairs . 

Our approach is embedded in the computer program PERSUADER, which, acting as a labor mediator, 
resolves  conjunctiv e conflictin g goal s o f  a  uruo n an d compan y b y finding  compromise s acceptabl e t o 
them .  Althoug h th e progra m operate s i n th e domai n o f  labo r  relations ,  th e technique s i t  use s ar e domai n 
independent . 

THE PERSUADER 

The PERSUADER is a planner that integrates Case-Based Reasoning with Preference Analysis (a 
plannin g metho d base d o n multi-attribut e decisio n theor y [Sycar a 87 ,  Sycar a 88] )  t o creat e acceptabl e 
compromise s i n labo r  managemen t  contrac t  negotiations .  Th e P E R S U A D ER act s a s a  labo r  mediator .  It s 
tas k i s t o hel p th e disputant s arriv e a t  a  mutuall y acceptabl e compromis e pla n (contract) .  T o reach  it s 
goal ,  th e P E R S U A D ER mus t  pla n action s t o achiev e instrumenta l  reduction s i n th e differenc e betwee n 
th e parties '  positions .  Plannin g mus t  b e iterativ e an d reactive  becaus e knowledg e i s incomplet e (e.g. , 
model s o f  th e agents '  intention s mus t  b e inferred) ,  an d dynamicall y changin g (succes s i s me t  b y shift s i n 
position s whic h necessitate s furthe r  plarming) . 

The persuader's input is the set of conflicting goals (e.g., wages, pensions, holidays, seniority 
language ,  managemen t  rights )  o f  th e compan y an d it s loca l  union ,  an d th e contex t  o f  th e disput e (e.g. , 
economi c condition s i n th e industry ,  genera l  economi c condirions ,  informatio n abou t  th e disputants) .  It s 
final  outpu t  i s  eithe r  a n agree d upo n compromise ,  o r  a n indicatio n o f  inabilit y  t o solv e th e proble m i f  th e 
partie s t o th e disput e di d no t  reach  agreemen t  withi n a  particula r  numbe r  o f  proposal s (t o simulat e th e 
inabilit y  o f  th e partie s i n th e real  worl d t o reach  agreemen t  befor e a  strik e deadline) .  T o perfor m it s tasks , 
th e P E R S U A D ER use s knowledg e o f  pas t  negotiation s an d settlement s (cases) ,  knowledg e o f  th e labo r 
domain ,  an d commonsens e knowledg e o f  huma n goal s an d behavior .  Case s ar e indexe d i n memor y vi a 
salien t  domai n features ,  suc h a s th e industr y t o whic h th e compan y belongs ,  th e internationa l  unio n t o 
whic h th e loca l  belongs ,  th e geographica l  locatio n o f  th e company ,  th e unio n members '  jo b classification , 

and th e final  contracL^I n labo r  mediation ,  th e mos t  importan t  featur e i s th e industr y t o whic h th e 
company belongs .  Hence ,  i f  a  curren t  cas e involvin g a  competito r  i s  i n th e se t  o f  retrieved  cases ,  i t  i s  th e 
one use d a s a  basi s fo r  reasoning.  Th e concep t  o f  a  negotiatio n failur e i s a n impasse ,  a  situatio n wher e th e 
planne r  ha s propose d a  compromis e tha t  ha s bee n rejected  b y a t  leas t  on e agent .  A  lis t  o f  impasse s 
represent  th e negotiatio n process .  I n additio n t o salien t  domai n features ,  impasse s ar e indexe d b y th e 
failur e reaso n an d objectionabl e negotiatio n issue .  Associate d wit h impasse s ar e plan s use d t o repai r 
them . 

To construct an initial compromise, the PERSUADER (a) retrieves appropriate precedent cases from 
memory usin g th e feature s a s memor y probes ,  (b )  select s th e mos t  appropriat e case(s )  fro m thos e 
retrieved  usin g a n evaluatio n funcrio n base d o n a  prioritizatio n o f  th e features ,  (c )  accesse s th e pla n use d 
i n th e selecte d case ,  an d (d )  adapt s th e preceden t  pla n t o fit  th e curren t  situation . 

Once a proposal has been generated, the PERSUADER proposes it to the parties. If the parties agree, 
th e cas e memor y i s update d wit h a  successfu l  episode .  I f  a t  leas t  on e part y disagrees ,  th e P E R S U A D ER 
iterativel y perform s th e followin g tasks :  i t  generat e persuasiv e argument s t o chang e th e evaluatio n o f  th e 

^The PERSUADER'S memor y i s base d o n generalize d episode s [Kolodne r  e t  al .  85] . 
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objectin g part y wit h respec t  t o th e propose d compromise ,  o r  incrementall y repair s th e rejected 
compromis e t o increas e it s acceptability . 

The PERSUADER also stores failures along with the reason for failure (if one can be found) as well as 
dependencie s amon g decision s take n a t  differen t  lime s o f  th e negotiation .  Failure s ar e store d s o tha t  the y 
can b e recalle d i n situation s wit h simila r  feature s t o th e on e wher e th e failur e occurred ,  thu s warnin g th e 
proble m solve r  abou t  potentia l  problems ,  a s wel l  a s providin g appropriat e repairs.  Unlik e othe r  case -
base d planner s (e.g .  [Hammon d 86] )  tha t  onl y avoi d problem s tha t  the y ca n anticipat e a t  th e beginnin g o f 
planning ,  i n th e P E R S U A D E R,  warning/avoidanc e o f  problem s occur s a t  eac h decisio n point . 

PLAN ADAPTATION 

The plan adaptation process consists of the following steps: 

•  Adjus t  th e accesse d preceden t  pla n t o compensat e fo r  it s  dissimilaritie s fro m th e "ideal " 

preceden t  fo r  th e curren t  proble m 

• Modify the adjusted plan to take into account detailed information about the current problem 

• Anticipate failures of the modified plan and fix it appropriately 

Although we present the steps involved in plan adaptation as sequential, a reasoner may go through 
many iteration s o f  th e loo p i n orde r  t o construc t  a  suitabl e plan .  Thi s happen s becaus e a  contemplate d 
modificatio n ma y interac t  wit h th e alread y existin g par t  o f  th e plan .  I f  thi s interactio n canno t  b e fixed , 
anothe r  cas e ma y nee d t o b e retrieve d t o sugges t  a  mor e suitabl e modification . 

Precedent Adjustment 

The ideal precedent plan is one that was used in a case whose indices have the same values as in the 
curren t  case .  I n labo r  mediation ,  fo r  constructio n o f  a n initia l  proposal ,  th e idea l  preceden t  i s a  cas e 
wher e th e disputan t  compan y i s a  competito r  o f  th e curren t  disputan t  company ,  th e geographica l  locatio n 
of  th e companie s i s th e same ,  th e loca l  union s belon g t o th e sam e internationa l  imion ,  th e jo b 
classificatio n o f  th e unio n member s i s th e same ,  an d th e tw o companie s hav e th e sam e siz e an d 
organizationa l  structure .  Sinc e a  retrieved  preceden t  cas e usuall y differ s fro m th e ideal ,  th e pla n use d ha s 
t o b e adjusted .  Fo r  example ,  i f  a  preceden t  cas e fro m a  simila r  industr y (no t  a  competitor )  i s  available , 
the n a n adjustmen t  o f  th e value s o f  wage s ha s t o b e mad e t o comjiensat e fo r  dissimilaritie s alon g th e 
industr y dimension .  I n labo r  mediation ,  thi s adjustmen t  i s calle d th e industr y differential .  I f  th e compan y 
i n th e preceden t  cas e i s i n a  differen t  geographica l  locatio n tha n th e compan y involve d i n th e curren t 
dispute ,  the n th e propose d wage s hav e t o b e adjuste d b y th e differenc e i n th e cos t  o f  livin g i n th e tw o 
locations .  Thi s i s calle d th e are a differential . 

Precedent adjustment is done using a library of heuristics. The difference between the current precedent 
and th e idea l  alon g th e importan t  proble m dimension s (e.g. ,  industry ,  geographica l  location )  i s use d t o 
inde x int o th e librar y o f  heuristic s t o find  th e on e t o apply . 

Consider, for example, the PERSUADER trying to find a compromise for Thompson Inc, a company 
producin g airplan e frame s an d it s union .  Th e unio n want s 1 5 % wag e increase ,  7 % increas e i n pensions , 
no subcontracting ,  an d stric t  seniorit y governin g promotion s an d layoffs .  Th e compan y want s n o wag e 
increase ,  n o pensio n increase ,  unlimite d subcontracting ,  an d n o seniorit y  (i.e. ,  promotion s an d layoff s t o 
be determine d b y criteri a chose n b y th e company) .  Th e P E R S U A D ER searche s memor y fo r  simila r  pas t 
contracts .  I t  canno t  find  contract s o f  competitor s bu t  finds  contract s o f  simila r  industries .  Ou t  o f  those ,  i t 
select s th e contrac t  o f  Bake r  Inc .  compan y sinc e it s produc t  (ca r  chassis )  i s  mos t  simila r  t o th e product s o f 
Thompson Inc. ,  an d sinc e it s locatio n (Oregon ,  a  northwester n state )  i s simila r  t o Thompson' s (Norther n 
California) .  Th e Bake r  Inc .  contrac t  provide d 1 0 % wag e increase ,  4 % pensio n increas e an d 
subcontractin g fo r  limite d tim e periods .  Sinc e th e Bake r  Inc .  contrac t  make s n o provision s fo r 
promotion s an d layoffs ,  anothe r  contrac t  makin g suc h provision s i s sought .  Th e contrac t  o f  Schmid t  Inc. , 
a compan y tha t  make s stee l  case s i s selecte d ou t  o f  thos e retrieved .  I t  stipulate s tha t  i n layoff s an d 
promotion s th e compan y shoul d observ e th e principl e o f  seniorit y i n conjunctio n wit h th e worker' s abilit y 
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t o perfor m th e work . 

The informaiion from the Baker Inc. and Schmidt Inc. contracts is combined to form a candidate 
contrac t  fo r  Thompso n Inc .  Thi s contrac t  i s  adjuste d b y applyin g t o i t  industr y an d are a differential s 
betwee n Orego n an d California .  Thes e adjustment s result  i n 1 2 % wag e increase ,  5 % pensio n increase , 
subcontractin g fo r  limite d tim e periods ,  an d seniorit y an d abilit y  a s co-dclenminant s fo r  promotion s an d 
layoffs . 

The result of precedent adjustment is a base-line plan, called the "ballparic" plan. A ballpark plan is the 
bes t  tha t  ca n b e constructe d withou t  takin g detail s int o account .  Th e ballpar k pla n i s modifie d furthe r 
takin g int o consideratio n importan t  particular s o f  th e curren t  problem . 

Modification of the Ballpark Plan 

After constructing a ballpark plan, it has to be evaluated for appropriateness to the current case. There 
ar e thre e categorie s o f  knowledg e tha t  th e P E R S U A D ER take s int o consideratio n whe n criticizin g a 
ballpar k plan : 

•  Knowledg e o f  unacceptabilit y  condition s 

• More detailed knowledge of the situation of the disputants 

• Knowledge of the dispute context and its effects on the situation 

During evaluation, critics associated with these knowledge sources are activated. These critics are 
prioritize d an d considere d i n orde r  o f  importance .  A  criti c  i s  mos t  importan t  i f  failur e t o appl y i t  woul d 
result  wit h greate r  probabilit y  i n pla n unacceptability .  Fo r  example ,  a  chec k i s alway s mad e t o se e 
whethe r  th e compan y wil l  b e abl e t o affor d th e ballpar k economi c package .  Thi s chec k i s importan t 
since ,  i f  a  compan y canno t  affor d th e economi c package ,  i t  mos t  probabl y wil l  rejec t  th e propose d 
settlemen t  I f  i t  i s  foun d tha t  th e compan y ca n affor d th e economi c package ,  the n critic s associate d wit h 
possibl e state s o f  th e compan y finances  ar e applied .  Suc h financia l  consideration s includ e whethe r  th e 
company ha s suffere d losse s i n th e recent  past ,  an d whethe r  th e compan y ha s traditionall y pai d above , 
below ,  o r  industr y average .  A  se t  o f  critic s associate d wit h th e contex t  o f  th e disput e i s the n applied .  I n 
labo r  mediatio n contex t  knowledg e i s almos t  entirel y economic .  Suc h knowledg e include s consideration s 
fo r  th e whol e econom y (recession ,  inflatio n etc) ,  economi c condition s o f  th e industr y t o whic h th e 
disputan t  compan y belongs ,  economi c condition s o f  th e geographica l  locatio n o f  th e company ,  an d labo r 
suppl y i n th e area . 

If the application of a critic suggests that the plan needs further modification, salient features associated 
wit h th e critic s ar e use d t o searc h memory .  Th e evaluatio n functio n i s use d t o selec t  th e bes t  ou t  o f  th e 
retrieved  cases .  Th e pla n use d i n tha t  cas e i s checke d fo r  applicability .  I f  th e considere d plan' s 
precondition s matc h th e curren t  situation ,  the n th e pla n i s applied .  I f  not ,  eithe r  th e pla n i s modifie d usin g 
heuristics ,  o r  th e nex t  bes t  cas e fro m thos e retrieve d i s considered . 

Case-Based Reasoning is the preferred modification method in the PERSUADER. The rationale is that 
a previou s cas e bes t  reflects  th e interaction s presen t  i n th e situation .  Moreover ,  th e fac t  tha t  th e suggeste d 
modificatio n ha s worke d i n a  simila r  situatio n ca n b e use d a s justificatio n mor e convincin g t o th e agent s 
tha n invocatio n o f  a  rule .  I f  previou s case s ar e no t  available ,  the n rule s associate d wit h th e critic s ar e 
use d fo r  modification . 

In trying to modify the ballpark plan for Thompson Inc., the PERSUADER finds out that the company 
caiuio t  affor d th e contemplate d economi c package .  Th e cas e memor y i s no w searche d fo r  case s wher e 
th e sam e situatio n (inabilit y  o f  th e compan y t o affor d th e economi c package )  ha d occurre d fo r  simila r 
companies .  Th e cas e o f  Ironsid e Inc. ,  a  compan y makin g truc k frames ,  i s selecte d ou t  o f  th e se t  o f 
retrieved  case s a s mos t  simila r  becaus e o f  similarit y o f  th e product ,  sam e geographica l  area ,  an d 
similarit y o f  th e issue s involve d i n th e negotiation .  I n tha t  case ,  th e pla n "pas s th e extr a cos t  t o th e 
consumer "  ha d bee n applied .  A  preconditio n o f  thi s pla n i s tha t  th e marke t  fo r  th e produc t  i s no t  sensitiv e 
t o pric e increases .  Sinc e th e preconditio n i s satisfie d i n th e cas e o f  airplan e frames ,  th e pla n i s applie d (i.e . 
th e contemplate d contrac t  i s  no t  changed) . 
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Searchin g memor y wii h inde x INABILIT Y TO-PA Y an d ECON-PKGE 
3 case s found.. .  Selec t  case3 , 
sinc e i t  i s  simila r  piroduct ,  sam e area ,  sam e issue s i n ocomimi c packag e 
Lookin g a t  th e pla n "pas s th e extr a cos t  t o th e consumer "  from  casc 3 
Check precondition s o f  pla n use d i n thi s cas e 

Since the market is insensitive to product price change 
fo r  airplan e frames ,  pla n applicabl e 
Appl y pla n use d i n case 3 t o economi c packag e 

The PERSUADER now finds that Thompson Inc. has had losses of 3% in recent years. The case 
m e m o ry i s n o w searche d fo r  simila r  situations .  Sinc e n o pertinen t  case s ar e found ,  th e P E R S U A D ER 
use s a  heuristi c associate d wit h th e conditio n o f  recen t  losse s tha t  supplie s th e advic e t o reduce  th e 
contemplate d increase s fo r  wage s an d pension s b y hal f  o f  th e percentag e losses .  Thi s results  i n 10 .5 % 
wage increas e an d 3.5 % increas e i n pensions . 

Failure Anticipation 

Before proposing the generated compromise, the PERSUADER checks to see whether the solution 
migh t  engende r  s o m e unforesee n problems .  T h e knowledg e tha t  a  pla n ha s faile d i n th e pas t  ca n sugges t 
t o th e planne r  th e potentia l  fo r  failur e i f  th e pla n i s adopte d i n th e curren t  situatio a I n contras t  t o othe r 
case-base d system s (e.g. ,  [ H a m m o n d 86] )  tha t  anticipat e problem s befor e constructin g a  plan ,  th e 
P E R S U A D ER anticipate s failure s a s th e fina l  ste p i n pla n construction .  Thi s i s  appropriat e i n domain s 
wher e th e sough t  afte r  pla n i s a  compromis e pla n an d thus ,  i t  i s no t  apparen t  a t  th e beginnin g o f  plannin g 
what  exac t  for m thi s compromis e wil l  take . 

Failure anticipation is done through intentional reminding [Schank 82] of failures. This is appropriate 
sinc e th e P E R S U A D ER doe s no t  assum e a  stron g domai n mode l  tha t  coul d b e use d t o inde x failure s onl y 
vi a th e feature s tha t  contribute d t o th e failure .  Th e conjunctio n o f  th e plan' s feature s an d th e inde x 
" F A I L U R E "  ar e use d a s a  memor y probe .  Thi s prob e return s case s wher e th e contemplate d pla n ha s 
failed .  T h e mos t  simila r  cas e i s  selecte d an d th e repair  use d i n tha t  cas e (i f  present )  i s  accessed .  T h e 
proces s (knowledg e extraction ,  evaluation )  i s  applie d t o th e selecte d repai r  t o yiel d a n appropriat e 
adaptatio n t o avoi d th e potentia l  problem . 

Having the repair stored in memory is best This is not always possible. Often, it may be known that a 
pla n wa s inadequat e bu t  n o explanatio n o r  repai r  wa s found .  I n thi s case ,  th e knowledg e o f  a  pas t  failur e 
ca n stil l  war n th e planne r  o f  th e presenc e o f  a  potentia l  failure . 

Before proposing the updated compromise to the Thompson Inc. labor dispute, the PERSUADER 
searche s m e m o r y t o discove r  potentia l  problems .  I t  finds  problem s wit h th e contemplate d subcontractin g 
language .  I t  retrieves  a  cas e wher e th e unio n ha d file d a  grievanc e protestin g tha t  th e c o m p a n y resorted  t o 
subcontractin g instea d o f  recallin g lai d of f  workers .  T h e arbitrato r  i n tha t  cas e di d no t  vindicat e th e unio n 
sinc e th e subcontractin g claus e restricted  th e compan y onl y a s t o th e duratio n o f  subcontracting .  Th e 
arbitrator ,  however ,  mentione d i n th e awar d th e languag e neede d t o safeguar d th e unio n agains t  suc h 
practice .  T h e languag e wa s "Th e compan y ha s th e right  t o subcontrac t  fo r  limite d period s o f  time ,  an d 
when i t  i s  clea r  tha t  n o woii c wil l  b e los t  t o unio n members" . 

Searchin g memor y wit h inde x FAILURE ,  SUBCONT-LANG,  UMFTED-TIM E 
1 cas e found.. . 
Lookin g a t  th e modificatio n "n o wor k los t  t o imio n members "  from  ease l 

No precondition to check 
Appl y modificatio n use d i n ease l  t o subcontrac t  languag e 

P L AN R E P A I R 

It is a known fact of life that plans fail and need repair. In labor mediation, failure of a proposed 
compromis e mean s tha t  a n agen t  ha s rejecte d it .  Repai r  i s  neede d t o improv e th e acceptabilit y o f  th e 
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rejected  plan .  Th e P E R S U A D ER ha s tw o way s o f  reacting  t o pla n failure/rejection :  changin g th e 
rejecting  agent' s evaluatio n o f  th e pla n throug h persuasiv e argumentation ,  an d modifying/repairin g th e 
pla n s o tha t  i t  wil l  b e mor e acceptable .  Persuasiv e argumentatio n i s trie d first,  since ,  i f  th e objectin g 
agent s ca n b e convince d t o chang e thei r  utilitie s an d accep t  th e compromise ,  the n a  successfu l  resolution 
has bee n found .  If .  o n th e othe r  hand ,  a  rejected  compromis e i s modified/repaired ,  th e repair  ma y mak e i t 
objectionabl e t o agent s tha t  ha d agree d before .  Thus ,  onl y afte r  persuasiv e argumentatio n i s n o longe r 
judge d effectiv e b y th e planne r  (i.e .  al l  applicabl e argument s tha t  th e planne r  coul d generat e hav e bee n 
trie d an d rejected),  i s repair  tried .  Fo r  detail s o f  generatin g persuasiv e argument s se e [Sycar a 87 ,  Sycar a 
85a ,  Sycar a 85b] . 

When a failed compromise plan needs to be improved, the PERSUADER ascertains from the rejecting 
agent' s feedbac k th e objectionabl e goals ,  th e reason  fo r  th e rejectio n an d th e importanc e th e agen t 
attache s t o th e goals .  Eac h objectionabl e goal/issu e an d reaso n ar e use d a s probe s t o selec t  impasse s wit h 
th e sam e state d impass e goa l  an d impass e caus e a s i n th e presen t  failure .  I n othe r  words ,  C B R i s 
employe d i n th e spac e o f  impasses .  Th e selecte d impass e supplie s repairs  tha t  wil l  hopefull y improv e th e 
rejected  solution .  I f  n o appropriat e impasse s ca n b e found ,  th e P E R S U A D ER use s standar d heuristic s 
tha t  i t  know s about . 

In multivariate planning there are many ways a plan could be modified/repaired. A planner seeks not 
onl y a  plausibl e repair  bu t  on e tha t  wit h som e confidenc e improve s th e rejected  plan .  Afte r  a  repair  i s 

applied ,  th e resulting  compromis e i s evaluate d usin g th e parties '  satisfactio n wit h th e compromise.^Th e 
criterio n o f  pla n improvemen t  tha t  th e P E R S U A D ER use s i s whethe r  th e contemplate d repair  increase s 
th e rejecting  agent' s satisfactio n mor e tha n i t  migh t  decreas e th e satisfactio n o f  th e agent(s )  wh o hav e 
agree d t o th e compromise .  Withou t  a n abilit y  t o predic t  whic h repair  ha s a  chanc e o f  bein g accepted ,  th e 
planne r  coul d propos e repairs  tha t  d o no t  converg e t o a  mutuall y acceptabl e compromise . 

The PERSUADER'S strategy for repair is explanation-based where the explanation (reason for 
rejection)  i s supplie d b y th e rejecting  agent .  Thi s i s  realistic  fo r  comple x domain s wher e ther e i s n o 
stron g domai n model ,  an d pla n failur e depend s i n par t  o n idiosyncrati c behavio r  o f  th e agents .  I n suc h 
domains ,  automati c failur e explanatio n method s ar e no t  applicable . 

When presented with the compromise resulting from the adaptation process, Thompson Inc. objects to 
th e seniorit y languag e sayin g that ,  sinc e m a n y o f  it s ke y employee s ar e junior ,  the y wil l  b e th e first  t o b e 
lai d off .  Havin g thi s explanatio n th e P E R S U A D ER retrieves  a  cas e wher e th e sam e objectio n w a s raised . 
T h e seniorit y languag e i n tha t  cas e wa s amende d t o read :  "Ke y employee s wil l  b e excepte d fro m th e 
seniorit y rul e fo r  layoffs ;  th e compan y wil l  designat e w h o m i t  consider s ke y employees" . 

Searchin g memor y wit h inde x FAILURE ,  SENIORTTY,  K E Y - E M P L O Y E ES 
2 impasse s found.. .  Selec t  impassel , 
sinc e i t  i s  sam e industry ,  sam e area ,  sam e jo b classificatio n 
Lookin g a t  th e repai r  "excep t  ke y employees "  from  impasse l 

No precondition to check 
Appl y repai r  use d i n impasse l  t o seniorit y languag e 

S U M M A RY A N D C O N C L U S I O NS 

We have advocated the integration of CBR and heuristics for plan adaptation and repair. Such 
integratio n give s a  planne r  th e flexibilit y t o conside r  a  broa d rang e o f  adaptatio n an d repair  strategie s tha t 
planner s tha t  us e eithe r  o f  th e tw o method s i n isolatio n carmo t  hav e acces s to .  T h e us e o f  C B R allow s th e 
planne r  t o chec k an d selec t  strategie s tha t  d o no t  introduc e additiona l  problems .  Sinc e case s incorporat e 
accumulate d expertis e an d changin g circumstances ,  th e propose d adaptation s an d repair s ar e closel y 
suite d t o a  curren t  problem .  Repairin g plan s usin g C B R i s particularl y suitabl e fo r  domain s wit h 
incomplet e an d changin g knowledg e an d n o stron g domai n model .  Thes e characteristic s typif y mos t  "rea l 

^An agent' s satbfactio n wit h a  compromise ,  calle d hi s payoff ,  i s  calculate d usm g a  metho d base d o n multi-attribut e utilit y 
theory .  Fo r  detai k o f  this ,  se e (Sycar a 87 ,  Sycar a 88] . 
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world "  domains .  I n addition ,  a  planne r  ha s th e flexibilit y  t o tr y multipl e strategie s suggeste d b y case s an d 
choos e th e mos t  appropriate .  Integratio n o f  C B R an d heuristic s fo r  adaptatio n an d repai r  give s a  planne r 
th e choic e o f  usin g knowledg e i n cithe r  form :  generalize d (inferentia l  rules )  o r  specifi c  (cases) . 

[Alterma n 87 ] 

[Hammond 86 ] 
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Systematicit y a s a  Selectio n Constrain t  i n Analogica l  Mappin g 

Catherin e Clemen t  an d Dedr e Centne r 

Psycholog y Department ,  Univerist y o f  Illinoi s 

In an analogy a person's knowledge about one domain is used to understand a second 

domain :  t o highligh t  importan t  similaritie s betwee n domain s o r  t o predic t  n e w feature s o f  th e 

secon d domain .  Fo r  example ,  w e us e ou r  knowledg e abou t  wate r  flo w t o elucidat e propertie s o f 

electri c circuitry .  A  centra l  fac t  abou t  analog y i s tha t  i t  i s selective .  No t  al l  commonalitie s ar e 

equall y importan t  i n matchin g o r  prediction .  I t  follow s tha t  a  centra l  proble m i n theorie s o f 

analogica l  mappin g i s t o identif y th e selectio n constraint s tha t  tel l  u s whic h similaritie s an d 

dissimilaritie s coun t  i n a n analog y (Kedar-Cabelli ,  1985a ;  Hall ,  1988) .  Withi n th e enormou s spac e 

of  possibl e similaritie s betwee n domains ,  wha t  constrain s th e choic e o f  informatio n t o includ e i n a n 

analogy ? 

T wo majo r  classe s o f  selectio n constraint s hav e bee n utilize d i n computationa l  model s o f 

analogy :  goal-relevanc e constraint s an d structura l  constraints .  Th e goal-relevanc e constraint s 

direc t  analogica l  mappin g towar d informatio n tha t  i s relevan t  t o th e proble m a t  han d (Burstein , 

1983 ;  Holyoak ,  1985 ;  Kedar-Cabelli ,  1985b) .  Th e structura l  constraint s focu s mappin g o n suc h 

propertie s o f  th e matchin g informatio n a s structura l  consistenc y (Winston ,  1980 ;  Centner ,  1980 , 

1983 ;  Falkenhainer ,  Forbu s an d Centner ,  i n press) .  Fo r  example ,  i n he r  accoun t  o f  analog y 

G e n m er  propose s tha t  peopl e observ e th e structura l  constraint s o f  1  t o 1  objec t  correspondence s 

an d structura l  consistency .  Further ,  sh e propose s tha t  tw o implici t  selectio n rule s underli e th e 

interpretatio n o f  analogy .  First ,  peopl e see k t o m a p relation s betwee n object s rathe r  tha n 

non-relationa l  objec t  attributes .  Second ,  peopl e us e a  systematicit y principle :  the y see k t o m a p 

relation s tha t  participat e i n a  syste m o f  relation s governe d b y higher-orde r  relation s -  e.g .  causa l 

relation s -  tha t  ca n als o b e mappe d betwee n th e tw o domains . 

I n suppor t  o f  th e systematicit y constraint .  Centne r  point s ou t  tha t  th e mos t  systemati c 

interpretatio n o f  a n analog y i s generall y th e preferre d interpretation .  However ,  Holyoa k (1985 ) 

note s tha t  systematicit y  i s typicall y correlate d wit h goa l  relevanc e an d therefor e thes e observation s 

d o no t  allo w u s t o conclud e tha t  systematicit y b y itsel f  ca n ac t  a s a  selectio n constrain t  Fo r 

example ,  i f  a  perso n w h o i s tryin g t o solv e a  proble m abou t  hea t  flo w invoke s a n analog y t o wate r 

flow ,  th e causa l  structur e relatin g inequalit y i n leve l  t o directio n o f  flo w i s likel y t o b e bot h th e 

most  relevan t  an d th e mos t  systemati c structur e share d b y th e tw o analogs .  I n th e presen t  researc h 

we looke d a t  analogica l  mappin g outsid e o f  a  problem-solvin g contex t  i n orde r  t o tes t  whethe r 

systematicit y ca n ac t  a s a  selectio n constrain t  o n mappin g i n th e absenc e o f  goa l  relevance . 

We describ e tw o experiment s tha t  focu s o n differen t  aspect s o f  analogica l  mapping :  (a ) 

matchin g existin g informatio n i n th e bas e an d targe t  domain s (seein g similaritie s o r  identitie s 

betwee n aspect s o f  th e bas e an d targe t  domains) ;  an d (b )  carryove r  o f  n e w informatio n fro m th e 

bas e t o th e targe t  (makin g ne w inference s abou t  th e targe t  domain) .  Sinc e thes e ar e distinc t 

processe s i n constructin g a n analog y i t  i s importan t  t o determin e whethe r  bot h ar e governe d b y th e 

same selectio n principles .  Thu s th e tw o studie s teste d whethe r  systematicit y act s a s a  selectio n 

filte r  t o constrai n bot h whic h matche s ar e m a d e an d whic h inference s ar e drawn . 

For  thi s researc h w e create d a  se t  o f  nove l  analogies .  Th e basi c pla n wa s t o devis e analogie s 

i n whic h subject s coul d choos e whic h o f  tw o lower-orde r  fact s t o map .  Bot h fact s matche d th e 

betwee n th e bas e an d targe t  equall y well .  Howeve r  the y differe d i n whethe r  the y wer e par t  o f  a 

share d systemati c relationa l  structure .  I f  systematicit y act s a s a  selectio n constrain t  the n subject s 

shoul d focu s o n th e fac t  governe d b y th e share d structur e i n thei r  interpretation s an d prediction s 

fro m th e analogy .  I n developin g thes e material s w e wer e guide d b y tw o furthe r  criteria : 

1.  Coal-relevanc e shoul d no t  b e a  possibl e selectio n constraint .  Thus ,  subject s di d no t  hav e 

t o m a p informatio n i n orde r  t o solv e problem s o r  prov e point s i n th e targe t  domain . 

2.  Subjects '  prio r  factua l  knowledg e abou t  th e domain s o r  expectation s abou t  relevanc e 
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should not influence their mapping. Thus, we developed analogies between novel, fictional 
domain s rathe r  tha n usin g rea l  worl d analogies .  T o preserv e a  realisti c  degre e o f  complexity ,  th e 
situation s describe d wer e fairl y  ric h i n information . 
Desig n o f  th e material s 

The analogie s develope d eac h consiste d o f  a  bas e an d targe t  passag e describin g nove l 

object s o r  organism s o n fictiona l  planets .  Th e passage s wer e abou t  on e pag e lon g an d wer e 

wrine n i n th e styl e o f  a n encyclopedi a article .  Eac h passag e include d tw o ke y paragraphs .  Befor e 

describin g th e material s further ,  w e giv e a n abbreviate d exampl e o f  on e bas e domai n whic h 

describe d Tams .  creature s w h o liv e o n a  distan t  plane t  Ke y paragrap h 1 :  Th e T a m s liv e o n roc k 

and ca n grin d an d consum e mineral s fro m th e roc k throug h th e constan t  actio n o f  thei r  underbelly . 

However ,  periodicall y the y ru n ou t  o f  mineral s i n on e spo t  o n th e rock ,  an d therefor e mus t  sto p 

usin g thei r  underbellie s whil e the y relocate .  K e y paragrap h 2 :  Althoug h a t  birt h th e T a m s hav e 

rathe r  inefficien t  underbellies ,  eventuall y th e underbellie s adap t  an d develo p a  texnir e tha t  i s 

speciall y suite d t o th e roc k th e T a m live s on .  A s a  consequence ,  th e grow n T a m canno t  functio n 
on a  n e w rock . 

Tabl e 1  illustrate s th e relationa l  strucnir e o f  thi s bas e domai n "Th e T a m s "  an d a n analogou s 

targe t  domai n calle d "Th e Robots" ,  whic h describe s robot s w h o us e probe s t o gathe r  dat a fro m 

planets .  Al l  subject s receive d th e sam e bas e domain .  However ,  a s show n i n Tabl e 1 ,  ther e ar e 

tw o version s o f  th e targe t  domain ,  eac h give n t o hal f  th e subject s fo r  counterbalancing .  Th e bas e 

passag e contain s tw o differen t  causa l  structure s (th e tw o ke y paragraph s discusse d above) .  Eac h 
structur e consist s o f  a  ke y fac t  (show n i n italic s i n th e table )  an d a  causa l  syste m governin g tha t 
ke y fact .  Th e tw o ke y fact s i n thi s bas e domai n ar e (1 )  tha t  th e T a m s sometime s sto p usin g thei r 

underbellies ,  an d (2 )  tha t  thei r  underbellie s canno t  functio n o n ne w rocks .  Eac h targe t  domai n 

als o contain s tw o causa l  structures ,  an d i n bot h version s o f  th e target ,  th e ke y fact s i n eac h 

structur e matc h th e ke y fact s i n th e base :  (1 )  th e robot s sometime s sto p usin g thei r  probe s an d (2 ) 

th e probe s canno t  functio n o n n e w planets . 

Thus ,  a t  th e leve l  o f  th e individua l  ke y facts ,  bot h version s o f  th e targe t  matc h th e bas e 
domai n perfectly .  However ,  th e causa l  syste m govemin g a  ke y fac t  doe s no t  alway s matc h th e 

bas e domain .  Tha t  is ,  withi n eac h versio n o f  th e targe t  domain ,  bot h ke y fact s matc h th e base ,  bu t 

onl y on e ke y fac t  i s linke d t o a  causa l  syste m tha t  als o matche s th e bas e domain .  W e wil l  cal l  thi s 

th e identicall y -governe d ke y fac t  W e predicte d tha t  subject s shoul d focu s o n thi s fac t  i n 

mapping . 

Base -Th e Tams " 

Consume mineral s 
wit h underbellie s 

Exhaus t  mineral s i n on e 
spo t  an d mus t  relocat e 
on th e roc k 

So stop s usin g underbell y 

Taree t  -  "Th e Robot s 

Versio n \ 

Gathe r  dat a wit h 
probe s 

Exhaus t  dat a i n on e 
plac e an d mus t  rekxat e 
on th e plane t 

So stop s usin g probe s 

Verjip n 2 

Gathe r  dat a wit h 
probe s 

Interna l  computer s 
over-hea t  whe n gathe r 
a lo t  o f  dat a 

So stop s usin g probe s 

B o m wit h inefficien t 
underbell y 

Underbell y adapt s an d 
becomes specialize d 
fo r  on e roc k 

So underbell y can' t 
functio n o n ne w roc k 

Designe d wit h delicat e 
probe s 

Robot s canno t  pac k 
probe s t o surviv e fligh t 
t o a  ne w planet . 

So probe s can' t 
functio n o n ne w plane t 

Designe d wit h inefficien t 
probe s 

Probe s adap t  an d 
become specialize d 
fo r  on e plane t 

So probe s can' t 
functio n o n ne w plane t 

Note ,  Ke y fact s ar e show n i n italics .  Matchin g causa l  informatio n i s show n i n bol d face .  I n 
Experimen t  2  italicize d fact s wer e remove d from  th e target . 
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The materials were designed to avoid confoundings with particular content. It can be seen 
tha t  i n Targe t  versio n 1 ,  th e caus e fo r  th e first  ke y fac t  matche s th e bas e domain ,  bu t  th e caus e fo r 
th e secon d ke y fac t  doe s not .  Targe t  versio n 2  simpl y reverse s whic h ke y fac t  i s 
identically-governed .  Thi s ensure s tha t  preference s fo r  identically-governe d ke y fact s canno t  b e 
attribute d t o preference s fo r  a  particula r  ke y fac t  i n itself .  A  furthe r  contro l  tas k wa s include d t o 
ensur e tha t  subjects '  response s canno t  b e attribute d t o preferenc e fo r  a  particula r  fac t  i n context . 
That  is ,  a  ke y fac t  migh t  see m mor e o r  les s salien t  dependin g o n it s contex t  i n a  particula r  versio n 
of  th e target ,  independend y o f  th e analogy .  T o chec k fo r  thi s possibility ,  contro l  subjects ,  wh o 
rea d onl y th e Targe t  domains ,  judge d w M c h ke y fac t  wa s mor e importan t  fo r  eac h domain .  I f 
thes e contro l  subject s sho w n o bia s toward s on e ke y fac t  o r  th e other ,  the n an y preferenc e amon g 
experimenta l  subject s ca n b e attribute d t o th e specifi c effect s o f  th e matc h wit h th e bas e system . 

Experimen t  1  examine d th e matche s peopl e includ e i n a n analogy .  Subject s ha d t o judg e 
ho w wel l  eac h ke y fac t  i n th e targe t  contribute d t o th e analog y wit h th e bas e domain .  W e predicte d 
tha t  identically-governe d ke y fact s woul d b e preferre d ove r  differently-governe d ke y facts ,  eve n 
thoug h i n eac h targe t  bot h ke y fact s matc h th e bas e equall y well . 

Experimen t  1 
Metho d 
Subjects . 

Subject s wer e 4 8 pai d undergraduat e student s a t  th e Universit y o f  Illinois .  Hal f  wer e 
assigne d t o th e experimenta l  grou p an d hal f  t o th e contro l  group .  Subject s wer e ru n i n group s o f 
thre e t o si x people . 
Task an d Hypotheses . 

Experimenta l  subjects .  Th e subjects '  tas k wa s t o stud y th e bas e an d targe t  domain s an d 
the n judg e ho w wel l  eac h ke y fac t  i n th e targe t  contribute d t o th e analogy .  Sinc e ou r  material s ar e 
complex ,  subject s wer e give n thre e learnin g task s befor e judgin g th e ke y fact s t o ensur e tha t  the y 
processe d th e analog y thoroughly :  (a )  the y rea d th e bas e an d targe t  domains ,  (b )  the y identifie d 
whic h objec t  i n th e targe t  domai n corresponde d t o eac h objec t  fro m th e bas e domain ,  (c )  the y 
describe d th e way s i n whic h th e tw o domain s wer e an d wer e no t  analogous .  T w o judgmen t  task s 
wer e the n given : 

Ratin g Task .  Subject s wer e give n th e tw o ke y fact s fro m th e targe t  domai n (e.g .  th e 
italicize d fact s fro m th e Targe t  i n Tabl e 1) .  Subject s rate d o n a  scal e o f  1  t o 7  ho w wel l  eac h fac t 
"support s th e clai m tha t  th e bas e an d targe t  wer e analogous ;  ho w wel l  doe s eac h fac t  contribut e t o 
makin g th e analog y a  goo d analogy" . 

Choic e Task .  Subject s wer e agai n give n th e tw o ke y fact s an d chos e whic h bes t  supporte d 
th e analogy . 

Durin g th e learnin g an d judgmen t  task s fo r  eac h analog y subject s wer e encourage d t o 
re-examin e di e description s o f  th e tw o domain s a s needed .  Thus ,  ther e wer e n o memor y 
requirements .  W e predicte d tha t  identically-governe d ke y fact s shoul d receiv e highe r  rating s tha n 
differently-governe d ke y facts ,  an d shoul d b e mor e ofte n chose n a s th e fac t  tha t  bes t  support s th e 
analogy . 

Contro l  subjects .  Contro l  subject s rea d an d summarize d th e targe t  domain .  Followin g this , 
subject s wer e give n th e tw o ke y fact s an d wer e aske d t o (a )  rat e o n a  scal e o f  1  t o 7  ho w importan t 
eac h fac t  wa s t o th e targe t  domai n an d (b )  choos e whic h o f  th e ke y fact s wa s mos t  important . 
Assumin g th e material s ar e no t  biased ,  th e contro l  subject s shoul d sho w n o preferenc e fo r  eithe r 
identicall y o r  differently-governe d ke y facts . 
Materials . 

Subject s complete d thes e task s fo r  fou r  nove l  analogie s eac h designe d accordin g t o th e 
structur e describe d above .  Analogie s wer e give n i n fou r  order s o f  presentatio n acros s subjects . 
For  eac h analogy ,  al l  subject s receive d th e sam e bas e version ;  ther e wer e tw o targe t  version s whic h 
wer e eac h give n t o hal f  th e subject s i n eac h grou p (se e Tabl e 1) . 
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Figur e 1 .  Exp. l  Choic e Task :  Th e Percentag e o f  Subject s i n Eac h Grou p Choosin g th e Identicall y Governe d Ke y 

Fact  fo r  Eac h Analogy . 

Results and Discussion 

Ratin g Tas k 

A s predicted ,  experimenta l  subject s rate d identically-governe d ke y fact s significantl y highe r 

tha n differentiy-goveme d ke y facts .  T h e m e a n rating s acros s th e fou r  analogie s w e r e 6.2 8 an d 

4.8 5 fo r  eac h fac t  typ e respectively .  T h e contro l  subject s gav e equivalen t  importanc e rating s t o th e 

tw o set s o f  ke y fact s ( M =  5. 2 an d 5.3 )  indicatin g tha t  th e experimenta l  resu l 

difference s i n th e importanc e o f  th e ke y fact s i n di e tw o version s o f  th e targe t  ̂  

Choic e Tas k 

As show n i n Figur e 1  th e result s agai n suppor t  ou r  predictio n tha t  th e subject s shoul d vie w 

th e identicall y governe d ke y fac t  a s supportin g th e analogy .  Acros s th e fou r  anadogies ,  th e 

experimenta l  subject s chos e th e identically-goveme d fac t  6 7 % t o 9 2 % o f  th e time ,  whil e contro l 
subject s chos e i t  4 2 % t o 5 4 % o f  th e tim e (i.e .  a t  chanc e level) .  ̂  

The result s o f  Experimen t  1  suppor t  th e clai m tha t  systematicit y act s a s a  selectio n constrain t 

on whic h matche s ar e selecte d a s belongin g t o a n analogy .  Eve n thoug h bot h ke y targe t  fact s 

matche d th e bas e domai n equall y well ,  th e on e tha t  wa s linke d t o a  large r  causa l  structur e tha t  als o 

matche d th e bas e domai n wa s consistentl y judge d t o contribut e bes t  t o th e analogy .  Further ,  th e 

lac k o f  preferenc e i n th e contro l  grou p indicate s tha t  th e result s ar e no t  du e t o th e importanc e o f  a 

fac t  i n th e targe t  domain . 

Experimen t  2 

Experimen t  1  focuse d o n whic h o f  tw o matchin g fact s woul d b e selecte d a s belongin g t o a n 

analogy .  Th e secon d experimen t  examine d th e carryove r  proces s i n analogica l  mapping .  W e 
delete d certai n ke y fact s firo m th e targe t  passage s i n orde r  t o tes t  whethe r  systematicit y woul d ac t  a s 

a selectio n constrain t  o n subjects '  prediction s abou t  a  targe t  domain . 

Metho d 

Subject s 

Subject s wer e 3 2 (1 6 contro l  an d 1 6 experimental )  pai d undergraduat e student s a t  th e 

Universit y o f  Illinois . 

Material s an d Desig n 
The bas e an d targe t  domain s wer e identica l  t o thos e o f  Experimen t  1  excep t  tha t  th e tw o ke y 

fact s wer e remove d fro m th e targe t  domains .  Thus ,  i n Tabl e 1 ,  th e tw o italicize d fact s show n i n 

eac h targe t  wer e removed .  Thi s mean t  tha t  th e targe t  domai n include d onl y th e anteceden t 

informatio n tha t  coul d potentiall y  caus e eac h ke y fac t  i n tha t  domain .  A s i n Experimen t  1 ,  tw o 

version s o f  eac h targe t  wer e used .  I n eac h version ,  on e anteceden t  matche d th e bas e domai n bu t 

th e othe r  anteceden t  di d not . 
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Subjects were asked to make a prediction about the target domain. The question was 
whethe r  the y woul d predic t  on e o f  th e tw o ke y fact s omitte d from  th e target ,  an d mor e importandy , 
w h i c h o n e the y w o u l d predict .  I f  subject s ar e s impl y tryin g t o predic t  fact s abou t  th e targe t  tha t 

co r respon d t o fact s i n th e base ,  the y shoul d b e equall y likel y t o predic t  eithe r  o f  th e omitte d k e y 

facts .  H o w e v e r ,  th e systematicit y predictio n i s tha t  subject s shoul d predic t  th e o n e k e y fac t  fo r 

w h i c h ther e w a s a  m a t c h i n g causa l  system ,  ie .  identically-governe d i n th e bas e a n d target . 

Task 
Experimenta l  subjects .  Fo r  eac h analog y subject s firs t  ha d thre e learnin g task s identica l  t o 

thos e i n Experimen t  1 .  The y wer e the n give n thre e experimenta l  tasks : 

Predictio n Task .  Subject s wer e aske d t o mak e on e predictio n abou t  th e Targe t  domain . 

The y wer e tol d t o predic t  ne w informatio n abou t  th e targe t  "tha t  wa s suggeste d b y th e analog y wit h 

th e bas e domain" . 

Ratin g an d Choic e Tasks .  Afte r  makin g thei r  o w n prediction s subject s wer e aske d t o judg e 

possibl e prediction s abou t  th e target .  Subject s wer e give n a s prediction s th e tw o ke y fact s tha t 

appeare d i n th e bas e bu t  no t  i n di e target .  The y rate d eac h o f  thes e o n a  scal e o f  1  t o 7  accordin g t o 

h o w wel l  thi s predictio n followe d from  th e analogy .  Finally ,  subject s wer e agai n give n th e tw o 

ke y fact s an d aske d t o choos e whic h wa s bes t  predicte d b y th e analogy . 

Contro l  subjects .  Contro l  subject s mad e prediction s afte r  readin g onl y th e targe t  domain . 

Thes e subject s rea d an d summarize d th e targe t  an d the n performe d Prediction .  Ratin g an d Choic e 

task s paralle l  t o thos e give n th e experimenta l  subjects .  Contro l  subject s predicte d on e ne w fac t 

abou t  th e targe t  "tha t  migh t  b e tru e give n th e informatio n abou t  th e target" .  Then ,  give n th e tw o 

ke y fact s a s prediction s abou t  th e target ,  subject s rate d eac h predictio n "accordin g t o h o w wel l  i t 

followe d from  informatio n i n th e target "  an d chos e whic h predictio n bes t  followe d from  th e 

informatio n i n th e target . 

Result s an d Discussio n 

Predictio n Tas k 

As predicted ,  experimenta l  subject s tende d t o m a k e th e predictio n sanctione d b y 

systematicity .  Figur e 2  show s subjects '  prediction s abou t  th e targe t  domai n groupe d int o thre e 

categories :  (a )  prediction s o f  ke y fact s tha t  woul d b e identically-governe d i n th e bas e an d targe t 

(b )  prediction s o f  ke y fact s tha t  woul d b e differendy-goveme d (c )  al l  othe r  prediction s abou t  th e 

target .  A s shown ,  experimenta l  subject s mos t  frequend y predicte d th e identically-governe d ke y 

fact .  I n contrast ,  th e mos t  frequent  respons e fo r  th e contro l  subject s wa s t o predic t  othe r 

information ,  an d thei r  remainin g response s wer e evenl y distribute d betwee n th e tw o ke y facts . 

Th e differenc e i n performanc e betwee n th e contro l  an d experimenta l  subject s indicate s tha t  th e 

experimenta l  result s ar e no t  du e t o a  bia s i n whic h on e o f  di e ke y fact s wa s inherenti y mor e 

plausibl e i n th e targe t  M o r e fundamentally ,  i t  indicate s tha t  th e experimenta l  subject s wer e indee d 
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Figur e 2 .  Exp .  2  Predictio n Task :  Percen t  o f  Prediction s i n Eac h Categor y i n Eac h G r o u p 
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guided by the analogy with the base. 3 
Ratin g an d Choic e Task s 

As hypothesized ,  experimenta l  subject s rate d identically-governe d prediction s significantl y 

highe r  tha n differently-governe d prediction s ( M =  6.0 3 an d M =  4.41 ,  respectively) .  Contro l 

subject s showe d th e revers e pattern ,  agai n indicatin g tha t  material s wer e no t  biase d i n favo r  o f  th e 

hypothesi s ( M =  4.3 2 an d M =  5.2 2 respectively)." ^  Th e result s fo r  th e choic e tas k als o suppor t 

th e systematicit y hypotheses .  Th e experimenta l  subject s chos e th e identicall y goveme d fac t  6 2 % t o 

8 7 % o f  th e time ,  whil e contro l  subject s chos e i t  2 5 % t o 6 6 % o f  th e tim e (the y predicte d a t  o r  belo w 

chanc e leve l  - 50% -  fo r  thre e o f  th e fou r  analogies) .  ̂  Thus ,  althoug h fo r  eac h analog y bot h 

potentia l  prediction s corresponde d t o fact s give n i n th e bas e domain ,  th e on e predictio n linke d t o a 

matchin g causa l  syste m wa s judge d b y subject s t o follo w bes t  from  th e analogy . 
Genera l  Discussio n 

The result s sho w tha t  systematicit y  i s a  selectio n constrain t  o n th e choic e o f  informatio n t o 

m ap i n a n analogy .  I n bot h experiment s th e subject s wer e provide d wit h tw o possibl e matchin g 

fact s o r  predictions ,  bot h o f  whic h matche d wel l  betwee n th e bas e an d target ,  bu t  onl y on e o f 

whic h participate d i n a  governin g higher-orde r  syste m tha t  als o matche d acros s domains .  I n 

Experimen t  1  subject s chos e whic h o f  thes e ke y matche s contribute d bes t  t o th e analogy ;  the y 

consistentl y preferre d th e fac t  linke d t o th e large r  matchin g system .  I n Experimen t  2  subject s mad e 

prediction s abou t  th e targe t  domain .  Thei r  predictions ,  lik e thei r  judgment s o f  matche s centere d o n 

th e particula r  ke y fact s tha t  woul d follo w fro m a  matchin g causa l  antecedent . 

Althoug h th e issu e o f  selectio n constraint s o n analog y ha s attracte d attentio n i n A I 

(Winston ,  1980 ;  Carbonell ,  1981) ,  psychologica l  researc h o n thi s topi c i s jus t  beginning .  Ther e i s 

prio r  evidenc e tha t  systematicit y affect s th e subjectiv e evaluatio n o f  tfie  soundnes s o f  a n analog y 

(Centne r  &  Landers ,  1985 ;  Ratterman n &  Centner ,  1987) .  However ,  t o ou r  knowledg e th e 

presen t  researc h i s th e firs t  tes t  o f  th e stronge r  clai m tha t  systematicit y ca n ac t  a s a  selectio n filte r 

on mapping .  Thi s stud y provide s evidenc e tha t  systematicit y ca n operat e a s a  selectio n constrain t 

i n task s i n whic h n o prio r  goa l  contex t  exists ,  i.e .  i n whic h ther e i s n o proble m t o b e solve d s o tha t 
relevanc e t o existin g goal s canno t  determin e mappin g choices . 

I t  i s importan t  t o note ,  however ,  tha t  thes e result s d o no t  addres s whethe r  goal-relevanc e ca n 

act  a s a  filte r  instea d of ,  o r  i n additio n to ,  structura l  constraints .  Burstei n an d Adelso n (1987 )  giv e 

protoco l  evidenc e tha t  goa l  relevanc e constraine d th e selectio n o f  systemati c informatio n t o m a p i n 
an analog y use d t o solv e compute r  programmin g problems .  Thu s goa l  relevanc e m a y b e use d t o 

disambiguat e analogou s case s wher e th e structura l  informatio n i s no t  sufficient ,  m u c h a s 
knowledg e o f  th e surroundin g contex t  i s use d t o disambiguat e sentenc e meaning s i n case s wher e 

syntacti c informatio n i s insufficient ,  a s i n "flyin g plane s ca n b e dangerous" . 

Relevanc e m a y interac t  wit h structura l  constraint s i n severa l  ways .  Fo r  example ,  befor e 
analogica l  mappin g begin s tas k goal s m a y gover n th e conten t  o f  th e domai n representation s tha t  ar e 

input s t o th e analog y proces s (Centner ,  1988) .  Or ,  a s discusse d abov e i f  multipl e matchin g 

systemati c structure s ar e found ,  th e choic e amon g the m m a y b e base d o n relevanc e t o curren t 

goals .  Thes e tw o constraint s hav e bee n integrate d t o som e exten t  i n som e computationa l  model s 

of  analog y (Burstein ,  1983 ;  Keda r  Cabelli ,  1985) .  I n an y cas e ou r  result s reinforc e th e nee d t o 

distinguis h th e strucnira l  coherenc e o f  informatio n t o b e mappe d from  th e relevanc e o f  thi s 

informatio n t o a  curren t  tas k goal .  Althoug h contextua l  relevanc e wil l  certainl y pla y a  rol e i n th e 

interpretatio n o f  a n analogy ,  th e systematicit y o f  share d informatio n i s itsel f  a  psychologicall y rea l 
constrain t  o n mapping . 

Footnotes : 
1.  A  repeate d measure s A N O VA comparin g th e mea n rating s o f  identicall y goveme d an d differentl y goveme d 

key fact s b y eac h grou p reveale d a  significan t  interactio n betwee n grou p an d fac t  -typ e F '  (1,34)=14.37 ,  p  <  .001 . 

The analyse s o f  th e simpl e effect s indicate s tha t  th e differenc e betwee n rating s o f  eac h fac t  typ e withi n th e 

experimenta l  grou p i s significant ,  F '  (1,9)=10.86 ,  p  <  .0 1 
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2. The difference between groups is significant for three of the four analogies: (p < .05) Fisher Exact tests, 

1 tailed .  Anothe r  scorin g metho d i s t o assig n eac h subjec t  a  scor e fo r  th e numbe r  o f  choice s o f  identically-governe d 

ke y fact s acros s th e fou r  analogie s (possibl e scor e i s 0-4) ,  th e mea n fo r  experimenta l  subject s (3.17 )  i s significantl y 

greate r  tha n th e mea n fo r  contro l  subject s (2.0) ,  F  (1.28) = 18.67 ,  p  <  .0001 . 

3.  Agreemen t  betwee n thes e rating s an d thos e o f  a  second ,  blin d judge ,  wa s .91 .  A  repeate d measure s anova , 

comparin g th e mea n numbe r  o f  identicall y governe d an d differentl y governe d prediction s b y eac h grou p show s a 

significan t  interactio n betwee n grou p an d fac t  typ e (F(l,16 )  =11.76 ,  p  <  .01) .  Th e analyse s o f  th e simpl e effect s 

indicate s tha t  th e differenc e betwee n prediction s o f  eac h fac t  typ e withi n th e experimenta l  grou p i s significan t  F(l,8 ) 

= 36 ,  p<.00l .  Th e differenc e withi n th e contro l  grou p i s no t  significant . 

4.  Th e interactio n betwee n grou p an d fact-typ e i s significan t  F  '(1.11) = 9.0 ,  p  <  .025 .  Th e analyse s o f  th e 
simpl e effect s indicate s tha t  th e differenc e betwee n rating s o f  eac h fac t  typ e withi n th e experimenta l  grou p i s 

significant ,  F'(1,11 )  =6.05 ,  p  <  .05 . 

5.  W h e n subject s ar e score d fo r  th e numbe r  o f  choice s o f  identically-governe d ke y fact s acros s th e fou r 

analogie s (possibl e scor e i s 0-4) ,  th e mea n fo r  experimenta l  subject s (2.9 )  i s significantl y differen t  fro m th e mea n fo r 

contro l  subject s (1.8),F(1,16) = 16.2,p=.00 1 
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I N T R O D U C T I ON 

Learning concepts from examples is a central process in cognition. In the psychological literature, 
thi s proces s i s know n a s schema-abstraction .  W e focu s her e o n th e phenomeno n o f  sequenc e 
effects ,  ie. ,  th e effec t  presentatio n orde r  ha s upo n th e concep t  learned .  Thi s pape r  describe s a 
compute r  model ,  S E Q L ,  whic h provide s a n experimenta l  too l  fo r  explorin g a  clas s o f 
schema-abstractio n theories .  W e describ e th e organizatio n o f  SEQL ,  illustratin g ho w structura l 
comparison s combine d wit h a  librar y o f  abstractio n strategie s ca n mode l  sequenc e learnin g effects . 
We briefl y describ e a  psychologica l  experimen t  designe d t o explor e sequenc e effect s an d sho w ho w 
SEQL ca n b e use d t o reproduc e th e results . 

Schema-abstraction theories assume that some information is abstracted during learning and is 
subsequentl y store d fo r  late r  us e durin g classificatio n o f  ne w examples .  Thes e theorie s ca n b e 
differentiate d o n th e basi s o f  thre e criteria :  ho w th e abstracte d concep t  informatio n i s (i ) 
characterized ,  (ii )  retaine d an d (iii )  utilize d t o classif y ne w instances .  Fo r  example ,  th e prototyp e 
theor y [Posne r  &  Keel e 68 ,  Posne r  &  Keel e 70 ]  assume s tha t  durin g learning ,  subject s construc t  a 
singl e representatio n o f  th e concept' s prototyp e b y calculatin g th e averag e o f  al l  th e trainin g 
instances .  N e w exemplar s ar e classifie d b y determinin g ho w simila r  the y ar e t o th e prototype . 
Posner  &  Keel e foun d tha t  classificatio n o f  never-stu(Se d prototype s wa s mor e accurat e tha n 
classificatio n o f  never-studie d exemplars .  I n fact ,  afte r  dela y ther e wa s a  greate r  los s i n 
classificatio n accurac y fo r  th e much-studie d exemplar s tha n th e never-studie d prototypes . 

In contrast, Medin & Schaffer [Medin & Schaffer 78] proposed an instance-only model of 
concept-learning .  Thi s mode l  posit s tha t  n o abstractio n i s performed ,  an d onl y trainin g exemplar s 
ar e stored .  Classificatio n o f  ne w trainin g instance s i s base d o n thei r  similarit y t o al l  o f  th e store d 
items .  Medi n &  Schaffe r  demonstrate d tha t  th e effect s arisin g fro m schema-abstractio n 
models—namely ,  th e superio r  performanc e o f  prototype s an d th e increas e i n thi s effec t  afte r  delay , 
can b e accounte d fo r  b y thei r  instance-onl y model .  I n vie w o f  this ,  i t  ha s prove d difficul t  t o predic t 
difference s i n th e performanc e o f  schema-abstractio n versu s instance-onl y models . 

One phenomenon that might allow us to differentiate these models (and also subclasses of 
schema-abstractio n models )  i s sequenc e effects .  Suc h effect s ar e impossibl e fo r  a  standar d 
instance-onl y mode l  sinc e transfe r  stimul i  ar e compare d t o a U o f  th e item s i n memory .  Thes e effect s 
therefor e migh t  provid e evidenc e fo r  a  schema-abstractio n model .  Unfortunately ,  i t  i s  difficul t  t o 
predic t  th e performanc e o f  schema-abstractio n model s i n concep t  learnin g sinc e w e lac k a n explici t 
defmitio n o f  th e abstractio n process . 

We aim to attack the problem on two fronts, psychological and computational. We have designed a 
human experimen t  an d a  compute r  simulatio n t o examin e possibl e abstractio n processes . 
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Group I  Sequence : 

exl  ex 2 ex3 ex4 ex5 ex6 ex7 ex8 

A 

o 

A 

* 

A 

A 

A A 

A 

A 

Group I  Expecte d Rule : (I F (AN D (OUTSID E X  TRIANGLE ) 

(EQUALS (SHAP E X )  CIRCLE) ) 

(EQUALS (LOCATIO N TRIANGLE )  TOP) ) 

(I f  th e figur e outsid e o f  triangl e i s a  circle ,  the n th e triangl e i s o n top. ) 

Figur e 1 . 

Kline [Kline 83] demonstrated that human learning is indeed affected by presentation sequence. 

S o far ,  ou r  attemp t  t o replicat e Klin e ha s produce d w e a k results .  I n spit e o f  this ,  w e describ e ou r 

experimen t  i n orde r  t o presen t  th e logi c behin d ou r  reasonin g an d t o s h o w th e material s w e used . 

Psychological experiment 

Thi s experimen t  i s th e firs t  i n a  serie s designe d t o determin e i f  th e orde r  o f  trainin g instance s affect s 

th e learner' s concep t  description .  Subject s firs t  too k par t  i n a  stud y phas e followe d b y a  transfe r 

phase .  Subject s w e r e divide d int o t w o groups .  W e diverge d f r o m th e standar d experimenta l 

parad ig m sinc e bot h group s di d no t  simultaneousl y se e th e s a m e trainin g instances .  Usin g a  m e t h o d 

simila r  t o Kline's ,  eac h grou p s a w th e s a m e trainin g instance s bu t  th e orde r  o f  thes e instance s varie d 

be twee n th e t w o groups .  Figure s 1  &  2  s h o w th e t w o sequence s o f  trainin g instance s alon g wit h th e 

concep t  description s w e expecte d subject s t o generate .  Unlik e Kline' s experiments ,  subject s di d no t 

hav e ful l  m e m o r y ;  onc e a  n e w exempla r  w a s displayed ,  the y coul d no t  g o bac k an d loo k a t  previou s 

ones . 

Experimen t  deag n 

Stud y Phase : Subject s wer e firs t  tol d tha t  the y woul d b e aske d t o generat e a  rul e fo r  th e 

figure s the y wer e abou t  t o see .  The y wer e show n 8  figures ,  on e a t  a  time . 

They wer e the n aske d t o describ e th e rul e fo r  th e figure s the y jus t  saw .  Thi s 

was repeate d fou r  times . 

Group I I  Sequence : 

exl ex2 ex3 ex4 ex5 ex6 ex7 

Group n  Expecte d Rule : 

ex8 

A 

• 

A 

A 

o 

a 

A 

A A 

A 

A 

(I F (AN D (SAM E (SHATCX )  (SHAP E Y) ) 

(SAME (SIZ E X )  (SIZ E Y)) ) 

(EQUALS (LOCATIO N TRIANGLE )  BOTTOM)) 

(I f  th e figure s insid e an d outsid e o f  triangl e ar e th e sam e shap e an d size ,  the n triangl e i s o n bottom. ) 

Figure 2. 
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Transfer Phase: Subjects saw 27 pairs of stimuli. For each pair, they were asked to mark 
whic h o f  th e tw o wa s mor e simila r  t o th e item s the y sa w i n th e stud y phase . 
Subject s sa w th e sam e 2 7 pair s again .  (Subject s wer e tol d tha t  thes e wer e th e 
same 2 7 pair s the y ha d jus t  seen. )  Thi s time ,  i n additio n t o markin g whic h 
was mor e simila r  t o stud y items ,  subject s wer e aske d t o explai n thei r  choice . 

Results 
The result s wer e no t  strong ,  no r  wer e the y unifor m withi n th e groups .  Th e differenc e betwee n th e 
group s wa s no t  significant .  However ,  grou p 2  performe d a s expected ;  5 5 % o f  grou p 2  subject s 
chos e rul e 2 .  Grou p 1  subject s showe d n o preferenc e fo r  rul e 1  ove r  rul e 2 .  A n A N O V A di d 
revea l  a  significan t  differenc e betwee n th e tw o rule s (**) .  Rul e 2  wa s foun d t o b e easie r  t o lear n 
tha n rul e 1 .  I n ligh t  o f  thes e results ,  whic h ar e somewha t  promising ,  w e modifie d th e trainin g 
instance s s o tha t  rul e 1  woul d b e a s easil y learne d a s rul e 2 .  [Skorsta d 88 ]  wil l  provid e a  mor e 
detaile d descriptio n o f  th e experimen t  an d it s follow-up . 

SEQL computer model 
S E QL i s bein g buil t  a s a  too l  fo r  explorin g variou s abstractio n theories .  It s result s ca n b e compare d 
wit h huma n performanc e i n th e learnin g experiment .  Ou r  approac h differ s fro m man y prio r 
schema-abstractio n theories .  W e assum e tha t  th e prototyp e mus t  b e base d o n structura l  similarit y 
comparison s rathe r  tha n feature-se t  intersection .  W e us e a  mode l  o f  similarit y a s define d b y 
structure-mappin g theor y [Centne r  83] .  Fo r  thi s purpos e w e us e S M E [Falkenhainer ,  Forbu s & 
Centne r  86] ,  a  compute r  implementatio n o f  th e structure-mappin g theory . 

System Description 
S E QL consist s o f  severa l  mai n modules : 

— S M E operate s o n tw o potentia l  analogs ,  th e bas e an d th e target ,  generatin g a  numbe r  o f 
plausibl e mapping s igmaps )  fo r  thes e analogs .  Thes e gmap s correspon d t o interpretation s 
of  th e analogy .  I n addition ,  S M E produce s a n evaluatio n scor e fo r  eac h o f  th e gmaps .  A n 
importan t  featur e o f  S M E i s it s  toolki t  approach .  B y usin g differen t  set s o f  matc h rules , 
we ca n perfor m th e variou s similarit y comparison s define d b y structure-mappin g theory . 
I n thi s research ,  w e us e th e Literal-Similarit y rules .  B y literal-similarity ,  w e mea n a 
similarit y matc h i n whic h bot h di e object s an d th e relationa l  structur e o f  thes e object s ar e 
counte d i n th e match . 

— SE (Structural Evaluator) is a post-SME process. It provides alternate gmap evaluation 
scores ,  separat e fro m SME' s evaluator .  Fo r  example ,  on e ca n choos e t o evaluat e a  gma p 
base d o n a  combinatio n o f  it s  dept h an d breadt h o r  o n it s dept h an d breadt h relativ e t o th e 
depUi  an d breadt h o f  it s  base . 

— Generalize finds the most specific conjunctive generalization that characterizes both the 
bas e an d targe t  description s fe d t o S M E.  Generaliz e take s a  singl e gma p a s inpu t  an d 
output s a  generalize d descriptio n o f  thi s gma p bot h i n huma n readabl e for m an d i n SME' s 
syntax . 

— Specialize modifies a generalization when it is no longer adequate to describe a new 
example .  Thi s occur s whe n th e generalizatio n i s poorl y matche d t o a  targe t  example .  I f 
th e generalization' s rul e descriptio n (th e huma n readabl e form )  i s conjunctive ,  the n th e 
generalizatio n mus t  b e specialized .  I t  need s t o b e modifie d i n suc h a  wa y s o tha t  i t  cover s a 
smalle r  subse t  o f  examples .  Thi s ca n b e don e b y transformin g th e conjunctiv e rul e 
descriptio n int o a n IF-THE N rul e roughl y i n th e styl e propose d b y Bettge r  [Bettger ,  i n 
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preparation]. If the generalization rule was already in IF-THEN form, no specialization is 
necessary . 

Library of abstraction strategies to be simulated 
I n thi s section ,  w e la y ou t  a  spac e o f  possibl e abstractio n strategies .  Thi s librar y o f  stî ategie s wil l 
giv e u s th e flexibilit y  t o explor e variou s abstractio n theories .  Thes e strategie s determin e wha t  i s 
generalized ,  an d whe n thi s generalizatio n take s place .  W e divid e tiie  abstractio n strategie s int o tw o 
classes ,  th e limitin g case s versu s th e combinatio n models .  Firs t  w e lis t  a  se t  o f  limitin g case s whic h 
ar e usefu l  i n delimitin g th e spac e o f  basi c abstractio n theories .  Thes e model s ar e probabl y to o 
simpl e t o b e use d fo r  direc t  compariso n t o huma n performanc e durin g th e stud y phase .  Thei r 
effectivenes s o r  powe r  become s mor e apparen t  durin g th e transfe r  tas k whe n th e store d knowledg e 
i s retrieve d an d utilize d t o classif y ne w instances .  Next ,  w e lis t  th e combinatio n models .  Thes e us e a 
parameter ,  T ,  th e threshol d value .  I f  th e evaluatio n scor e o f  a  matc h i s belo w T ,  th e matc h i s no t 
considere d t o b e a  goo d one .  I n thi s way ,  th e use r  ha s conti-o l  ove r  wha t  h e consider s t o b e a  goo d 
match . 

A. Limiting Case Models 
1.  Exempla r  Onl y 

Stor e exemplar s only .  N o generalization s ar e mad e durin g learning .  Thi s i s 
th e simples t  for m o f  th e instance-onl y model . 

2.  Radica l  Generalizatio n 
Continuousl y generaliz e eac h ne w exempla r  wit h th e bas e (whic h i s a 
generalization )  t o generat e on e single ,  "winning "  generalization .  Som e 
version s o f  th e prototyp e model s woul d fal l  unde r  thi s category . 

3.  Al l  Exemplar s &  Al l  Generalization s 
Stor e al l  exemplar s an d al l  generalization s (whic h ar e forme d fo r  eac h match) . 
Thi s put s a  heav y burde n o n memory .  I f  ther e ar e n  item s i n th e stud y 
sequence ,  (2 "  -  1 )  item s wil l  b e stored . 

B. Combination Models 
1.  Generalizatio n an d Exempla r 

I f  th e matc h i s greate r  tha n T ,  stor e thei r  generalization ,  th e base ,  an d th e 
target ,  otherwis e stor e th e bas e an d targe t  onl y (u p t o a  memor y limit) . 

2.  Generalizatio n o r  Exempla r 
I f  th e matc h betwee n th e bas e an d targe t  i s  greate r  tha n T ,  stor e thei r 
generalization ,  otherwis e stor e th e bas e an d targe t  (u p t o a  memor y limit) . 

3.  IF-THEN-Rule-Generato r 
Thi s i s a  specializatio n o f  mode l  B.2 .  I n additio n t o storin g th e bas e an d targe t  whe n a 
bad matc h i s found ,  th e generalizatio n rul e i s modifie d t o for m a n IF-THE N rule .  Th e 
psychologica l  motivatio n fo r  thi s strateg y i s th e intuitiv e notio n tha t  whe n human s 
encounte r  a n exceptio n durin g concep t  learning ,  ie. ,  whe n a n exampl e i s foun d whic h 
isn' t  covere d b y thei r  rule ,  the y focu s o n th e difference s i n th e bas e an d target .  The y 
use thes e feature s t o patc h u p thei r  curren t  rul e descriptio n [Medi n persona l 
communicatio n 8 7 &  Bettge r  i n preparation] . 

One of the goals of our research is to test each of these abstraction sd-ategies on the same set of 
examples .  W e illustrat e th e IF-THEN-RuIe-Generato r  strateg y i n mor e detai l  i n th e nex t  section . 
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(starobjl ) 

(sta r  obj2 ) 

(triangl e obj3 ) 

(smal l  objl ) 

(smal l  obj2 ) 

(larg e obj3 ) 

(aboveobj l  obj2 ) 

(aboveobj l  obj3 ) 

(insid e obj 2 obj3 ) 

(outsid e obj l  obj3 ) 

(botto m obj3 ) 

(same-shap e obj l  obj2 ) 

(same-siz e obj l  obj2 ) 

Exl 

(starobjl ) 

(triangl e obj2 ) 

(sta r  obj3 ) 

(smal l  objl ) 

Oarg e obj2 ) 

(smal l  obj3 ) 

(abov e obj l  obj2 ) 

(abov e obj l  obj3 ) 

(insid e obj 3 obj2 ) 

(outsid e objlobj2 ) 

(botto m obj2 ) 

(same-shap e obj l  obj3 ) 

(same-siz e obj l  obj3 ) 

Ex2 

(sta r  entit y 17 ) 
(sta r  entity24 ) 

(triangl e entity33 ) 

(smal l  entit y 17 ) 

(smal l  entity24 ) 

(larg e entity33 ) 
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(same-siz e entit y 1 7 entity24 ) 

Gen[U ] 

Figur e 3 . 

S E QL exampl e usin g IF-THEN-Rule-Generato r  strateg y 

Suppos e ou r  goa l  i s  t o generat e a  concep t  descriptio n fo r  th e sequenc e o f  8  exemplar s show n i n 

figur e 2 .  Th e representation s fo r  exempla r  1  an d 2  ar e show n i n figur e 3 .  (Fo r  compactness ,  w e 

remove d som e o f  th e attributes) .  Ex l  an d ex l  ar e inpu t  t o S M E.  Ex l  i s th e bas e an d ex 2 th e target . 

S ME generate s a  numbe r  o f  plausibl e mapping s (ginaps )  betwee n thes e tw o exemplars .  Runnin g 

th e Structura l  Evaluato r  o n thes e mapping s yield s a  singl e bes t  normalize d gma p whic h i s compare d 

wit h th e threshol d valu e t o se e i f  i t  i s  a  goo d match .  Fo r  thes e tw o exemplars ,  w e hav e a  goo d 

match .  Th e gma p i s passe d o n t o th e generalize r  whic h produce s th e generalization ,  gen[l,2 ] 

shown i n figur e 3 . 

The generalization, gen[l^] and the new exemplar, ex3, (see fig 4) become the next base and target 

respectively .  The y don' t  yiel d a  goo d match .  Th e highes t  scorin g normalize d gma p i s les s tha n th e 

threshol d value .  Gen[l^]' s  rul e descriptio n mus t  b e specialize d sinc e i t  n o longe r  describe s al l  o f 

(sta r  entit y 17 ) 
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(smal l  entit y 17 ) 
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(same-siz e entit y 1 7 entity24 ) 
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(smal l  objl ) 
(mediu m obj2 ) 

(larg e obj3 ) 

(botto m obj3 ) 
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(abov e obj 3 obj2 ) 

(insid e obj l  obj3 ) 

(outsid e obj 2 obj3 ) 

Ex3 

(I F ( A N D (sta r  entity24 ) 

(smal l  entity24 ) 

(abov e entit y 1 7 entity24 ) 

(insid e entity2 4 entity33 ) 
(same-shap e entit y 1 7 entity24 ) 

- ^  (same-siz e entit y 1 7 entity24) ) 

( T H E N 

( A N D (triangl e entity33 ) 

(larg e entity33 ) 

(sta r  entit y 17 ) 

(smal l  entit y 17 ) 

(abov e entityl 7 entity33 ) 

(outsid e entityl 7 entity33 ) 

(botto m entity33))) ) 

IF-THEN Rule (gen [1,2], ex3) 

Figur e 4 . 
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processes thai occur during concept learning. 

Finally, we have shown how SEQL can simulate the phenomenon of sequence effects. 
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(same-shap e entit y 1 7 entity24 ) 

(same-siz e entit y 1 7 entity24) ) 
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(larg e entity33 ) 

(abov e entit y 1 7 entity24 ) 

(smal l  entit y 17 ) 

(abov e entit y 1 7 entity33 ) 

(outsid e entityl 7 entity33 ) 

(botto m entity33))) ) 

I F - T H E N Rul e (sequenc e 2 ) 

(I F ( A N D (circl e entity64 ) 

(abov e entityl 2 entity64 ) 

(abov e entity7 0 entity64 ) 

(outsid e entity6 4 entit y 12) ) 

(THE N 

(AN D (triangl e entit y  12 ) 

(larg e entit y  12 ) 

(to p entit y  12 ) 

(smal l  entity70 ) 

(insid e entity7 0 entit y  12)) ) 

IF-THh: N Rul e (sequenc e 1 ) 

Figur e 5 . 

the exemplars seen. Specializing gen[l,2] produces the new rule description, IF-THEN Rule 

(gen[l^] ,  ex3 )  show n i n figur e 4 .  Thi s descriptio n assert s tha t  i f  ther e i s a  smal l  sta r  insid e anothe r 

object ,  wit h a n objec t  o f  th e sam e shap e an d siz e abov e it ,  the n ther e i s larg e triangl e locate d a t  th e 

botto m o f  th e frame ,  wit h a  smal l  sta r  abov e an d outsid e it .  Thi s human-readabl e I F - T H E N rul e i s 

kep t  i n additio n t o th e origina l  gen[l,2 ]  assertions .  I n th e nex t  match ,  i t  i s  thes e assenions , 

gen[l^] ,  tha t  ar e inpu t  t o S M E — n ot  th e I F - T H E N rule .  Runnin g th e remainde r  o f  th e exemplar s 

throug h S E Q L an d displayin g th e generalizatio n wit h th e highes t  weight ,  w e ge t  th e concep t 

description ,  I F - T H E N Rul e (sequenc e 2) .  (se e figur e 5 ) 

IF-THEN Rule (sequence 2) asserts that if there is a small object inside another object, with an 

objec t  o f  th e sam e shap e an d siz e abov e it ,  the n ther e i s larg e triangl e locate d a t  th e botto m portio n o f 

th e frame ,  wit h a  sma U objec t  abov e an d outsid e it .  Thi s descriptio n correspond s t o th e descriptio n 

tha t  5 5 % o f  th e subject s from  grou p 2  o f  ou r  experimen t  generated . 

When the same set of exemplars are presented to SEQL in a different order, a different rule 

descriptio n i s generated ,  thu s demonstratin g a  sequenc e effect .  Fo r  example ,  i f  th e sequenc e show n 

i n figur e 1  i s ru n throug h S E Q L ,  th e rul e I F - T H E N Rul e (sequenc e 1 )  liste d i n figur e 5  i s 

produced .  Thi s rul e state s tha t  i f  ther e i s a  circl e whic h i s belo w tw o entitie s an d outsid e o f  on e o f 

th e entities ,  the n ther e i s a  larg e triangl e locate d a t  th e to p o f  th e fram e wit h a  smal l  objec t  insid e it . 

SEQL's results are considerably "better" than those generated by our human subjects, especially 

thos e i n grou p 1 .  Hopefully ,  th e modification s we'r e makin g t o ou r  experimen t  wil l  improv e 

subjects '  performance .  I f  not ,  thi s wil l  discoun t  th e psychologica l  validit y o f  ou r  model . 

Discussion 

Curren t  wor k i n concept-formatio n suggest s tha t  abstractio n doe s indee d tak e plac e durin g concep t 

learnin g [Ros s et .  al .  submitte d fo r  publicatio n 87 ,  Eli o &  Anderso n 84 ,  Klin e 83] .  Ou r  delineatio n 

of  a  spac e o f  som e o f  thes e possibl e abstractio n processe s enable s u s t o captur e an d avoi d som e o f 

th e extreme s o f  th e prototyp e an d instance-onl y models . 

An important distinction of our approach is the use of structural comparisons defined by 

structure-mappin g theor y a s oppose d t o th e mor e typica l  feature-se t  intersection .  W e hav e show n 

h o w S E Q L incorporate s structura l  comparison s t o produc e a  usefu l  too l  fo r  explorin g abstractio n 
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Student s o f  reasonin g hav e lon g trie d t o under -

stan d h o w peopl e revis e system s o f  belief s (se e 

Wertheimer ,  1945 ,  fo r  example) .  W e wil l  describ e a 

computationa l  mode l  o f  h o w experimenta l  subject s 

revis e thei r  naiv e belief s abou t  physica l  motion .  W e 

maintai n tha t  peopl e ofte n chang e thei r  belief s i n 

ways drive n b y consideration s o f  explanator y coher -

ence .  Afte r  describin g instance s i n whic h subject s 

chang e thei r  belief s whil e learnin g elementar y phy -

sics ,  w e sho w ho w thei r  belie f  revision s ca n b e 

modele d usin g E C H O,  a  connectionis t  compute r  pro -

gra m tha t  use s constraint-satisfactio n technique s t o 

implemen t  a  theor y o f  explanator y coherence . 

THE PHENOMENA: 
CHANGES I N SYSTEMS O F BELIEF S 

Ranney (1987a) investigated belief change in 

naiv e subject s learnin g elementar y physic s b y usin g 

feedbac k provide d o n a  compute r  display .  Subject s 

wer e aske d t o predic t  th e motio n o f  severa l  projectile s 

and the n explai n thes e predictions .  Th e physica l  con -

text s wer e quit e simple ,  involvin g object s tha t  wer e 

eithe r  throw n o r  release d i n variou s ways .  Analyse s 

of  verba l  protoco l  dat a indicat e tha t  subject s some -

time s underwen t  dramati c belie f  revision s whil e 

offerin g prediction s o r  receivin g empirica l  feedback . 

We wil l  describ e tw o kind s o f  revisions . 

Pat's Changes 

Conside r  "Pat, "  a n individua l  w h o wa s aske d t o 

offe r  prediction s abou t  event s includin g (a )  th e 

motio n o f  a  heav y objec t  droppe d b y a  briskl y walk -

in g m a n an d (b )  th e motio n o f  a  heav y objec t  throw n 

obliquel y upward .  Usin g episodi c memorie s an d men -

ta l  imagery ,  Pa t  initiall y  predicte d tha t  th e objec t 

droppe d b y th e m a n woul d fal l  straigh t  dow n (relativ e 

t o th e ground) .  Thi s belie f  i s a  c o m m o n finding  i n th e 

naiv e physic s literatur e (McCloskey ,  Washburn ,  & 

Felch ,  1983) .  Althoug h sh e entertaine d th e correc t 

prediction ,  tha t  th e droppe d objec t  migh t  curv e for -

war d du e t o th e object' s forwar d "force "  (velocity) , 

sh e preferre d t o sta y wit h th e straight-dow n belief . 

Severa l  task s later ,  whe n face d wit h th e 

"upward-throw "  situation ,  Pa t  note d a  similarit y 

betwee n i t  an d th e "walking-drop "  tas k -  on e tha t 

eventuall y spawne d a  belie f  revision .  Whil e sh e 

offere d th e correc t  paraboli c trajector y a s a  predictio n 

fo r  th e upward-throw ,  sh e note d that ,  a t  th e parabola' s 

zenith ,  th e upwardl y throw n objec t  i s  comparabl e t o 

tha t  jus t  release d b y th e walkin g man .  Tha t  is ,  a t  th e 

ape x o f  th e throw n object' s trajectory ,  i t  ha s a n 

exactly-horizonta l  motion ,  a s doe s th e just-droppe d 

object .  Pa t  the n mentione d tha t  thi s observatio n wa s 

not  "consistent "  wit h wha t  sh e sai d befor e and ,  i f  sh e 

wer e t o b e consistent ,  th e throw n objec t  woul d "stop " 

it s hcMTzonta l  motio n an d "the n jus t  fa'. l  straigh t 

down"  fro m th e zenit h o f  th e parabola .  Thi s 

"curving-up-then-straight-down "  trajector y wa s no t 

consisten t  wit h he r  pas t  experienc e o f  fallin g objects . 

Pat  the n realize d tha t  he r  memory-drive n 

descriptio n o f  th e bal l  droppin g straigh t  dow n fro m 

th e walkin g m a n involve d belief s tha t  wer e incoheren t 

wit h he r  belief s abou t  th e paraboli c motio n o f  throw n 

bodies .  Afte r  a  perio d o f  igncxin g th e incoherence , 

Pat  state d tha t  sh e ha d "constructe d a  consisten t 

theor y o f  ho w thes e thing s move. "  Remarkably ,  sh e 

went  o n t o rejec t  he r  straight-dow n predictio n fo r  th e 

walking-dro p tas k an d accep t  th e belie f  tha t  th e pat h 

woul d hav e a  "sligh t  forward "  ar c combinin g th e "for -

war d force "  an d gravity .  Eventually ,  Pa t  generalize d 

thi s notion ,  discriminatin g amon g th e breadth s o f  th e 

arc s o f  severa l  laterall y release d projectiles . 

Hal's Changes 

A secon d kin d o f  systemati c belie f  revisio n 

occurre d i n subject s w h o offere d predictions ,  receive d 

feedback ,  an d provide d explanation s fo r  a  se t  o f  task s 

i n whic h pendulum-bob s wer e release d fro m thei r 

supportiv e string s durin g variou s point s i n a  swing . 

Thi s se t  o f  task s wa s adapte d fro m stimul i  use d b y 

Caramazza ,  McCloskey ,  &  Green ,  (1981) .  Becaus e 

of  th e similarit y amon g severa l  o f  th e subjects ,  w e 

wil l  amalgamat e the m int o a  composit e subjec t  "Hal. " 

Hal  predicte d that ,  a t  th e extrem e "endpoint "  o f 

a swing ,  a  release d bo b wil l  trave l  laterall y an d (even -
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tually )  downward .  T o som e extent ,  thi s predictio n 
was drive n b y image s o f  childre n flying  of f  play -

groun d swings .  Vi a feedback .  Ha l  learne d tha t  a  bo b 

release d i n thi s manne r  actuall y fall s  straigh t  dow n 

(se e Figur e 1 ,  positio n E ) .  Mos t  o f  th e subject s 

observe d b y Ranne y (1987a )  wer e surprise d b y thi s 

piec e o f  feedback ,  a s almos t  9 0 % o f  th e predicte d tra -

jectorie s wer e nonvertical .  Virtuall y al l  thes e subject s 

revise d som e beliefs ,  offerin g explanation s simila r  t o 

th e followin g prototype : 

Unlike the bobs with the other release-

positions ,  thi s bo b wen t  directl y straigh t 

down,  no t  t o th e sid e a t  all .  Sinc e i t  ha d n o 

latera l  motio n a s i t  fell ,  thi s mean s tha t  th e 

objec t  ha d n o spee d whe n i t  wa s released . 

Therefore ,  th e pendulu m mus t  hav e bee n 

temporaril y  stoppe d whe n th e bo b dropped . 

Thi s make s sense ,  sinc e th e pendulu m wa s 

probabl y slowin g d o w n -  an d i t  ha d t o sto p 

i n orde r  t o chang e directions ! 

Fig .  I .  Hal' s predictio n (* )  an d fou r  feedbac k paths . 

In contrast to Pat's belief change, in which two 

incoheren t  prediction s cause d he r  t o rejec t  on e o f  th e 

them ,  Hal' s belie f  syste m underwen t  a  m w e dramati c 
revision .  H e cam e t o accep t  bot h th e straight-dow n 

feedbac k an d th e notio n o f  a n instantaneou s zer o 

velocity ,  whil e rejectin g bot h hi s earlie r  (lateral )  pred -

ictio n an d a n impetus-drive n belie f  regardin g pendu -

la r  motion .  (Se e Hallou n &  Hcstenes ,  1985 ,  an d Ran -

ney ,  1987b ,  fo r  description s o f  differen t  sort s o f 

impetu s beliefs. ) 

EXPLANATORY COHERENCE 
AS A  MECHANISM 

FOR SYSTEMATIC BELIE F REVISIO N 

How can we account for these systematic 
change s i n beliefs ? Bot h case s involve d a  subject' s 

attemp t  t o adjus t  belief s i n orde r  t o explai n a  surpris -

in g observation .  A n adequat e mode l  o f  thes e 

phenomen a mus t  provid e a  mechanis m b y whic h a 

coherent ,  revised ,  se t  o f  belief s ca n aris e fro m th e 

nee d fo r  explanation . 

ECHO 

Thagar d (1988a )  ha s propose d a  theor y o f 

explanator y coherenc e tha t  build s o n previou s idea s 

abou t  th e evaluatio n o f  explanator y hypothese s (Har -

man,  1986 ;  Thagard ,  1988b) .  Th e theor y ha s bee n 

implemente d i n a  connectionis t  compute r  program , 

E C H O,  tha t  use s paralle l  constrain t  satisfactio n t o 

accep t  an d rejec t  hypothese s o n th e basi s o f  thei r 

explanator y coherence .  E C H O ha s bee n use d t o 

analyze  a  variet y o f  scientifi c  arguments ,  pas t  an d 

presen t  Lavoisier' s cas e fo r  hi s  oxyge n thew y 

agains t  th e phlogisto n theory ,  Darwin' s argumen t  fo r 

evolutio n b y natura l  selection ,  controversie s abou t 

continenta l  drif t  (Thagar d &  N o w a k ,  1988) ,  an d 

debate s abou t  w h y th e dinosaur s becam e extinc t 

Applicatio n o f  E C H O t o th e belie f  revision s i n Pa t 

and Ha l  i s nove l  i n tw o respects .  First ,  w e ar e model -

in g subjec t  protocol s produce d durin g experiment s 

rathe r  tha n finished  arguments .  Second ,  thes e model s 
ar e dynamic ,  i n tha t  E C H O change s it s  c(*erenc e 

judgment s i n respons e t o ne w evidence . 

Spac e constraint s permi t  onl y a  sketc h o f  th e 
theor y o f  explanator y coherenc e an d it s implementa -

tio n (se e Thagard ,  1988a ,  fo r  greate r  detail) .  Th e 
theor y i s stale d usin g seve n principle s o f  explanator y 

coherenc e tha t  ca n b e summarize d a s follows .  Princi -
pl e 1 ,  Symmetry ,  state s tha t  coherenc e an d incoher -

enc e ar e symmetri c relations .  Principl e 2 ,  Explana -
tion ,  say s tha t  hypothese s tha t  togethe r  explai n a  piec e 

of  evidenc e coher e wit h th e evidenc e an d wit h eac h 

other ,  an d tha t  th e degre e o f  coherenc e decrease s wit h 
th e numbe r  o f  hypothese s use d i n th e explanation . 

Principl e 3 ,  Analogy ,  attribute s coherenc e t o simila r 

hypothese s tha t  explai n simila r  piece s o f  evidence . 
Principl e 4 ,  Dat a Priority ,  state s tha t  piece s o f  evi -

denc e hav e a  degre e o f  coherenc e i n themselves ,  eve n 

thoug h evidenc e ca n b e rejecte d fo r  theoretica l  rea -

sons .  Accordin g t o principl e 5 ,  Contradiction ,  con -

tradictor y proposition s ar e incoheren t  Principle s 6 
and 7  clai m tha t  th e explanator y coherenc e o f  a  pro -

positio n o r  se t  o f  proposition s i s determine d b y th e 

pairwis e relation s establishe d b y principle s 1-5 . 
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ECHO i s a  Common LIS P progra m whos e 
inpu t  consist s o f  statement s abou t  th e explanator y an d 

contradictor y relation s amon g propositions .  I t  create s 

unit s representin g proposition s an d set s u p link s 

betwee n pair s o f  proposition s i n accor d wit h th e 

abov e principle s o f  explanator y coherence .  I f  tw o 

p-oposition s coher e becaus e the y ar e bot h argument s 

of  a  particula r  explanation ,  the n E C H O set s u p a n 

excitatCH y lin k betwee n them .  I f  tw o proposition s ar e 

incoheren t  becaus e the y contradic t  eac h other ,  the n 

E C HO set s u p a n inhibitor y lin k betwee n them .  I n 

accor d wit h th e principl e o f  dat a priority ,  proposition s 

representin g evidenc e receiv e a  lin k fro m a  specia l 

evidenc e unit .  Fo r  modelin g th e physic s students ,  w e 

trea t  a s evidenc e proposition s base d o n eithe r  (a )  th e 

p^senc e o r  absenc e o f  direc t  observations ,  (b ) 

memorie s o f  suc h observations ,  o r  (c )  fact s tha t  ar e 

well-establishe d fo r  th e subject ,  suc h a s "gravit y pull s 

object s downward. " 

The mathematic s underlyin g E C H O ar e 

straightforward .  Followin g typica l  connectionis t 

pnctic e (Rumelhar t  &  McClelland ,  1986) ,  eac h uni t 

has a n activatio n tha t  i s  update d b y considerin g th e 

unit s tha t  ar e linke d t o i t  A  unit' s  excitator y lin k 

wit h anothe r  uni t  whos e activatio n i s greate r  tha n 0 

tend s t o increas e th e first  unit' s  activation ,  whil e a n 

inhibitor y lin k wit h th e othC T uni t  tend s t o decreas e 

activation .  M o r e generally ,  fo r  eac h uni t  j ,  th e activa -

tio n a -  i s a  continuou s functio n o f  th e activatio n o f  al l 

th e unit s linke d t o it ,  wit h eac h unit' s  contributio n 

dependin g o n th e weigh t  w- •  o f  th e lin k from  uni t  i  t o 

uni t  j .  Th e activatio n o f  a  luii t  j  ca n b e update d fro m 

tim e t  t o tim e t+ 1 usin g th e followin g equation . 

o , a + i ) = a , a x i - e )  + 
netjOnax-Gjit) )  i f  netj> 0 

netjiaj(t}-min )  otherwis e 

Her e 9  i s a  deca y paramete r  tha t  decrement s eac h uni t 

at  ever y cycle ,  mi n i s m in imu m activatio n (-1) ,  m a x i s 

m a x i m u m activatio n (1) ,  an d net .  i s  th e ne t  inpu t  t o a 

uni t  Thi s i s define d by : 

netj = £^w,ya,(0 

Repeated updating cycles result in some beliefs gain-

in g acceptanc e (activatio n >  0 )  whil e othe r  ar e 

rejecte d (activatio n <  0) .  E C H O network s eventuall y 

settl e int o stabl e state s i n whic h th e unit s hav e asymp -

toti c activation s tha t  represen t  thei r  coherenc e wit h 

othe r  units . 

Applying ECHO To Pat's Belief Revision 

We hav e use d E C H O t o analyz e th e kind s o f 

belie f  revisio n exhibite d i n th e subject s describe d 

above .  I n eac h case ,  a  contradictio n a m o n g th e 

subject' s belief s appeare d t o serv e a s th e motivatio n 

fo r  th e observe d changes .  E C H O deal s wit h contrad -

iction s gracefully ,  treatin g the m a s a  pressure s t o 

chang e beliefs ,  bu t  otherwis e toleratin g them .  Pal' s 

cas e involve d a  critica l  incoherenc e betwee n tw o 

mutuall y exclusiv e predictions :  a  piec e o f  evidenc e 

tha t  wa s supposedl y observed ,  an d a  hypothesi s tha t 

was no t  observed ,  ye t  consisten t  wit h othe r  observa -

tion s an d hypotheses . 

Th e followin g i s a  lis t  o f  Pat' s initia l  se t  o f  pro -

positions ,  a s garnere d fro m he r  verba l  protoco l  o f  th e 

problem-solvin g session .  The y represent  he r  activ e 

belief s jus t  afte r  sh e provide d he r  straight-dow n pred -

ictio n fo r  th e walking-dro p task . 

Evidence: 

El .  Carrie d object s fal l  straight-dow n upo n release . 

E2.  Carrie d object s don' t  fal l  diagonall y upo n 

release . 

Negative Evidence (proposed observations that 

do no t  obtain) : 

N E l .  Carrie d object s fal l  diagonaU y upo n release . 

Common Fact: 
CFl .  Gravit y move s release d object s downward . 

Newtonian Hypotheses: 

N H l .  Laterall y movin g object s curv e downwar d 

(immediately )  upo n release . 

N H 2.  Release d object s m o v e forwar d vi a a  forwar d 

velocity . 

Alternative (non-Newtonian) Hypotheses: 

A H l .  Horizontall y movin g object s fal l  straight-dow n 

(immediately )  upo n release . 

A H 2.  Release d object s m o v e forwar d vi a a  forwar d 

"force. " 

The following are Pat's original verbalized 

explanations ,  manifeste d i n E C H O a s excitator y link s 

among eac h o f  th e proposition s involved . 

Explanations: 

El  i s  explaine d b y A H l ; 

E2 i s explaine d b y N H l ; 

E2 i s explaine d b y A H l ; 

N El  i s  explaine d b y C F l  an d A H 2 ; 

N Hl  i s explaine d b y C F l  an d N H 2 ; 

The next set of relations are the inconsistencies 

tha t  Pa t  originall y mentioned .  Recal l  tha t  th e contrad -

ictio n tha t  disturbe d Pa t  wa s th e on e betwee n E l  an d 

N H l ;  sh e couldn' t  accep t  bot h (a )  tha t  laterally -

release d object s curve  downwar d an d (b )  tha t  carrie d 
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object s (als o bein g laterally-released )  fal l  straight -
down. 

Contradictions: 
El  versu s N H l ; 

E2 versu s N E l ; 

N Hl  versu s A H 1 ; 

When Pat was later asked to offer a prediction 

fo r  th e upward-thro w task ,  sh e adde d th e followin g 

beliefs : 

New Evidence: 

E3.  Upwardl y throw n object s curv e up-and-down . 

E4.  Upwardl y throw n object s d o no t  curv e u p an d 

fal l  straight-down . 

New Negative Evidence: 

N E 2.  Upwardl y throw n object s curv e up ,  the n fal l 
straight-down . 

Finally, Pat verbalized the following explana-

tion s an d contradictions .  Not e tha t  th e explanatio n o f 
N E2 i s essentiall y a  (higher-order )  explanatio n o f  a 

hypothesi s b y othe r  hypotheses : 

New Explanations: 
E3 i s explaine d b y N H l ; 

E4 i s explaine d b y N H l ; 

N E2 i s explaine d b y N H l  an d A H 1 ; 

New Contradictions: 
E3 versu s A H l ; 

E4 versu s N E 2 ; 

E4 versu s A H l ; 

Figur e 2  display s th e networ k E C H O form s 

fro m th e abov e explanation s an d contradictions ,  wit h 

soli d line s representin g symmetrica l  excitator y link s 

and dashe d line s representin g symmetrica l  inhibitor y 

links .  W e sugges t  tha t  th e figur e display s th e essen -

tia l  structura l  aspect s o f  Pat' s workin g memor y dur -

in g th e belie f  chang e i n question .  Th e grap h show s 

tha t  predictio n N H l  i s  well-supporte d b y evidenc e 

E2,  E3 ,  an d E4 ,  a s wel l  a s b y fac t  CF l  an d hypothesi s 

N H 2.  Predictio n El ,  bein g a  "remembered "  observa -

tion ,  ha s a  direc t  sourc e o f  activatio n vi a principl e (4 ) 

yet  i s supporte d onl y b y th e Aristotelia n hypothesi s 

AHl . 

I n orde r  t o approximat e Pat' s belie f  change , 

E C HO shoul d exhibi t  bot h a n initia l  acceptanc e o f 

E l ,  followe d b y it' s  rejectio n i n favo r  o f  N H l .  A s 

Figur e 3  illustrates ,  thes e characteristic s ar e indee d 

capture d b y E C H O.  Th e activatio n (fro m - 1 t o -h i  o n 

th e y-axis )  o f  eac h nod e i s plotte d agains t  tim e (fro m 

0 t o 20 0 cycle s o f  activatio n updating) .  Wit h eac h 

nod e initiall y  se t  t o zer o activation ,  th e syste m relaxe s 
int o mor e an d mor e coheren t  states ,  suc h tha t  El' s 

trajector y follow s th e desire d nonmonotoni c pat h -
rising  sharply ,  the n fallin g int o th e rejected  regio n -

as N H l  advance s an d A H l  declines .  Th e othe r  propo -

sition s ar e similarl y accepte d o r  rejected  (o r  hel d i n 

limbo ,  a s i s  A H 2 ) ,  dependin g upo n thei r  loca l  coher -

enc e relationship s withi n th e overal l  constraint -

satisfactio n system .  Not e tha t  th e mode l  als o simu -

late s th e tempora l  aspec t  o f  Pat' s reasoning ,  a s th e 

"new "  propositions ,  E3 ,  E 4 ,  an d N E 2 ,  a s wel l  a s thei r 

associate d explanation s an d contradictions ,  ar e intro -
duce d afte r  a  brie f  la g (afte r  1 5 cycles) .  Th e final, 

most  stabl e configuratio n o f  belief s happen s t o b e on e 

tha t  roughl y correspond s t o Newtonia n motion .  (O f 

course ,  i f  Pa t  happene d t o recal l  othe r  evidenc e tha t 

supporte d he r  alternativ e hypotheses ,  thi s nee d no t 

hav e bee n th e case. ) 

NHl NH2 

AHl AH2 

Fig .  2 .  Pat' s explanator y coherenc e network . 

Ul 

•1 
r 

Fig .  3 .  Th e activatio n trajectorie s o f  Pal' s  beliefs . 
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A Dynami c Simulatio n O r  Hal' s Belie f  Revisio n 

A simulatio n o f  Hal' s belie f  change s involve s a 

mor e intensiv e tempora l  analysis .  Recal l  tha t  Hal' s 

revisio n wa s du e t o a n empirically-drive n contradic -

tion ,  i n contras t  t o Pat' s mor e memory-drive n con -

tradiction .  Her e ar e Hal' s essentia l  origina l  belief s 

(i.e. ,  hi s belief s prio r  t o receivin g an y trajector y feed -

bac k abou t  p>enduIum-bob s tha t  ar e release d durin g a 

swing) .  Kee p i n min d tha t  Ha l  i s a  composit e subject : 

thes e ar e belief s tha t  wer e characteristi c o f  man y o f 

th e subject s w h o underwen t  essentiall y th e sam e 

belie f  revision . 

Evidence: 

El .  Kid s ca n fly  of f  th e en d o f  a  playgroun d swing . 

E5.  A  pendulu m reverse s direction s a t  th e endpoints . 

Common Facts: 

C F l .  Gravit y pull s object s downward . 

C F 2.  A  swin g i s a  pendulum . 

Classical Physical (Newtonian) Hypotheses: 

C P l .  A t  th e endpoints ,  a  pendulu m i s a t  rest . 

CP2.  A  laterally-release d objec t  move s ove r  an d 

down. 

CP3.  Th e slowe r  a  pendulum-bob' s spee d a t  release , 

th e smalle r  th e curve d trajectory . 

Alternative (non-Newtonian) Hypotheses: 

A H l .  A t  th e endpoints ,  a  pendulum-bo b continue s it s 
precedin g latera l  motion . 

Predictions: 

PI .  A t  th e endpoint ,  a  release d bo b wil l  mov e ove r 

and down . 

P2.  A t  th e endpoint ,  a  release d bo b wil l  fal l  straight -

down. 

Both El and E5 are remembered observations. 

E2,  E3 ,  an d E 4 wer e intentionall y lef t  ou t  fo r  now , 

sinc e thes e piece s o f  evidenc e wil l  b e sequentiall y 

adde d a s feedback ,  a s describe d later .  Th e followin g 

explanation s an d contradiction s wer e c o m m o n t o pro -

tocol s reflectin g Hal' s belie f  revision .  Not e tha t  her e 

th e critica l  incoherenc e (whic h feedbac k eventuall y 

resolves )  i s  betwee n P I  an d P2 ,  tw o mutually -

exclusiv e prediction s wit h differen t  level s o f  suppor t 

and competition . 

Explanations: 

El  i s explaine d b y A H l  an d CF2 ; 

E5 i s explaine d b y CPl ; 

PI  i s explaine d b y A H l  an d CP2 ; 

P2 i s explaine d b y CP l  an d CP3 ; 

P2 i s explaine d b y CP l  an d CF l ; 

C P2 i s explaine d b y CFl ; 

Contradictions: 

El  versu s P2 ;  P I  versu s P2 ;  CP l  versu s A H l ; 

Figure 4 shows that, when ECHO is loaded in 

suc h a  fashio n a t  tim e tQ ,  th e syste m reache s a  stabl e 

stat e b y t j  (afte r  15 0 processin g cycles) .  A m o n g othe r 

dynami c relationships ,  thes e graph s sho w tha t  P I  (th e 

curving-down-at-endpoin t  prediction )  i s  believed , 

whil e it s  antagonist ,  P 2 (th e straight-down-at -

endpoin t  prediction) ,  i s disbelieve d -  a s indicate d b y 

it s negativ e activation .  Thus ,  I ,  represent s th e stat e o f 

Hal' s belie f  syste m prio r  t o an y feedback . 
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Fig. 4. The activation trajectories of Hal's beliefs. 

At L2. t^, and t^ (of Figure 4), evidence about 
othe r  pendular-releas e position s i s  acquire d i n th e 

for m o f  direc t  observation s (i.e. ,  feedback )  E2 ,  E3 , 

and E4 .  Thes e "within-swing "  path s ar e readil y 

explaine d b y (an d henc e support )  proposition s CF l , 

C P 2,  an d CP3 : 

New Evidence: 

E2.  A  bo b release d o n a  downswin g curve s dow n 

afte r  it s release . 

E3.  A  bo b released  fro m midswin g curve s ou t  ( a lot ) 

afte r  it s release . 

E4.  A  bo b release d o n a n upswin g curve s up-and -

down afte r  it s release . 
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New Explanations : 

E2 i s explaine d b y CFl ,  CP2 ,  an d CP3 ; 

E3 i s explaine d b y CFl ,  CP2 ,  an d CP3 ; 

E4 i s explaine d b y CFl .  CP2 ,  an d CP3 ; 

The system then settles into stale \c (after 400 

tota l  cycles) .  Figur e 4  show s that ,  excep t  To r  th e gen -

eralizatio n expresse d i n CP 3 (relatin g release-velocit y 

t o th e breadt h o f  curves) ,  littl e ha s change d fro m stat e 

t, ;  P I  i s  stil l  believe d an d P 2 i s not .  Figur e 5  show s 

Hal' s belie f  syste m fro m U  onward ,  includin g al l 

excitator y an d inhibitor y links . 

CP3 

Fig .  5 .  Hal' s explanator y coherenc e network . 

As described earlier, it is at time t^ that the 

dramati c belie f  revisio n begins ,  drive n b y th e surpris -

in g feedbac k that ,  contrar y t o PI ,  th e endpoin t  releas e 
yield s a  straight-dow n pat h (a s predicte d b y th e disbe -

lieve d P2) .  Thi s feedbac k i s simulate d i n E C H O b y 
makin g P 2 a  dat a node ,  thu s providin g i t  wit h a  direc t 
sourc e o f  activatio n (lik e E1-E5 ,  CFl ,  an d CF 2 whic h 

als o hav e dat a priority. )  A s Figur e 4  indicates ,  thi s 
singl e chang e ha s fiv e dramati c consequence s 

betwee n t ^  an d Hal' s ultimat e stat e (afte r  85 0 tota l 

cycles) ,  L, :  (a )  P 2 gain s acceptance ,  flipping  fro m a 

negativ e t o a  positiv e activation-state ,  whil e (b )  th e 

antagonisti c P I  i s  rejected,  (c )  CPl ,  th e notio n o f 

instantaneou s zer o velocity ,  achieve s acceptance , 
whil e (d )  it s non-Newtonia n antagonist ,  AHl ,  i s 

rejected,  (e )  Eve n El ,  a  fallaciou s piec e o f  "evi -

dence "  (i.e. ,  tha t  kid s ca n fly  of f  th e en d o f  swings ) 

lose s support .  Thes e change s essentiall y  reflec t  th e 

belie f  revision s verbalize d b y subject s lik e Hal . 

ASSESSING T H E M O D EL 

While these simulations provide general 

correspondenc e wit h Pat' s an d Hal' s change s i n 

belief ,  ther e ar e severa l  methodologica l  question s t o 

consider .  W e mus t  as k ho w sensitiv e E C H O i s t o (a ) 

th e particula r  representation  o f  a n individual' s belief s 

and (b )  th e particula r  parameter s involve d i n 

activation-passing . 

How arbitrar y ar e th e representation s tha t  ar e 

put  t o ECHO? Althoug h Pat' s belief s wer e garnere d 

directl y fro m audio-tape d protocols ,  ther e i s n o fool -

proo f  algorith m fo r  translatin g utterance s int o propo -

sitions ,  s o analysi s ha s som e latitude .  Similarly , 

althoug h w e trie d t o includ e onl y relation s tha t  wer e 

explicitl y  use d i n Pat' s explanations ,  thi s par t  o f  th e 

analysi s als o involve s som e subjectivity .  I t  i s  particu -

larl y difficul t  fo r  th e code r  t o refrai n fro m addin g a n 

obviou s nod e o r  a  lin k eve n thoug h th e particula r  sub -

jec t  didn' t  vocaUz e tha t  obviou s beUe f  o r  relationship . 

(Fo r  instance ,  th e author s foun d i t  difficul t  t o no t  ad d 
an inhibitor y lin k betwee n Pat' s A H 2 an d NH2. ) 

Constructin g Hal' s belie f  syste m allowe d fo r  mor e 

latitud e tha n Pat's ,  sinc e h e i s a  composite .  Still ,  car e 
was take n t o creat e th e networ k first  ~  befor e tinker -

in g wit h th e processin g parameter s -  s o tha t  w e 

woul d b e les s likel y t o "kludge "  th e representation . 

Ther e i s als o anothe r  kin d o f  representationa l 
question :  What  doe s on e o f  thes e network s actuall y 

represent ? Generally ,  w e conceiv e o f  th e network s a s 
model s o f  th e curren t  content s o f  workin g memory . 

Note ,  however ,  tha t  b y "current "  w e als o mea n "con -

textual. "  becaus e subject s ca n hol d a  belie f  i n on e 

contex t  tha t  the y disbeliev e i n another .  Fo r  instance , 

i n a n abstrac t  context ,  mos t  subject s explicitl y  hel d 

CPl ,  tha t  ther e i s n o spee d a t  a  pendulum' s endpoint s 
-  eve n those ,  lik e Hal ,  wh o woul d rejec t  i t  (i n favo r 
of  AHl )  durin g th e contex t  o f  th e pendular-releas e 

tasks . 

A genera l  proble m wit h connectionis t  cognitiv e 

model s i s tha t  the y usuall y hav e numerou s numerica l 
parameter s tha t  ca n b e manipulate d t o produc e 
desire d results .  Doe s ou r  simulatio n depen d o n fine 

paramete r  tuning ? Th e mos t  importan t  parameter s i n 

E C HO includ e th e weigh t  valu e o f  excitator y links , 

th e negativ e weigh t  valu e o f  inhibitor y links ,  th e 

weigh t  valu e o f  th e (dat a priority )  link s betwee n evi -

denc e an d th e specia l  evidenc e unit ,  an d th e deca y o f 

each uni t  a t  eac h cycle .  Th e simulation s o f  bot h Pa t 

and Ha l  use d th e sam e paramete r  settings ,  an d yielde d 

th e desire d trajectorie s ove r  simila r  range s fo r  eac h 

parameter .  Thes e common paramete r  range s were : 

.01 5 t o .0 5 fo r  excitator y weights ,  -.0 5 t o -.06 5 fo r 

inhibitor y weights ,  .03 5 t o .07 5 fo r  data-priorit y 
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weights ,  an d .0 1 t o .06 5 fo r  th e deca y rate . 

The simulation s migh t  hav e employe d eve n 

more parameters .  Fo r  instance ,  w e treate d unit s 

representin g direc t  observations ,  memories ,  an d fact s 

al l  a s evidence ,  wit h eac h linke d t o th e specia l  evi -

denc e uni t  b y th e sam e weight .  Bu t  on e ca n argu e fo r 

varyin g thes e weight s fo r  differen t  kind s o f  evidence , 

increasin g the m fo r  curren t  observation s an d decreas -

in g the m fo r  fuzz y memories .  No t  al l  evidenc e ha s 

th e sam e epistemi c status .  I n particular ,  whe n Ha l  i s 

directl y presente d wit h a  phenomeno n o n th e com -

pute r  scree n i n fron t  o f  him ,  thi s become s a  ver y 

salien t  piec e o f  evidence .  Accordingly ,  on e migh t 

argu e tha t  th e uni t  representin g th e surprisin g obser -

vatio n tha t  th e pendulu m bo b fall s straigh t  dow n a t 

th e en d o f  it s swin g shoul d b e a  multipl e o f  th e dat a 

piorit y  o f  remembere d evidence . 

FUTURE RESEARCH 

We have been modeling previously performed 

experiments ,  bu t  E C H O ca n als o b e use d t o mak e 

prediction s abou t  th e belief s o f  subjects .  Ou r  simula -

tio n o f  Ha l  predicte d tha t  h e woul d com e t o doub t  th e 

belie f  tha t  kid s ca n fly  of f  th e en d o f  a  playgroun d 

swing ,  bu t  ver y fe w subject s explicitl y  re-evaluate d 

thi s belief .  E C H O predict s tha t  th e subject s ma y hav e 

experience d thi s belie f  chang e eve n i f  the y di d no t 

mentio n it ,  an d thi s predictio n ca n b e teste d i n ne w 

experiment s b y askin g subject s t o stat e thei r 

confidenc e i n belie f  E l  followin g th e relevan t  feed -

back .  Additiona l  experimenta l  test s o i  th e exten t  t o 

whic h E C H O model s huma n performanc e ca n b e 

done i n situation s wher e peopl e fac e difficul t  infer -

ence problem s involvin g judgment s o f  explanator y 

coherence .  W e conjectur e tha t  problem s tha t  ar e rela -

tivel y har d fo r  people ,  a s measure d perhap s b y th e 

lengt h o f  tim e t o generat e answers ,  wil l  als o b e rela -

tivel y har d fo r  E C H O,  a s measure d b y th e numbe r  o f 

cycle s i t  take s th e syste m t o reac h a  stabl e state . 

Legal  reasoning ,  i n whic h juror s attemp t  t o construc t 

a coheren t  accoun t  o f  th e evidenc e (Penningto n & 

Hastie ,  1987) ,  appear s t o b e a  particularl y promisin g 

domai n fo r  futur e empirica l  test s o f  th e E C H O model . 
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Acces s a n d U s e o f  Previou s Solution s 

I n A  P r o b l e m Solvin g Situatio n 

Jeremia h M .  Parie s 

Bria n J .  Reise r 

Cogni t iv e Sc ienc e Labora tor y 

Princeto n Universit y 

Abstract :  A n importan t  componen t  o f  proble m solvin g i s th e abilit y  t o m a k e us e o f  previou s examples . 

Thi s require s noticin g th e relevanc e betwee n th e curren t  an d previou s problems .  W e examin e th e rol e 

of  th e superficia l  an d structura l  relation s amon g problem s an d th e reminding s tha t  thes e similaritie s eli -

ci t  i n a  proble m solvin g situation .  Student s learne d t o progra m i n a n electroni c boo k environmen t  i n 

whic h the y wer e abl e t o stor e an d late r  retriev e solve d problems .  Thei r  us e o f  jM-eviou s solution s sug -

gest s tha t  novice s ar e indee d sensitiv e t o structura l  similaritie s an d ca n us e retrieve d solution s i n n e w 

proble m situations . 

Most  model s o f  proble m solvin g assum e tha t 

wel l  learne d cognitiv e skill s  rel y o n procedure s tha t 

hav e bee n generalize d throug h us e t o appl y t o a 

variet y o f  problem s tha t  m a y diffe r  o n irrelevan t 
feature s (e.g. ,  Anderson ,  1983 ;  Laird ,  Rosenbloom ,  & 

Newell ,  1986) .  Befor e thes e procedure s hav e bee n 

sufficientl y generalize d an d tuned ,  however ,  proble m 

solver s i n th e earl y stage s o f  learnin g a  domai n m a y 

rel y o n retrievin g a  previousl y solve d proble m an d 
the n modifyin g th e solutio n t o fit  a  curren t  proble m 

(LeFevre ,  1987 ;  Ross ,  1984 ;  PiroU i  &  Anderson , 

1985) .  I n contras t  t o procedura l  model s o f  proble m 

solving ,  expertis e ha s als o bee n characterize d a s th e 

abilit y t o acces s an d modif y previou s solution s t o fit 
ne w problem s (e.g. ,  Kolodner ,  1987 ;  H a m m o n d, 

1986 ;  Ashle y &  Rissland ,  1987) .  I n thes e case-base d 

reasonin g models ,  eve n expert s i n a  domai n m a y rel y 
on modifyin g a  previou s solutio n rathe r  tha n applyin g 

genera l  procedures . 

Novice s i n a  domai n presen t  a n interestin g 

challeng e fo r  model s o f  case-base d reasoning .  Learn -

in g abou t  a  domai n provide s th e knowledg e t o organ -
iz e an d encod e th e feature s o f  a  proble m importan t  t o 

th e structur e o f  it s solution ,  s o tha t  i t  ca n b e retrieve d 
late r  i n appropriat e circumstances .  Experts ,  however , 

may nee d t o rel y les s o n reminding s tha n novices , 

w ho hav e no t  ye t  forme d generalize d procedures . 
The abilit y t o retriev e relevan t  previou s solution s i s 
particularl y crucia l  fo r  novice s i n a  domain .  Ye t 

novice s m a y b e misle d b y unimportan t  superficia l 
similaritie s betwee n th e proble m unde r  curren t  con -

sideratio n an d previousl y encountere d problems . 

Severa l  recen t  studie s hav e examine d th e con -

dition s unde r  whic h case-base d reminding s ar e likel y 

t o occur .  S o m e studie s hav e show n tha t  th e surfac e 

feature s o f  a  give n proble m o r  stor y hav e a  majo r 

influenc e o n th e possibilit y o f  bein g reminde d (e.g. . 

Ratterma n &  Centner ,  1987 ;  Ross ,  1987) .  Ros s foun d 

tha t  th e superficia l  characteristic s o f  wor d problem s 

m ay pla y a  majo r  rol e i n th e m e m o r y processe s tha t 

lea d t o thes e kind s o f  remindings ,  a t  leas t  fo r  novices . 

Similarly ,  Ratterma n an d Centne r  foun d tha t 

superficia l  similaritie s betwee n storie s rathe r  tha n 

structura l  similaritie s accounte d fo r  th e larg e majorit y 

of  case s i n whic h subject s reporte d tha t  on e stor y 

reminde d the m o f  anothe r  story .  O n e interpretatio n o f 

thes e findings  i s tha t  novice s lac k th e knowledg e t o 

appropriatel y identif y and/o r  categoriz e problem s i n a 
way tha t  woul d foste r  appropriat e structurall y base d 

remindings . 

Indeed ,  structura l  an d surfac e feature s ar e ofte n 

correlate d i n th e rea l  worl d (Ratterma n &  Centner , 

1987 )  s o accessin g previou s case s b y relyin g o n 

superficia l  characteristic s i s  arguabl y a  reasonabl e 

strateg y fo r  generatin g possibl e analogues ,  particu -

larl y i f  th e novic e lacke d th e abilit y t o identif y th e 
structura l  component s o f  a  problem .  I t  i s  no t  clear , 

however ,  tha t  mos t  novice s ar e restricte d t o a  strateg y 
tha t  reduce s t o " a sho t  i n th e dark" .  Whil e i t  m a y b e 

tru e tha t  novice s lac k concept s an d knowledg e 
require d t o accuratel y categoriz e type s o f  problems ,  i t 

m ay no t  b e tru e tha t  they ,  therefore ,  rel y o n 

superficia l  characteristic s t o encod e solution s i n 
memory.  Eve n novice s m a y hav e enoug h knowledg e 
t o partiall y  identif y importan t  feature s o f  th e proble m 
base d o n th e proble m solvin g goals ,  an d should ,  i n 

principle ,  b e abl e t o us e thes e feature s t o prob e thei r 

o wn memorie s fo r  relate d problems .  Thi s i s no t  t o sa y 

tha t  surfac e characteristic s o f  a  proble m wil l  b e unim -

portan t  i n a  remindin g episod e o r  tha t  the y won' t  b e 

involve d i n retrieva l  i n som e way .  Rather ,  th e clai m 
i s tha t  reminding s i n a  proble m solvin g situatio n wil l 

be mor e ofte n guide d b y structura l  characteristic s 

tha n b y surfac e characteristics . 
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H a m m o nd (1986 )  ha s criticize d Centner' s 

argumen t  o n th e basi s tha t  subject s i n thes e experi -

ment s wer e no t  give n specifi c  proble m solvin g goals . 

Understandin g a  stor y m a y no t  provid e a  wel l  define d 

goa l  settin g t o encourag e th e us e o f  structurall y base d 

remindings .  Ther e wa s n o requiremen t  t o us e th e 

informatio n i n thes e stories ,  e.g. ,  t o mak e î ediction s 

abou t  a  curren t  stor y o r  solv e som e typ e o f  problem , 

so i t  i s  difficul t  t o specif y th e clearl y structura l 

aspect s o f  th e storie s o r  th e clearl y superficia l  aspects . 

Indeed ,  Seifert ,  M c K o o n ,  Abelso n an d Ratclif f  (1986 ) 

hav e demonstrate d th e importanc e o f  tas k goal s i n eli -

citin g remindings . 

Ratterma n &  Centner' s findings  m a y b e partl y 

explaine d b y th e uncertaint y th e subject s m a y hav e 

had regardin g th e importanc e o f  th e feature s the y 

wer e usin g a s a  basi s o f  th e reporte d remindings .  I n a 

pffoble m solvin g tas k wher e th e natur e o f  th e tas k an d 

goal s ar e well-defined ,  th e so-calle d superficia l 

aspect s o f  th e jM-oble m ar e periphera l  t o th e solution , 

henc e i t  seem s likel y tha t  remindings  wil l  infre -

quentl y b e guide d b y superficia l  similarit y alone .  Th e 

motivatio n fo r  th e presen t  researc h i s t o provid e a 

fffoble m solvin g situatio n withi n whic h structura l 

remindings  wil l  b e clearl y useful ,  an d i n whic h th e 

relevant  aspect s o f  th e problem s ar e clear .  I n thi s 

w ay i t  wil l  b e possibl e t o asses s th e abilitie s o f 

novice s t o notic e similaritie s o f  varyin g degree s o f 

structura l  correspondenc e an d t o asses s th e impor -

tanc e o f  superficia l  characteristic s fo r  access .  Th e 

wel l  define d natur e o f  th e tas k allow s u s t o clearl y 

determin e whic h aspect s o f  th e proble m description s 

m ay b e supo^cia l  an d whic h m a y b e structural . 

Th e presen t  stud y i s designe d t o examin e rem -

inding s o f  previou s solution s i n a  proble m solvin g 

situatio n t o tes t  ou t  th e prop^sit y an d abilitie s o f  sub -

ject s t o notic e an d mak e us e o f  correspondence s 

betwee n problems .  Subject s i n thi s experimen t  lear n 

t o solv e compute r  programmin g problem s i n a n elec -

troni c bocd c environment .  Eac h proble m the y solv e i s 

store d awa y o n th e computer .  Student s ca n specif y 

when the y wan t  t o se e an y o f  thei r  previou s solution s 

t o hel p the m solv e a  curren t  problem .  B y providin g 

th e opportunit y fo r  th e subjec t  t o benefi t  fro m notic -

in g correspondences ,  an d b y usin g a n electroni c boo k 

environmen t  t o trac e proble m solvin g an d proble m 

retrieval  activities ,  w e ca n investigat e th e kind s o f 

similaritie s betwee n problem s tha t  subject s notice d 

and decide d t o ac t  upon . 

T HE B A T B O OK E N V I R O N M E NT 

We designe d a n electroni c boo k environment , 

th e Behaviora l  Analog y Tracin g Environmen t  (BAT -

Book) ,  t o monito r  subjects '  us e o f  previou s solutions . 

I n thi s environment ,  subject s rea d a  tex t  boo k o n th e 

compute r  screen ,  compos e a  solutio n i n a n editor ,  tes t 

th e solutio n i n a n interpreter ,  an d the n file  awa y th e 

solution .  Th e subjec t  ca n reques t  t o se e a  previou s 

solutio n a t  an y time .  I n addition ,  i t  i s  possibl e t o 

searc h th e recor d o f  th e interaction s wit h th e inter -

preter ,  an d t o searc h throug h th e boo k fo r  a  particula r 

target .  Th e B A T B o o k environmen t  make s explici t  a 

larg e proportio n o f  th e student' s proble m solvin g 

behavior ,  thereb y providin g a  rich  recor d fo r  analyz -

in g whe n an d h o w subject s acces s th e writte n instruc -

tio n an d thei r  previou s work . 

I n th e fM-esen t  experiment ,  novice s use d B A T -

Boo k t o read  th e first  tw o chapter s o f  Essentia l  U S P , 

a tex t  boo k o n th e LIS P programmin g languag e 

(Anderson ,  Corbett ,  &  Reiser ,  1987) .  Eac h chapte r  o f 

th e tex t  contain s severa l  shor t  section s o f  instructio n 

followe d b y jffoblem s tha t  appl y th e knowledg e intro -

duce d i n th e section .  I n additio n t o th e regular  prob -

lem s i n th e text ,  w e adde d a  secon d se t  o f  problem s t o 

Chapte r  T w o .  Thes e problem s wer e designe d s o tha t 

eac h proble m containe d a  cove r  stor y simila r  t o a  pre -

viou s proble m an d wa s structurall y simila r  t o a  dif -

feren t  proble m fro m th e first  half .  W e wer e intereste d 

i n whethe r  subject s woul d retriev e solution s fro m th e 

first  hal f  o f  th e chapte r  whil e workin g o n th e secon d 

half ,  an d whethe r  thes e retrieval s woul d b e governe d 

by surfac e o r  structura l  similarities .  I n addition ,  w e 

include d tw o variation s o n th e metho d fo r  storin g pre -

viou s solutions .  O n e grou p provide d a  verba l  labe l 

fo r  eac h solutio n the y constructe d an d late r  coul d us e 

thi s verba l  labe l  t o retriev e a  previou s solution ,  whil e 

di e othe r  grou p di d no t  labe l  thei r  solution s an d coul d 
retriev e the m onl y b y referring  t o th e proble m 

descriptio n o r  conten t  o f  th e solution . 

Th e B A T B o o k environmen t  run s o n Su n 

workstations .  Th e scree n contain s a  Tex t  W i n d o w ,  a n 

Exercise s W i n d o w ,  a  LIS P Interprete r  W i n d o w ,  an d a 

Proble m Submissio n windo w tha t  appear s whe n th e 

subjec t  store s a  complete d solutio n (se e Figur e 1) . 

Readin g th e Text :  Th e lef t  hal f  o f  th e scree n 

contain s th e Tex t  W i n d o w ,  whic h display s î proxi -

matel y on e pag e o f  tex t  fro m th e book .  W h e n th e stu -

den t  finishes  readin g th e curren t  page ,  h e o r  sh e 

select s th e "pag e forward "  butto n (labele d "+" )  usin g 

th e mouse .  Subject s ca n pag e backwar d (th e "- "  key ) 

and ca n retur n t o th e first  pag e o f  th e chapte r  (th e 

"Pag e 1 "  key) .  Th e desig n o f  th e Tex t  W i n d o w wa s 

loosel y base d o n th e Superboo k electroni c boo k 

environmen t  (Remde ,  Egan ,  &  Landauer ,  1987) . 

W h en subject s reac h th e las t  pag e o f  th e section ,  the y 

ar e instructe d t o begi n workin g o n th e problem s asso -

ciate d wit h tha t  section ,  an d ar e no t  permitte d t o pag e 

forwar d unti l  the y hav e complete d tha t  proble m set . 
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s> imtu n ooo i I  thi l  functm n 

Sl«p « i n •waluann B tr> < functio n c« n (ioubl *  ( •  S  !•)) : 
(t> Tt» »rq..*r,T of in, (unction C»n. (• S 1») \t •valusUd, 

TM '*!̂ i t  o t  ( .  $  II )  I t  IS . 
(2 )  Iti a functio n doubl *  i i  •pplte d t o th t  valu a 1 5 a s foUoBS : 

(• }  t M walu a o f  tri e irguia m i s l *  aiilgni d t o tri « 
paraailfl r  ntM .  (AaaaaOft r  ni m i s •  vinabU ) 

(D)  th e bMf  Of  tri a function ,  ( •  nt a 2) ,  l a 
••aluitt o i i  •:.M;«s . 

1.  tn t  vanani a nu a i s ivaloita a nu a aa s asii9na O 
ih a vaiu a IS .  t o nu a avalû te s t o I S 

11.  m a nuace r  2  a-aluaie s t o ttsalf :  2 . 
111.  ma functio n •  1 1 appHe u t o it s arguaent i 

15 jn a 2 ,  an d return i  M . 
1v.  tnf f  functio n douBI a raturn t  tn a valu a 3t . 

Lat' i  coMioa r  a  lacono ,  aor a coaplicate o a-sapi* .  Lat' t 
aafln e a  functio n mat  m U insar t  t n iTa a int o tn a secon d 
p;si"i n o f  a  list .  firtT .  •a'l l  r.aa o t o cnoos a a  raa a fo r  tn a 
'j'-cr-'-.r. -  Ha ca n cal l  i t  tnawt-sacodd .  The n « a r>tt o t o cnoos a 
p8~3ieT«rs .  v̂ e n a e cal l  Intart-tacond ,  u a «i1 l  nae o t» o 
arc-as"'s ,  ih e Ua a l o c e insarta a an o th e lis t  int o i.fiicr > i t  i s 
in»*'t> i  :j ,  mf  •11 1 nae d U o paraaeterj .  Wa ca n ca n tfe « h m 
ar. o oldllst .  Finally ,  a o naa o t o figur e ou t  m a bod y o f  Tn a 
(unction .  Tn a bod y ai n b a 

(can t  (ca r  oldlltt )  (con a ti m (cd r  «1dnat))) . 
So, •« can define 1ns«-t-«tcond as fonoas: 

<dc(u n Instrl-SKon d (Itce i  oldllat ) 
(con e (ca r  oldlltt )  (con a tt M (cd r  oldliat})) ) 

IDCSIID C =^ 

2.1 
An iccouDClD f  tlT M yant s t a ieteraln e tb e firs t  U c B 
purchase d h f  eac h departnen t  o f  a  larg e canpaar .  Mrlt e 
a fuDctlo p tha t  take s a  lU t  a f  th e Itc M purcbase 4 
--  *•». .  fpape r  racl s cfaai r  toner )  - -  b y an r  partlcola r 
departnen t  ao d give s o s th e Dan e a t  th e firs t  Ue n parcba&e4 . 

ts*'>*'t l 

S\\\\\V\\\\\\\\\S\\\ \  tI5 P Intarprata r  windo w 1111H1111 1 H I  11111 1 
=> {detu n Ora t  (pape r  racK 9 chai r  tonar ) 
(ca r  firat) ) 
firs t 
r )  (dret ) 

RROfl :  lo o f M actua l  »»rMetar e ni l 
> (fira t  (papa r  rach i  chat r  tonar) ) 
RROIt:  aval :  Undaflna d functio n papa r 

=> (dafu n fira t  '(llsiXca r  'lie) ) 
It 

i > (fira t  '{pape r  rach a chai r  tonar) ) 
rRROR:  To o fa w actue l  paraaatar a ni l 

(dafu n firs t  (Itealltt )  (ca r  'Ua«11it) Q 

t 

Fi g 1 .  Th e BATboo k scree n layou t  showin g text ,  proble m description ,  an d LIS P work . 

m. 

-"̂U R lABei. :  faall y hiator y 
• 'sally h-s'-nan has traced the ra'stlon bataeen 
»̂r. y  CrffTicu'j' -  individual s »n d a  nuBCer  o f  mai r  ancestors . 
.r e '•i' .  "-.es H i n tn a for e o f  a  lis t  o f  relative s trace d 
": •  •• 8 presen t  t o tn e aos t  ancient .  Nov si e need s 
-. ;  BHC th e lis t  int o tw o copie s o f  th e relation :  on e 
iscenoir :  •i-s t  reTPn t  l o eos l  ancient )  an o on e aescandin g 
(ancestc' s TO '̂f̂ *" ^  *rii e a  functio n tna t  tale s 
a lU t  o f  faati y aaaDar t  a s inpu t  — e.g. ,  (J.aalt n 
n.Jone s 0.Jones )  - -  an d retum a a  lis t  tha t  contain s 
tn a origina l  lis t  escenoin g an d tha n flascanoing. 

I  Krwmr%% imW^-^ m 

Targe t  taal1 y htstor y 
t  iAaUrt,AHCH j 

2.2 2 
Dtirla g a  politica l  canpalgD ,  oa e o f  th e orgao l  la t  looa l 
Ktaf f  nenber s decides ,  tha t  canpalgniu g ool y ooc e I n 
eac h distric t  nao y coBtact s ar e nlssc d becaus e peopl e 
ar e no t  a t  hone .  B e decide s tha t  eac h perso a shoul d 
backtrac k afte r  thc ^  hav e finishe d thei r  route s an d 
red o eac h distric t  b r  revisitin g th e place s the y ha d 
Hisse d tb e firs t  tin e through .  Mrlt e a  fuocclo D tha t 
Moul d tak e th e origina l  lis t  o f  district s - -  e.g. .  (crestuoo J 
gleoor a belvedere )  - -  an d retur n a  lis t  tha t  contain s 
th e revise d route . 

tS""-" ! 

WWWWWWWWWW LIS f  I n •  ta r  1 indo w iiuimifiiiimiii i 
= >  (dafu n politica l  (origina l  n«w )  (appen d origina l  nvd'i' i 
politica l 
: > (politica l  ' (  crostwoo d glanor a balvatfara) ) 
RROR:  To o fa w actua l  paraaeter a n 1 ) 
> (dafu n poltllca l  (original )  (appen d origina l  original) ) 

politica l 
: > (politica l  '(craatuDO d glanor a belvedara) ) 

eatuoo d gleno n belvadar a crestwoo d glanor a belvadara ) 
; > (dafu n politica l  (original )  (lis t  (orl£ | 

.ct .  f  i'- l  1 CTnp3TT l£E D 

Fi g 2 .  Th e retrieva l  o f  a  previou s solutio n usin g a  labe l  generate d b y th e subject . 
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Searchin g th e Text :  Subject s ca n searc h 

throug h th e curren t  chapte r  o f  th e tex t  usin g a  searc h 

capabilit y  simila r  t o tha t  provide d i n mos t  wor d pro -

cessin g programs .  T o d o this ,  th e subjec t  type s a  tar -

get  o f  on e o r  mor e word s an d the n select s th e "Fin d 

First "  o r  "Fin d Next "  key ,  whic h searche s th e tex t  fo r 

th e first  occurrenc e o r  nex t  occurrenc e o f  th e searc h 

string .  Thus ,  i f  th e subjec t  wishe s t o find  a  particula r 

portio n o f  text ,  h e o r  sh e ca n pag e throug h th e tex t  o r 

us e th e Tex t  Searc h featur e t o find  it . 

Constructin g a  Solution :  W h e n th e subjec t 

complete d th e readin g fo r  a  section ,  h e o r  sh e wa s 

instructe d b y th e progra m t o begi n th e associate d 

problems .  Th e proble m sequenc e wa s initiate d b y 

clickin g a  "Star t  Problems "  butto n i n th e Exercise s 

W i n d o w ,  upo n whic h th e first  proble m fo r  th e sectio n 

was displaye d i n th e window .  Problem s require d 

writin g L IS P functio n call s (Chapte r  One) ,  an d 

definin g function s (Chapte r  T w o ) .  Subject s type d 

thei r  functio n call s an d functio n definition s int o th e 

LIS P Interprete r  W i n d o w whic h containe d a  C o m m on 

LIS P interpreter .  Subject s coul d chang e a  functio n 

definitio n b y usin g a  simplifie d Emac s edito r  invoke d 

fi-om  th e L IS P W i n d o w .  Th e edito r  containe d com -

mands t o m o v e lef t  an d righ t  on e character ,  u p an d 

d o wn on e line ,  delet e a  character ,  delet e a  line ,  an d 

inser t  a  delete d line .  Th e edito r  als o containe d a  com -

mands t o sav e th e functio n an d ente r  th e revise d 

definitio n int o LISP ,  an d t o abor t  th e edi t  wit h th e 

definitio n unaltered .  Typicall y subject s type d a 

definitio n int o th e LIS P W i n d o w ,  trie d thei r  functio n 

on som e examples ,  the n edite d th e definitio n unti l  i t 

worke d imiperly . 

Submittin g a  Complete d Problem :  W h e n th e 

subjec t  considere d th e solutio n t o b e correct ,  h e o r  sh e 

submitte d th e proble m i n orde r  t o stor e th e solution . 

Thi s wa s initiate d b y clickin g th e "Submit "  butto n i n 

th e Exercise s W indow .  A t  tha t  point ,  B A T B o o k 

prompte d th e studen t  t o ente r  th e functio n nam e an d 

the n checke d th e student' s solution .  I f  th e solutio n 

was incwrect ,  th e studen t  wa s informe d o f  th e exam -

pl e fo r  whic h thei r  functio n compute d a n incorrec t 

resul t  an d aske d t o tr y t o fix  thei r  solution .  Subject s 

wer e require d t o attemp t  t o fix  thei r  functio n an d sub -

mi t  a  secon d solution .  I f  th e solutio n wa s stil l 

incorrect ,  th e subjec t  wa s agai n informe d bu t  thi s tim e 

was give n th e optio n t o continu e wit h th e nex t  prob -

lem ,  o r  t o continu e tryin g t o fix  th e solution . 

Labelin g th e Solution :  O n e grou p o f  subject s 

(Labe l  Group )  wa s aske d t o labe l  thei r  final  submiue d 

solutio n (whethe r  correc t  o r  incorrect )  fo r  th e prob -

lem .  Th e subjec t  wa s aske d t o typ e i n a  brie f  labe l  fo r 

th e solution .  Subject s wer e tol d tha t  th e labe l  coul d 

be use d a t  a  late r  tim e t o retriev e th e proble m descrip -

tio n an d th e solution .  Th e othe r  grou p o f  subject s 

(Non-Labe l  Group )  wer e no t  aske d t o labe l  th e prob -

lem ,  an d coul d late r  refe r  t o th e proble m usin g a 

prob e fro m eithe r  th e proble m descriptio n o r  th e con -

ten t  o f  th e solutio n itself .  Followin g th e complete d 

problem ,  a  n e w proble m wa s displaye d i n th e win -

dow.  U p o n completio n o f  th e proble m se t  th e subjec t 

was instructe d t o resum e readin g th e text . 

Searchin g Previou s Solution s Usin g Labels : 

W h en a  subjec t  i n th e Labe l  grou p wante d t o loo k a t  a 

previou s solutio n t o hel p wit h a  curren t  problem ,  h e 

or  sh e clicke d th e "Pas t  Exercises "  ke y i n th e LIS P 

Interprete r  W indow .  A t  tha t  point ,  subject s type d i n 

par t  o r  al l  o f  a  previou s labe l  an d clicke d th e "Labe l 

Search "  ke y t o initiat e th e search .  I f  a  proble m wit h a 

matchin g labe l  wa s found ,  th e complet e proble m 

descriptio n an d th e subject' s final  solutio n t o th e 

proble m wer e displaye d i n th e Tex t  W i n d o w (se e Fig -

ur e 2) .  Afte r  finding  a  previou s solution ,  th e subjec t 

typicall y returne d t o th e L IS P Interprete r  W i n d o w t o 

attemp t  t o m a p somethin g fro m th e solutio n t o th e 

curren t  iKoblem ,  o r  decide d t o searc h fo r  a  differen t 

proble m i f  th e searc h retrieve d somethin g tha t  th e 

subjec t  the n decide d woul d no t  b e useful .  Subject s 

wer e informe d tha t  the y migh t  find  i t  usefu l  t o searc h 

fo r  previou s solutions .  Ther e wa s n o limi t  o n th e 

amount  searc h tha t  th e subject s coul d do . 

Searchin g Previou s Solution s Usin g Keywords : 

W h en a  subjec t  i n th e Non-Labe l  Grou p wante d t o 

searc h fo r  a  previou s solution ,  h e o r  sh e clicke d th e 

"Pas t  Exercises "  button ,  an d wa s prompte d t o typ e i n 

on e o r  mor e word s t o us e a s a  searc h targe t  Th e sub -

jec t  the n clicke d th e "Fin d First "  o r  "Fin d Next "  a s i n 

searc h o f  th e Tex t  W i n d o w .  Th e first  o r  nex t 

occurrenc e o f  th e searc h strin g wa s sough t  amon g th e 

proble m description s an d thei r  solutions .  I f  a  matc h 

was found ,  th e proble m descriptio n an d th e subject' s 

solutio n wa s displaye d i n th e Tex t  W i n d o w ,  jus t  a s 

fo r  a  Labe l  Search .  Onl y th e proble m an d descriptio n 

fo r  a  singl e proble m wa s displaye d a t  a  time . 

Searchin g th e U S P Interactio n History :  I n 

additio n t o searchin g th e tex t  o r  previou s solutions , 

subject s coul d als o searc h th e lo g o f  thei r  interactio n 

wit h th e LIS P Interpreter .  W e include d thi s featur e 

becaus e w e expecte d tha t  subject s migh t  find  i t  usefu l 

t o retriev e a n episod e o f  testin g o r  debuggin g a  func -

tion ,  i n additio n t o retrievin g thei r  final  answe r  t o a 

problem .  Searc h o f  th e LIS P histor y wa s initiate d b y 

selectin g th e "LIS P History "  button ,  whereupo n sub -

ject s wer e prompte d t o typ e thei r  searc h strin g a s i n 

th e Keywor d search .  Th e searc h foun d th e first  o r 

nex t  occurrenc e o f  th e searc h strin g i n th e lo g o f  th e 

student' s interactio n wit h th e LIS P interprete r  fo r  tha t 

chapter .  Th e lo g wa s displaye d i n th e Tex t  W i n d o w 
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wit h targe t  strin g i n invers e video . 

At  th e conclusio n o f  eac h problem ,  th e displa y 

of  th e Tex t  W i n d o w returned  t o th e pag e tha t 

instructe d the m t o continu e wit h th e proble m se t  s o 

tha t  previou s solutions ,  LIS P histwy ,  o r  tex t  woul d n o 

longe r  b e displayed .  Th e subjec t  woul d b e require d 

t o searc h agai n t o retriev e desire d information . 

Procedure :  Subject s wer e ru n individuall y i n 

thre e tw o hou r  sessions .  Th e las t  tw o session s wer e 

alway s o n consecutiv e days .  Subject s wer e free  t o 

explor e an y availabl e aspec t  o f  th e environmen t  dur -

in g th e session .  Th e LIS P Interprete r  wa s availabl e 

throughou t  th e entir e session .  Th e syste m require d 

th e subjec t  t o rea d eac h sectio n an d submi t  th e associ -

ate d problem s befor e goin g o n t o nex t  section .  Sub -

ject s worke d o n Chapte r  On e i n th e first  session ,  an d 

on Chapte r  T w o i n th e secon d session .  Th e thir d ses -

sio n concerne d th e "review "  problems,  whic h con -

taine d surfac e an d structura l  similaritie s t o th e earlie r 

problem s i n Chapte r  Two .  N o additiona l  readin g wa s 

presente d i n th e thir d session . 

Materials :  Th e problem s o f  Chapte r  On e wer e 

include d unchange d from  th e Esseruia l  LIS P tex t 

Cover  storie s wer e adde d t o th e 1 1 origina l  question s 

of  Chapte r  T w o ,  th e "source "  problems .  Eac h ques -

tio n wa s constructe d usin g a  differen t  cove r  story . 

Thes e cove r  storie s wer e plausibl e scenario s fo r  th e 

problems ,  bu t  wer e unrelate d t o th e structur e o f  th e 

solution .  Th e thir d sessio n containe d th e 1 1 "target " 

problems .  Eac h targe t  proble m wa s constructe d s o 
tha t  i t  containe d th e sam e cove r  stor y a s on e o f  th e 

sourc e problems,  an d wa s structurall y simila r  t o a  dif -

feren t  sourc e problem .  Thus ,  i t  woul d b e possibl e fo r 

eac h targe t  proble m t o retriev e a  previou s proble m 

focusin g eithe r  o n surfac e o r  o n structura l  similarity . 

An exampl e targe t  proble m an d it s surfac e an d struc -

tura l  sourc e problem s i s show n here : 

Target :  Durin g a  politica l  campaign ,  on e o f  th e 

organizationa l  staf f  member s decide s tha t  whe n cam -

paignin g onl y onc e i n eac h distric t  man y contact s ar e 

misse d becaus e peopl e ar e no t  a t  home .  H e decide s 
tha t  eac h perso n shoul d backtrac k afte r  the y hav e 

finished  thei r  route s an d red o eac h distric t  b y revisit -

in g th e place s the y ha d misse d th e first  tim e through . 

Writ e a  functio n tha t  woul d tak e th e origina l  lis t  o f 

district s -  e.g. ,  (crestwoo d glenor a belvedere )  -  an d 

return  a  lis t  tha t  contain s th e revise d route . 

Structura l  similarit y source :  A  famil y historia n ha s 

trace d th e relatio n betwee n man y particula r  individu -

al s an d a  numbe r  o f  thei r  ancestors .  Sh e ha s thes e i n 

th e for m o f  a  lis t  o f  relative s trace d from  th e presen t 
t o th e mos t  ancient .  N o w sh e need s t o mak e th e lis t 

int o tw o copie s o f  th e relation:  on e ascendin g (mos t 

recen t  t o mos t  ancient )  an d on e descendin g (ancestor s 

t o present) .  Writ e a  functio n tha t  take s a  lis t  o f  famil y 

members a s inpu t  -  e.g. ,  (j-smit h h.jone s b.jones )  -

and return s a  Us t  tha t  contain s th e origina l  lis t  ascend -

in g an d the n descending . 

Surfac e similarit y source :  A  politica l  campaig n 

organize r  i s makin g u p list s o f  neighborhood s fo r  th e 

campaig n worker s t o visit .  H e woul d lik e t o hav e hi s 

worker s visi t  th e district s a t  differen t  time s o f  th e da y 

so tha t  peopl e w h o ar e no t  hom e a t  particula r  time s o f 

th e da y ma y b e reache d o n anothe r  day .  T o d o thi s h e 

plan s t o hav e hi s campaig n worker s first  visi t  th e dis -

tric t  the y visite d las t  o n th e da y before ,  an d the n con -
tinu e i n th e sam e orde r  a s the y di d previously .  Writ e a 

functio n tha t  take s a  lis t  o f  distric t  name s ~  e.g. , 

(crestwoo d glenor a belvedere )  ~  an d return s a  lis t 

wit h th e las t  distric t  nam e move d t o th e beginning . 

Subjects :  Subject s wer e 1 0 Princeto n Univer -

sit y Students ,  communit y members ,  an d researc h 

staff ,  wh o wer e pai d $ 5 pe r  hou r  fo r  thei r  participa -

tion .  Subject s wer e selecte d w h o ha d n o forma l  train -

in g i n a  compute r  languag e an d ver y litU e o r  n o infor -

mal  programmin g experience .  Th e subject s wer e 

semi-randoml y place d i n eac h conditio n wit h con -

sideratio n give n t o extrem e mat h S A T score s i n orde r 

t o balanc e thes e individual s betwee n conditions .  Th e 

averag e S A T scor e wa s 67 0 i n th e Labe l  conditio n 

and 69 0 i n th e Non-Labe l  condition . 

R E S U L TS A N D D I S C U S S I O N 

Throughou t  al l  thre e session s ther e wer e man y 

case s i n whic h subject s referre d t o previou s problems , 

pas t  wor k i n th e LIS P History ,  an d previou s portion s 

of  th e text .  W e wil l  focu s ou r  analyse s o n th e searc h 

fo r  previou s wor k durin g th e revie w hal f  o f  Chapte r 

T wo (da y 3) .  I t  wa s i n thi s se t  o f  problem s tha t  ever y 

proble m ha d on e structura l  an d on e superficia l  coun -

terpar t  i n th e initia l  set .  Ther e wer e a n averag e o f  6. 4 
case s o f  searchin g behavio r  i n Chapte r  O n e an d 5. 3 

case s i n th e first  hal f  o f  Chapte r  Two . 

Typ e o f  Proble m Retrieved :  Subject s i n th e 
revie w hal f  o f  Chapte r  T w o exhibite d a n averag e o f 
6. 5 case s o f  searc h behavior .  W e categorize d th e 

searche s o f  solution s an d LIS P Histor y accordin g t o 

whethe r  th e retrieve d proble m wa s th e superficia l 
antecedent ,  structura l  antecedent ,  o r  a  proble m unre -

late d i n th e design .  O f  th e tota l  searches ,  4 9 % 

retrieve d a  structurall y simila r  problem s whil e onl y 
9 % retrieved a  proble m wit h superficia l  similarities . 

The larg e differenc e support s ou r  clai m tha t  novice s 

ar e indee d sensitiv e t o structura l  correspondences , 

and ca n exploi t  thi s recognitio n t o us e thei r  solution s 

i n late r  problems .  Th e remainin g 4 2 % o f  th e 

retrieve d problem s wer e o f  unspecifice d similarity . 
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Thes e includ e case s i n whic h ih e subjec t  rejecte d th e 

retrieved  proble m an d searche d agai n wit h a  differen t 

cue ,  an d case s i n whic h thei r  solutio n o r  th e error s 

the y encountere d wer e simila r  i n way s no t  capture d i n 

th e design . 

Considerin g th e tw o group s separately ,  th e 

Labe l  subject s exhibite d a n averag e o f  10. 4 remind -

ings .  O f  thes e searches ,  5 7 . 7 % retrieve d structura l 

counterparts ,  5 .8 % retrieve d superficiall y  relate d 

problems ,  an d 3 6 . 5 % wer e unspecified .  Subject s i n 

th e Non-Labe l  conditiw i  exhibite d fa r  fewe r  instance s 

of  searc h behavior ,  onl y 2. 6 case s pe r  subject .  O f 

thes e onl y 1 5 % represente d searche s fo r  structurall y 

related  problems ,  2 3 % represente d searche s fo r 

superficiall y  related  problems ,  an d 6 2 % represente d 

searche s fo r  unspecifie d problems . 

I t  i s  importan t  t o conside r  th e relation s betwee n 

thos e retrieve d problem s tha t  wer e neithe r  structura l 

nor  surfac e antecedents .  Ther e m a y hav e bee n struc -

tura l  correspondence s betwee n problem s o r  th e 

difficultie s encountere d i n th e solutio n othe r  tha n 

thos e betwee n problem s designe d t o b e structurall y 

similar .  Therefore ,  w e considere d th e event s tha t  pre -

cipitate d th e searche s fo r  previou s solutions .  Interest -

ingly ,  7 8 % o f  th e structura l  reminding s occurre d 

immediatel y afte r  readin g th e proble m description . 

1 9 % wer e precipitate d whe n th e subjec t  encountere d 

an error ,  an d 3 % occurre d afte r  tryin g LIS P call s prio r 

t o attemptin g a  functio n definition .  Fo r  surfac e 

related  searches ,  5 0 % followe d proble m descriptions , 

3 3 % followe d error s an d 1 7 % occurre d afte r  th e 

proble m wa s solved .  O f  th e unclassifie d searches , 

4 1 % followe d proble m description s an d thu s provide d 

no clea r  indicatio n o f  th e reaso n fo r  th e search .  A n 

additiona l  3 7 % o f  th e searche s wer e du e t o extensiv e 

tria l  an d erro r  searchin g b y on e subjec t  w h o ha d use d 

number s a s hi s solutio n labels .  Finally ,  2 2 % o f  th e 

unclassifie d searche s followe d errors ,  an d almos t 

alway s retrieve d a  previou s portio n o f  th e LIS P His -

tor y i n whic h a  simila r  erro r  occurred .  Thus ,  thes e 

searche s tha t  retrieve d "unrelated "  problem s i n fac t 

recovere d solution s t o problem s tha t  differe d o n 

superficia l  feature s bu t  bor e a n importan t  structura l 

similarit y i n th e type s o f  difficultie s encountere d i n 

constructin g th e solution .  Interestingly ,  non e o f  th e 

subject s whos e searc h wa s precede d b y a n erro r  actu -

all y use d par t  o f  th e erro r  messag e t o find a 

correspondin g par t  o f  th e history .  Instead ,  thes e typi -

call y use d a  functio n o r  variabl e nam e relate d t o 

superficia l  characteristic s o f  th e problem . 

Typ e o f  Searc h Ke y Used :  Subject s wer e fre e t o 

construc t  thei r  o w n prob e word s fo r  th e search .  W e 

categorize d th e searc h probe s use d b y th e subject s 

int o thos e tha t  referre d t o structura l  an d surfac e 

feature s o f  th e problem .  Surprisingly ,  onl y 2 3 % o f 

th e probe s wer e related  t o th e structura l  feature s o f 

th e problem ,  wherea s 7 7 % wer e related  t o superficia l 

characteristics .  Th e environmen t  m a y hav e biase d th e 

us e o f  superficia l  features ,  sinc e th e mos t  distinctiv e 

string s i n th e target s wer e usuall y relate d t o th e 

superficia l  aspect s o f  th e problem .  Nevertheless ,  i t  i s 

importan t  t o stres s tha t  subject s coul d ofte n locat e a 

structura l  corresponden t  usin g a  superficia l  aspec t  o f 

th e event .  Fo r  example ,  on e subject ,  afte r  readin g th e 

targe t  proble m descriptio n show n i n Figur e 2 , 

searche d hi s LIS P histor y fo r  th e wor d "family " 

whic h wa s th e n a m e o f  th e functio n h e ha d define d o n 

th e previou s da y fo r  th e structurall y isomorphi c prob -

lem . 

Th e surfac e informatio n i s evidentl y accessibl e 

and ca n b e use d t o identif y structura l  correspon -

dences .  Th e amoun t  o f  structurall y base d searc h sug -

gest s tha t  peopl e organiz e m e m o r y fo r  event s i n way s 

tha t  reflec t  structura l  an d functiona l  importance .  Th e 

us e o f  superficia l  searc h key s suggest s tha t  superficia l 

informatio n i s retained ,  althoug h i t  appear s tha t 

acces s t o thi s infcHtnatio n wa s throug h structura l 

routes .  I t  i s  eve n possibl e tha t  superficia l  informatio n 

help s t o t o coher e th e structura l  aspect s o f  th e 

memory.  Althoug h i t  migh t  b e argue d tha t  subject s 

remembere d event s usin g surfac e feature s a s cue s an d 

the m mad e assessment s o f  structura l  soundnes s t o 

decid e whethe r  t o us e th e event ,  th e shor t  latencie s 

betwee n proble m presentatio n an d initiatio n o f  struc -

tura l  searche s mak e thi s alternativ e unlikely . 

We als o considere d th e proportio n o f  searche s 

i n whic h subject s successfull y utilize d th e retrieved 

information .  Succes s wa s define d a s a  correc t  solu -

tio n followin g a  search ;  thi s occurre d o n 6 2 % o f  th e 

searches .  Failure s include d case s i n whic h retrievin g 

a previou s solutio n le d t o a n incwrec t  solutio n t o th e 

curren t  problem ,  an d thos e case s i n whic h th e 

retrieve d informatio n wa s rejecte d i n orde r  t o initiat e 

anothe r  search .  Thes e comprise d 3 8 % o f  th e 

searches .  A  structura l  prob e le d t o a  successfu l 

searc h 6 7 % o f  th e time ,  wherea s i t  le d t o a  failur e 

3 3 % o f  th e time .  A  superficia l  prob e le d t o a  success -

fu l  searc h 5 7 % o f  th e time ,  wherea s i t  le d t o a  failur e 

4 3 % o f  th e time .  Th e failure s als o includ e behavio r 

suc h a s usin g trivia l  label s (one ,  two ,  three )  t o "page " 

through  th e proble m histories .  Thi s occurre d i n tw o 

episode s an d accounte d fo r  3 9 % o f  th e so-calle d 

failures .  I t  shoul d als o b e note d tha t  m a n y o f  th e 

failure s forme d par t  o f  episode s tha t  le d t o a  success -
fu l  searc h i n a  fe w steps . 

Ther e result s sugges t  tha t  th e natur e o f  th e 

prob e use d di d no t  affec t  th e probabilit y  o f  success -

full y retrievin g usefu l  information .  Surfac e feature s 
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can b e use d t o retrieve  structurall y relevan t  episodes , 

even thoug h the y ar e no t  structurall y diagnostic . 

They ar e a  par t  o f  th e memor y fo r  th e even t  tha t  i s 

salient ,  bu t  no t  necessaril y  influentia l  i n th e selectio n 

of  isomorphs .  W e als o considere d th e typ e o f  labels , 

functio n names ,  an d variabl e name s generate d b y sub -

jects .  Her e again ,  man y o f  thes e label s an d functio n 

names referre d t o surfac e feature s o f  th e problem ,  ye t 

thi s di d no t  preven t  thes e label s an d solutio n com -

ponent s fro m bein g effectiv e searc h cue s t o retriev e 

structurall y relate d {woblems . 

Conclusions :  W e hav e presente d evidenc e tha t 

peopl e i n a  clearl y define d proble m solvin g situatio n 

ar e sensitiv e t o an d ar e abl e t o mak e us e o f  sUTictura l 

correspondence s betwee n problems .  Th e subject s 

were rarel y misle d b y th e superficia l  correspondence s 

and wer e abl e t o identif y an d mak e us e o f  structura l 

similaritie s betwee n problems .  The y ma y no t  hav e 

had al l  th e wel l  formulate d rule s the y needed ,  bu t 

the y wer e sensitiv e t o th e structura l  natur e o f  th e 

problem s an d could ,  therefore ,  detec t  functiona l  simi -

larities .  Th e efficien t  us e o f  example s require s sub -

ject s t o hav e encode d th e relevanc e o f  particula r 
examples ,  an d t o remembe r  enoug h abou t  the m t o 

generat e successfu l  retrieva l  descriptions . 

As Ratterma n an d Centne r  (1987 )  hav e demon -

strated ,  superficia l  characteristic s ma y b e importan t 

fo r  access ,  bu t  thi s ma y no t  necessaril y  reflec t  ho w 

novice s stor e infcMmatio n fo r  previou s problems .  Th e 

availabilit y  o f  superficia l  informatio n doe s no t  impl y 

tha t  th e structura l  informatio n i s unavailable .  I n fact , 

i t  appear s tha t  th e structura l  organizatio n o f  th e 

memorie s fo r  th e problem s solve d ma y hav e bee n 

responsibl e fo r  th e activatio n o f  th e surfac e leve l 

features .  Th e us e o f  superficia l  probe s t o locat e struc -

turall y simila r  problem s demonstrate s tha t  surfac e 

feature s ar e no t  dissociate d fro m informatio n use d t o 

make inference s betwee n relate d problems .  Surfac e 

feature s ma y simpl y b e m w e salien t  an d easie r  t o 

specif y tha n mor e abstrac t  features .  Thi s saUenc e 
does no t  necessaril y  interfer e wit h proble m oriente d 

memory organizatio n an d retrieval . 
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Abstract 

Causal  model s describ e som e par t  o f  th e worl d t o allo w a n informatio n syste m t o perfor m 

comple x task s suc h a s diagnosis .  However ,  a s man y researcher s hav e discovered ,  suc h model s 

ar e rarel y complet e o r  consistent .  A s well ,  th e worl d ma y chang e slightly ,  makin g a  previousl y 

complet e mode l  incomplete .  A  computationa l  theor y o f  th e us e o f  causa l  model s mus t  allo w fo r 

completio n an d correctio n i n th e fac e o f  ne w evidence .  Thi s pape r  discusse s thes e issue s wit h 

respec t  t o th e evolutio n o f  a  causa l  mode l  i n a  diagnosi s task .  Th e reasoner' s goa l  i s  t o diagnos e 

a faul t  i n a  malfunctionin g automobile ,  an d i t  improve s it s diagnosti c mode l  b y comparin g i t 

wit h a n instructor's .  A  genera l  proces s mode l  i s  presente d wit h tw o implementations .  Relate d 

wor k i n explanatio n base d learnin g an d i n incorrec t  causa l  model s i s discussed . 

Keywords: Learning, Causal Models, Explanations, Diagnosis 

INTRODUCTION 

A causal model or domain theory is an essential ingredient in understanding complex sit-

uations .  Fo r  example ,  i n orde r  t o diagnos e a  faul t  i n a  comple x system ,  th e diagnosticia n 

miis t  b e capabl e o f  makin g guesse s abou t  wha t  migh t  b e wrong .  However ,  withou t  ap -

propriat e heuristi c knowledg e t o guid e an d mak e thos e guesses ,  th e correc t  hypothesi s 

m ay neve r  arise .  Althoug h man y researcher s hav e acknowledge d th e nee d fo r  suc h causa l 

model s [Kuipers ,  1984 ]  [deKlee r  &  Brown ,  1981] ,  ver y fe w hav e bee n concerne d wit h th e 

possibilit y  tha t  th e domai n theor y m a y b e incomplet e o r  inconsistent .  Thos e researcher s 

w ho hav e recognize d thi s proble m [Rajamone y &  DeJong ,  1987 ]  hav e no t  ye t  allowe d fo r 

modificatio n o f  th e underlyin g causa l  theory . 

Wit h thi s i n mind ,  Lancaste r  an d Kolodne r  [1987 ]  too k protocol s o f  th e diagnosti c 

behavio r  o f  novice ,  intermediate ,  advanced ,  an d exper t  ca r  mechanics .  The y observe d 

evidenc e fo r  a  workin g model ,  a  se t  o f  sympto m faul t  pairings ,  an d diagnosti c strategies . 

The y als o observe d [Lancaster ,  persona l  communication ]  tha t  les s experience d mechanic s 

ha d inconsisten t  an d incomplet e knowledge ,  a s on e migh t  expect .  Th e researc h presente d 

i n thi s pape r  represent s a n effor t  t o discove r  ho w a n incomplet e causa l  mode l  (novice )  ca n 

evolv e t o a  mor e complet e (experienced )  stat e a s a  resul t  o f  proble m solvin g experienc e 

couple d wit h explanation s abou t  ho w thos e problem s ar e solved . 

Our  mode l  i s implemente d i n tw o compute r  program s calle d EDSEL- 1 an d E D S E L -

2 (Explanatio n i n Diagnosis :  th e us e o f  Symptoms ,  hypotheses ,  an d Explanation s fo r 

Learning )  tha t  eac h begi n wit h a  novic e memor y an d ar e presente d wit h problem s an d 

explanation s o f  ho w t o solv e thos e problems .  Specifically ,  th e system s "watch "  o r  atten d 

t o a n instructo r  w h o i s diagnosin g a  faul t  i n a n automobile .  A s the y d o so ,  the y attemp t 

'Thi s researc h wa s supporte d b y th e Arm y Researc h Institut e fo r  th e Behaviora l  an d Socia l  Science s unde r  Contrac t 
No.  MDA-903-86-C-173 .  Th e author s wis h t o than k Jane t  Kolodne r  fo r  he r  advic e an d guidance ,  an d Mar k Grave s 
and Hon g Shin n fo r  helpfu l  comment s o n earlie r  version s o f  th e paper . 
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t o identif y missin g informatio n o f  variou s type s o r  t o identif y whethe r  ther e i s a n incon -

sistency .  I f  on e o f  thes e problem s i s discovered ,  th e system s modif y thei r  causa l  mode l  t o 

preven t  th e difficult y i n th e future .  Th e recognitio n an d modification s ar e base d upo n a n 

attemp t  b y th e system s t o explai n thei r  input . 

Th e pape r  describe s a  genera l  algorithm ,  present s th e issue s involve d i n completin g an d 

correctin g causa l  models ,  an d compare s th e tw o implementations . 

GENERAL PROCESS 

Completing and correcting a causal model requires a reasoner to recognize when it is 

missin g a  piec e o f  informatio n an d the n t o incorporat e tha t  informatio n int o th e model . 

Thi s notio n i s complicate d b y th e fac t  tha t  ther e ar e differen t  type s o f  informatio n i n th e 

model  an d tha t  existin g knowledg e affect s ho w ne w informatio n i s incorporated . 

Redmond an d Marti n [1988 ]  note d i n th e protocol s fro m Lancaste r  an d Kolodne r  [198 7 

tha t  a n instructo r  provide s th e student s wit h a  symptom ,  a  serie s o f  hypotheses ,  an d 

explanation s fo r  thos e hypotheses .  W e demonstrate d tha t  a  syste m m a y proces s thes e 

input s b y attemptin g t o buil d causa l  chain s betwee n hypothese s an d th e symptom ,  usin g 

provide d explanation s i f  n o causa l  chai n i s obvious .  I f  a  complet e chai n ca n b e built ,  i t  ca n 

be collapse d an d b e \ise d mor e efficientl y i n futur e simila r  situations .  I f  a  complet e chai n 

canno t  b e built ,  the n th e instructor' s explanatio n ca n b e helpful ,  eithe r  b y bein g adde d 

directl y t o th e causa l  model ,  o r  b y allowin g th e ga p i n th e chai n t o b e bridged .  Ou r  nam e 

fo r  thi s proces s i s Learnin g b y Understandin g Explanation s (LBUE) .  Th e causa l  mode l 

contain s frame s [Minsky ,  1975 ]  fo r  th e component s o f  a  car ,  wit h slot s fo r  inputs ,  outputs , 

connections ,  parts ,  functions ,  an d causa l  relationship s betwee n structures .  Fo r  example , 

one piec e o f  th e curren t  mode l  is : 

starter : 
(la a component ) 
(part-o f  atarting-Bystem ) 
(inpu t  electricit y batter y battery-cables ) 
(part s Btarter-pinnion-gea r  starter-motor ) 
(functio n spin-actio n starter-pinnion-gear ) 
(caus e (switch-actio n solenoi d on ) 

A starte r  i s a  component . 
I s a  par t  o f  th e startin g system . 
Electricit y fro m batter y vi a cables . 
PARTS:  pinnio n gea r  an d starte r  motor . 
FUNCTION:  spi n th e pinnio n gear . 
Solenoi d switc h cause s th e tw o gear s t o interlock . 

(interloc k starter-pinion-gea r  flywheel-ring-gear) ) 
(caus e (cran k starter-pinion-gear )  ;Crankin g on e gea r  cause s th e othe r  t o crank . 

(cran k flywheel-ring-gear) ) 

The causal chaining process uses the causal relationships and some of the related knowl-

edge .  Beside s th e causa l  mode l  o f  th e domain ,  th e L B U E approac h als o include s a  se t  o f 

likel y symptom-faul t  pairings ,  a s observe d b y Lancaste r  an d Kolodne r  [1987 ]  .  Thes e set s 

of  pairing s associat e a  s y m p t o m wit h a  problem ,  an d ar e use d t o deriv e initia l  hypothese s 

durin g diagnosis ,  an d t o inde x int o th e causa l  mode l  a t  th e appropriat e place .  T h e genera l 

algorith m fo r  th e proces s i s a s follows : 

1. From the symptom (presented by the instructor), chain backward, inferring possible findings that 

coul d lea d t o th e symptom . 

2.  Fro m eac h hypothesi s (presente d b y th e instructor) ,  chai n forward ,  inferrin g possibl e effect s tha t  coul d 

be cause d b y th e hypothesize d fault . 

3.  I f  th e sympto m chai n meet s a  hypothesi s chain ,  the n th e reasone r  ha s a n explanatio n fo r  th e hypothesis , 

and th e generalizatio n tha t  (caus e hypothesi s symptom )  i s adde d t o th e sympto m faul t  tabl e an d 

t o th e causa l  model . 
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4. If the chains do not meet - the reasoner does not have enough information to explain the hypothesis. 
I n thi s case ,  i t  use s a n explanatio n presente d b y th e instructor , 

!a |  Chai n backward s fro m th e explanatio n towar d th e hypothese s chain . 
bj  Chai n forwar d fro m th e explanatio n towar d th e sympto m chain . 
c)  I f  bot h direction s ca n b e Unked ,  the n th e mos t  genera l  relationshi p (caus e hypothesi s symptom ) 

can b e learned . 

5.  Ad d explanatio n t o th e causa l  model . 

Th e L B U E proces s result s i n a n update d causa l  model .  A s discusse d i n followin g 
section ,  th e thing s tha t  m a y b e learne d are , 

1.  ne w object s 
2.  ne w relationship s betwee n object s 
3.  ne w causa l  informatio n 
4.  ne w sympto m faul t  knowledg e 
Afte r  learning ,  diagnosi s i s mor e efficien t  an d mor e powerfu l  fo r  th e sam e o r  simila r 

problems ,  becaus e th e symptom-faul t  se t  ca n provid e mor e reasonabl e hypothese s mor e 

quickl y an d th e causa l  mode l  i s  mor e capabl e o f  verifyin g a n explanation .  I n addition ,  wha t 

th e reasone r  learn s depend s o n wha t  i t  alread y knows ,  sinc e th e reasoner' s abilit y  t o chai n 

bac k fro m th e sympto m an d forwar d fro m th e hypothesi s i s affecte d b y th e knowledg e i n 

th e causa l  model .  Thi s mean s tha t  th e chain s coul d mee t  give n on e versio n o f  th e causa l 

model ,  an d hav e a n unbridgabl e ga p give n anothe r  version . 

Th e alternativ e t o th e L B U E approac h i s simpl y t o remembe r  symptom-hypothesi s 

pairs .  However ,  thi s woul d requir e a  syste m t o hav e alread y experience d a  faul t  i n orde r 

t o diagnos e it ;  n o genera l  knowledg e i s retained . 

ISSUES FOR COMPLETING AND CORRECTING CAUSAL MODELS 

As outlined above, a good diagnostic reasoner tries to explain why an hypothesis caiises 

a symptom .  I t  i s  thi s proces s tha t  allow s fo r  th e recognitio n o f  differen t  type s o f  missin g 

information ,  an d mediate s th e additio n o f  knowledg e t o th e causa l  model .  Th e proces s 

of  explainin g hypothese s identifie s missin g informatio n tha t  migh t  b e usefu l  fo r  diagnosi s 

becaus e diagnosi s i s itsel f  explanation ,  an d henc e require s th e sam e information . 

TYPES OF MISSING KNOWLEDGE 

I n general ,  a  causa l  mode l  m a y b e missin g man y causa l  relation s necessar y fo r  diagno -

sis .  A  reasone r  wil l  recogniz e tha t  a  causa l  relationshi p i s missin g i f  a n explanatio n o f  a 

sympto m canno t  b e formed ,  eithe r  whil e watchin g a n instructo r  o r  whil e doin g diagnosis . 

As well ,  ther e ar e situation s i n whic h a n unknow n causa l  relationshi p wil l  b e presente d t o 

th e reasoner .  Bot h possibilitie s ar e simpl e t o detect ,  th e forme r  whe n causa l  chainin g fail s 

or  n o reasonabl e hypothesi s i s generated ,  an d th e latter ,  whe n th e reasone r  i s actuall y tol d 

tha t  somethin g i s missing . 

Anothe r  for m o f  knowledg e whos e absenc e i s easil y detecte d consist s o f  referred-t o facts . 

I n othe r  words ,  whe n a n objec t  o r  genera l  relationshi p betwee n object s i s asserted ,  bu t  i s 

not  known ,  the n i t  i s  missin g fro m th e model .  Somewha t  mor e interestin g ar e implie d 

facts .  Th e reasone r  guesse s i t  i s  missin g a n implie d fac t  whe n a  causa l  relationshi p i s 

state d o r  implie d b y a n instructo r  tha t  th e reasone r  believe s require s a  mediatin g fact .  Fo r 

example ,  a  reasone r  m a y know , 

(INTERLOCKED gear l  gear2 )  ft  (SPI N gear l  'clockwise )  -- > (SPI N gear 2 'c-clockwise ) 
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and a n instructo r  m a y state , 

(SPIN starter-gear 'clockvlse) --> (SPIN flywheel-ring-gear 'c-clockwlBe) 

From this, the reasoner will recognize that it is missing a fact (i.e., that the two gears are 

interlocked) . 

Th e final  typ e o f  informatio n tha t  a  reasone r  m a y b e missin g i s essentiall y  efficienc y 

information .  Th e reasone r  mus t  b e abl e t o arriv e a t  a  reasonabl e o r  correc t  hypothesi s 

quickly .  I f  i t  cannot ,  th e causa l  mode l  mus t  b e modifie d t o ensur e timel y an d correc t  diag -

nose s i n th e future .  Th e reasone r  ca n recogniz e tha t  i t  i s  missin g thi s kin d o f  informatio n 

i f  i t  arrive s a t  a n incorrec t  hypothesi s durin g diagnosi s o r  i f  it s  hypothese s diffe r  fro m th e 

instructor's . 

METHODS OF HANDLING INCOMPLETE KNOWLEDGE 

An instructor' s explanatio n o f  a  give n hypothesi s ca n lea d t o informatio n bein g adde d 

i n thre e differen t  ways .  Th e explanatio n itsel f  coul d b e a n unknow n causa l  relationshi p 

whic h ca n b e adde d t o th e mode l  directly .  Fo r  example ,  i f  th e instructo r  explaine d 

(cause (corroded battery-terminals) (not (connect battery battery-terminals))) 

and this relationship was not associated with either battery or battery-terminals in the 

causa l  model ,  the n i t  ca n b e adde d there .  A  secon d wa y tha t  th e instructor' s explanatio n 

ca n b e use d i s t o enabl e fillin g a  ga p i n a  causa l  chain .  Eithe r  th e explanatio n fille d th e 

gap ,  o r  i t  wa s a  bette r  cu e t o informatio n tha t  wa s no t  bein g accesse d i n th e causa l  model . 

I f  th e causa l  chai n tha t  ca n b e buil t  fro m th e sympto m (no t  (ru n engine) )  is : 

(not (run engine)) —> (not (spin crankshaft)) —> 
(no t  (dovrn-strok e cylinder) )  —> (no t  (combustio n cylinder) ) 

and the causal chain that can be built from the associated hypothesis (not (movable 

BUTTERFLY-valve) )  is : 

(not (movable butterfly-valve)) —> (flow air carburetor low) 

then there is a gap in the causal chain — the hypothesis is not fully explained. If the 

instructo r  provide s th e explanatio n tha t  lo w ai r  flow  int o th e carbureto r  lead s t o a  lo w 

air/ga s mixtur e a s th e ai r  passe s th e fue l  float  bow l  the n th e followin g results : 

(not (movable butterfly-valve)) —> (flow air carburetor low) --> 
(mi x ai r  ga s less )  -- > (no t  (combustio n cylinder) )  -- > 

(no t  (down-strok e cylinder) )  —> (no t  (spi n crankshaft) )  —> (no t  (ru n engine) ) 

Not only is the causal relationship given in the explanation used in filling the gap, but 

th e relationshi p tha t  (mi x ai r  ga s less )  cause s fNO T (combustio n cylinder) )  i s  accessibl e whe n 

i t  hadn' t  previousl y bee n accessible ,  sinc e th e cu e o f  carbureto r  i s  no w available .  Betwee n 

th e two ,  th e ga p ha s bee n filled. 

Th e thir d wa y i n whic h th e instructor' s explanatio n ca n b e use d i s t o infe r  a  relationshi p 

tha t  woul d fill  a  ga p i n a  caiisa l  chain .  I f  th e explanatio n doesn' t  allo w bridgin g th e ga p 

as discusse d above ,  causa l  relationship s whic h bridg e th e gap ,  whic h ar e implie d b y th e 

exper t  instructor ,  ca n b e inferred .  Th e instructo r  implie s tha t  ther e i s a  causa l  relationshi p 
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betwee n th e hypothesi s an d sympto m an d tha t  th e explanatio n lie s alon g thi s causa l  chain . 

Gaps wil l  b e filled  wit h inference s i f  ther e i s som e genera l  knowledg e tha t  indicate s a  caus e 

i s possible .  Fo r  example ,  a  cracke d wir e ca n caus e lo w electricit y becaus e (a )  wire s conduc t 

electricity ,  an d (b )  a  condui t  affect s wha t  i t  conducts .  Thi s woul d b e give n lowe r  credibilit y 

tha n othe r  learne d relationships .  Ther e m a y b e severa l  plausibl e bu t  inconsisten t  inference s 

tha t  migh t  fill  a  gap ;  th e on e chose n coul d depen d o n confirmatio n fro m a  h u m a n observer . 

Knowledg e ca n b e adde d t o a n incomplet e causa l  mode l  b y inferrin g fact s fro m a  cause . 

Thi s woul d occu r  a s a  resul t  o f  th e starter-gea r  ring-gea r  exampl e mentione d above .  I n 

thi s case ,  th e reasone r  wil l  infe r  tha t  th e starte r  gea r  an d rin g gea r  ar e interlocked . 

I n a  sense ,  inefficientl y represente d knowledg e i s a  typ e o f  incomplet e knowledge .  Th e 

informatio n tha t  i s neede d i s i n th e causa l  model ,  bu t  i s  no t  usefu l  becaus e i t  canno t  b e 

accessed ,  o r  i t  i s  give n insufficien t  credibility ,  o r  i t  lead s t o slo w processing .  Fo r  instance , 

th e explanatio n ca n allo w th e acces s o f  knowledg e tha t  couldn' t  previousl y b e accessed . 

Additionally ,  filling  a  ga p i n a  causa l  chain ,  a s discusse d above ,  i s a  wa y o f  dealin g wit h 

some inefficien t  knowledge .  Thi s allow s collapsin g th e chai n int o a  singl e causa l  relation -

ship ,  whic h ca n b e use d fo r  mor e efficien t  processing .  I n collapsin g th e chains ,  th e L B U E 

metho d ha s som e similaritie s t o Explanation-Base d Learnin g (EEL )  [Mitchell ,  Kellar ,  & 

Kedar-Cabelli ,  1986 ]  [DeJon g &  Mooney ,  1986] .  I n orde r  t o allo w fo r  prope r  generalizatio n 

of  variable s [DeJon g &  Mooney ,  1986] ,  a  substitutio n lis t  i s  kep t  tha t  indicate s t o wha t 

categorie s eac h featur e i n th e exampl e wa s matche d i n orde r  t o instantiat e th e causa l  re -

lationships .  Th e collapse d chai n the n use s th e mos t  genera l  categor y fo r  a  featur e a s th e 

variabl e nam e i n th e anteceden t  o r  consequen t  o f  th e ne w causa l  relationship . 

INCONSISTENT KNOWLEDGE 

Sinc e ne w informatio n i s bein g adde d t o th e causa l  model ,  ther e i s a  possibilit y  tha t  a 

contradictio n m a y occur .  A  fe w type s o f  contradictio n ar e possible .  I n on e case ,  th e sam e 

conditio n coul d b e believe d t o caus e contradictor y effect s suc h as : 

(corroded battery-terminals) —> (connect battery battery-terminals) 
it  (corrode d battery-terminals )  -- > (no t  (connec t  batter y battery-terminals) ) 

Alternatively, a chain might be possible from known information, such that a condition 

indirectl y cause s a  contradictio n o f  th e condition . 

Contradiction s m a y no t  b e detecte d immediately ,  though ,  becaus e th e causa l  informa -

tio n i s distribute d throughou t  th e causa l  model ,  an d becaus e a n arbitrar y amoun t  o f  causa l 

chainin g m a y b e necessar y t o detec t  th e contradiction . 

I n case s wher e th e ne w inpu t  i s foun d t o b e inconsistent ,  th e sourc e o f  th e informatio n 

ca n b e \ise d t o decid e wha t  t o believe .  Knowledg e fro m th e exper t  i s  give n precedenc e 

ove r  olde r  information .  Informatio n tha t  contradict s th e exper t  i s  eithe r  remove d o r  it s 

strengt h i s decreased ,  dependin g upo n implementation . 

IMPLEMENTATIONS 

Implementation of the general model described above has followed two parallel paths. 

Thi s decisio n wa s mad e becaus e th e researc h i s exploratory ,  an d therefor e shoul d generat e 

severa l  alternativ e approache s t o th e problem ,  an d highligh t  diff"eren t  inconsistencie s an d 

difficultie s wit h th e model . 

444 

file:///ised


MARTIN i i  R E D M O ND 

EDSEL-1 i s base d upo n a  simpl e activ e semanti c net ,  simila r  t o loca l  connectionis t 

model s suc h a s McClellan d an d Rumelhart' s  [1981 ]  interactiv e activatio n model .  E D S E L -

2 use s a n enhance d versio n o f  th e causa l  mode l  describe d i n Alliso n [1987 ]  ,  Althoug h th e 

proces s i n bot h implementation s closel y follow s th e genera l  mode l  presente d above ,  ther e 

ar e tw o significan t  differences .  First ,  whe n a  causa l  ga p i s presen t  bu t  n o explanatio n fill s 

tha t  gap ,  EDSEL- 1 use s generi c knowledg e abou t  wha t  affect s what ,  wherea s EDSEL- 2 

uses a  les s genera l  bu t  fa r  simple r  notio n o f  filling  gap s betwee n recentl y propose d forwar d 

chain s fro m hypothese s an d backwar d chain s fro m th e symptom .  Th e first  metho d i s 

a mor e flexible  metri c fo r  evaluatin g whethe r  a  give n causa l  ga p shoul d b e filled,  an d 

therefor e shoul d lea d t o mor e reliabl e causa l  relationships .  Th e secon d differenc e involve s 

wher e causa l  informatio n i s store d an d ho w i t  ca n b e accessed .  EDSEL- 1 doe s no t  addres s 

th e issu e o f  limite d availabilit y  o f  causa l  relationships ,  wherea s EDSEL- 2 allow s th e mor e 

realisti c situatio n i n whic h cause s ar e no t  maximall y indexe d whe n the y ente r  th e system . 

Tha t  is ,  the y ma y no t  necessaril y  b e retrieve d whe n neede d unles s th e prope r  cue s ar e 

present .  Thi s i s a  mor e realisti c an d efficien t  approac h fo r  a  syste m wit h a  ver y larg e 

memory. 

RELATED WORK 

Rajamoney and DeJong [1987] has specifically addressed the problem of inconsistencies or 

missin g informatio n i n a  causa l  mode l  fo r  simulation .  I f  mor e tha n on e simulatio n i s possi -

ble ,  hi s syste m wil l  experimentall y searc h fo r  disambiguatin g feature s i n th e environment . 

Althoug h thi s approac h i s cleari y useful ,  i t  doe s no t  allo w fo r  modificatio n o f  th e genera l 

causa l  informatio n i n th e model .  I t  concentrate s o n quantitativ e value s fo r  th e curren t 

situation ,  an d doe s no t  lear n an y genera l  knowledge . 

As ha s alread y bee n noted ,  i n orde r  t o updat e causa l  models ,  th e curren t  effor t  use s 

an explanatio n base d techniqu e tha t  i s i n som e way s simila r  t o thos e o f  DeJon g an d 

Mooney [1986 ]  an d Mitchel l  e t  al .  [1986 ]  .  Specifically ,  i n diagnosis ,  a  causa l  chai n mus t 

be discovere d i n a  potentiall y  ver y larg e networ k o f  causa l  information .  E B L ca n b e 

profitabl y use d t o permi t  instructio n t o produc e "shor t  cuts "  i n tha t  network . 

Classica l  E B L ,  however ,  doe s no t  produc e enoug h learnin g whe n th e causa l  networ k i s 

incomplete .  Thi s ma y b e remedie d b y th e learnin g b y failin g t o explai n (LBFE )  [Hall ,  198 6 

techniqu e o f  isolatin g th e informatio n tha t  i s presen t  i n th e inpu t  bu t  i s no t  understood , 

and subsequentl y addin g i t  t o th e existin g E B L system .  Althoug h th e curren t  mode l  ha s 

not  ye t  bee n describe d i n exactl y thes e terms ,  i t  i s  i n fac t  a n exampl e o f  L B F E .  I t  differ s 

fro m Hall' s  wor k b y proposin g tha t  th e informatio n tha t  mus t  b e adde d i n th e absenc e 

of  a n explanatio n i s no t  necessaril y  explicitl y  represente d i n th e input .  Also ,  th e curren t 

effor t  present s a  domai n independen t  notio n o f  L B F E tha t  describe s ho w potentiall y  an y 

diagnosti c causa l  ne t  migh t  grow ,  wherea s Hall' s  effor t  was ,  i n hi s ow n view ,  domai n 

specific . 

One o f  th e method s tha t  i s use d t o augmen t  incomplet e network s i n th e curren t  ap -

proac h i s t o us e relationship s tha t  ar e mor e genera l  tha n cause s i n orde r  t o infe r  causation . 

For  example ,  a n actio n an d a  stat e chang e tha t  relat e t o th e sam e objec t  ten d t o b e causall y 

related .  Thi s techniqu e wa s originall y use d b y Pazzan i  [1987 ]  an d a  simila r  approac h wa s 

suggeste d b y Russel l  [198 7 
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C O N C L U S I O NS A N D F U T U R E D I R E C T I O N S 

This paper has discussed the LBUE paradigm for dealing with an inconiplete or inconsistent 

causa l  mode l  i n th e trainin g o f  ca r  mechanics .  Th e mai n contributio n o f  th e curren t  effor t 

i s  i n th e abilit y  t o accep t  ne w knowledg e an d incorporat e i t  int o th e causa l  model ,  whil e 

usin g i t  t o understan d a n explanatio n an d for m a  ne w generalization . 

Ther e ar e severa l  direction s fo r  futur e research .  First ,  i n diagnosis ,  causa l  chainin g 

i s no t  th e onl y strateg y used ,  thoug h i t  wa s th e mos t  c o m m o n i n th e protocols .  Th e 

explanation s use d b y th e instructo r  reflec t  severa l  differen t  strategies .  Fo r  thi s reason ,  an d 

t o allo w strategie s t o b e learne d an d improved ,  diagnosti c strategie s mus t  b e explicitl y 

represented .  Som e initia l  wor k ha s bee n don e o n thi s representation . 

Second ,  bette r  representatio n o f  th e causa l  knowledg e i s neede d t o tak e ful l  advantag e 

of  th e inferencin g possibl e fro m qualitativ e models .  Th e ai m i s t o us e mor e level s o f 

abstractio n t o allo w reasonin g a t  whateve r  leve l  m a y b e appropriate .  Third ,  mor e learnin g 

m ay b e possibl e i n thi s paradig m i f  Case-Base d Reasonin g [Kolodne r  &  Simpson ,  1984] ,  a 

metho d o f  usin g previou s episode s an d evaluatio n o f  thei r  result s t o sugges t  solution s t o 

ne w problems ,  coul d b e integrated . 
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1 I n t r o d u c t i o n 

Proble m solvin g abilit y  appear s t o b e acquire d 
i n tw o ways .  S o m e o f  th e knowledg e require d 
fo r  proble m solvin g ca n b e obtaine d throug h di -

rec t  instructio n o r  "boo k learning" ,  bu t  majo r 

portion s o f  wha t  expert s kno w i s derive d directl y 

fro m thei r  experience s wit h problem s i n th e do -

mai n o f  interest .  A s wor k i n artificia l  intelligenc e 
has begu n t o focu s o n highl y comple x domains , 

understandin g th e contributio n o f  experienc e t o 
knowledg e an d behavio r  ha s becom e increasingl y 

important . 

As a result, researchers have begun to con-

side r  ho w experienc e lead s t o ne w knowledg e and , 

specifically ,  th e rol e o f  singl e case s i n learning .  I n 
earlie r  wor k o n psychiatri c diagnosis ,  Kolodne r 

(1982 )  develope d som e proposal s abou t  ho w a n 
individua l  proble m solvin g experienc e ca n lea d 
t o change s i n th e knowledg e bas e o f  th e proble m 

solver .  Tha t  researc h focusse d o n th e change s 
i n knowledg e tha t  ca n resul t  fro m a  diagnosi s 
tha t  wa s initiaU y incorrec t  an d the n corrected . 

We argue d tha t  a n analysi s o f  th e knowledg e 

use d i n makin g a  new ,  correc t  diagnosi s woul d 

lea d t o th e individua l  becomin g awar e o f  th e er -
ror s o r  missin g knowledg e i n hi s knowledg e bas e 

tha t  le d t o th e origina l  incorrec t  diagnosis .  A t 

tha t  point ,  th e proble m solve r  woul d modif y hi s 

knowledg e appropriatel y t o ensur e tha t  th e sam e 

'Thi s reiearc h wa s supporte d i n par t  b y th e Arm y Re -
searc h Institut e fo r  th e Behariora l  Science s unde r  Con -
trac t  No .  MDA-903-86-C-173 .  Thank s t o PhyDi s Koton , 
Joel  Martin ,  an d Michae l  Redmon d fo r  commentin g o n 
an earlie r  draf t  o f  th e paper . 

erro r  woul d no t  recur .  T h e modificatio n proces s 

ha d tw o part s t o it :  modificatio n o f  th e prob -
le m solver' s genera l  knowledg e an d proble m solv -

in g procedure s an d indexin g o f  th e experienc e i n 

m e m o ry s o tha t  i t  coul d b e remembere d durin g 

late r  proble m solving . 

Our goal in the study reported here was to look 

at  les s experience d proble m solver s t o se e wha t 

processe s wer e involve d i n thei r  learning .  T h e 

processe s involve d i n modifyin g genera l  knowl -
edg e an d proble m solvin g procedure s require s a 

fai r  amoun t  o f  expertis e o n th e par t  o f  th e prob -
le m solver ,  bot h abou t  th e domai n an d abou t 
what  coul d easil y b e don e wron g i n proble m solv -
ing .  Novice s kno w ver y littl e abou t  eithe r  o f  thes e 

thing s t o d o a  ful l  analysi s themselve s o f  thei r 

actions .  W e wante d t o fin d ou t  wha t  kind s o f 

learnin g procedure s ar e availabl e t o them ,  wha t 
the y ca n lear n throug h proble m solvin g experi -

ence ,  an d wha t  kind s o f  supervisio n ar e neces -
sar y fo r  learnin g t o happen .  W e als o looke d a t 

whic h o f  thei r  experience s the y remembere d t o 

hel p the m durin g late r  proble m solving . 

The domain we have been exploring is automo-

tiv e diagnosis .  Thi s domai n i s o f  interes t  fo r  sev -
era l  reasons .  Th e automobil e engin e i s a  highl y 

comple x entity ,  consistin g o f  severa l  interactin g 

subsystems .  Failure s i n an y componen t  o r  sub -

syste m produc e symptomati c behavior s i n engin e 

performance ,  bu t  th e symptom s ar e no t  necessar -

il y  uniqu e t o a  give n failure .  I n othe r  words ,  sev -

era l  failure s ca n produc e th e sam e symptom(s) . 

I t  i s  th e mechanic' s tas k t o identif y th e correc t 

failure . 
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Furthermore ,  th e domai n i s knowledge-ric h 

and bot h dept h o f  knowledg e an d th e abilit y  t o 

use i t  ar e importan t  i n reachin g a  goo d diagnosis . 

A studen t  ca n b e taugh t  abou t  car s an d trou -

bleshootin g i n general ,  bu t  sinc e car s var y exten -

sively ,  an d model s ma y chang e significantl y & o m 

year  t o year ,  n o on e ca n lear n everythin g withi n 

an instructiona l  setting .  Clearl y experienc e wit h 

differen t  type s an d age s o f  car s i s necessar y fo r  a n 

individua l  t o develo p adequat e expertise .  A n ex -

per t  mechani c mus t  hav e sufficien t  experienc e t o 

allo w hi m t o dra w hi s ow n generalization s abou t 

car s an d t o organiz e an d acces s hi s knowledg e 

i n a  manne r  appropriat e t o th e specifi c  ca r  an d 

proble m h e i s considering . 

In the work reported here, we observed the di-
agnosti c proces s i n severa l  individual s an d com -

pare d th e knowledg e use d t o solv e successiv e sim -

ila r  cases .  W e als o observe d th e interaction s 

betwee n proble m solver s (students )  an d outsid e 

source s (book s an d instructors) .  Th e analysi s 
presente d her e use s dat a presente d i n Lancaste r 

& Kolodne r  (1987) .  Tha t  wor k identifie d th e 

type s o f  knowledg e an d diagnosti c processe s use d 
by novic e ca r  mechanics . 

Four automotive mechanics students at a lo-
cal  tw o yea r  technica l  schoo l  wer e observe d whil e 
diagnosin g ca r  failures .  Si x problem s wer e pre -

sente d a t  weekl y interval s an d think-alou d pro -

tocol s wer e collecte d whil e th e student s worked . 

Each week ,  afte r  al l  student s ha d attempte d t o 

solv e th e problem ,  th e instructo r  demonstrate d 

th e correc t  diagnosti c procedure s an d hi s metho d 

of  identifyin g th e failure .  Thu s eac h studen t 

had a  opportunit y fo r  feedbac k abou t  hi s per -

formanc e regardles s o f  whethe r  o r  no t  h e diag -

nose d th e proble m correctly .  Eac h failur e wa s 
introduce d int o a  ca r  deliberatel y an d eac h fail -

ur e wa s cause d b y onl y on e faile d part .  Fou r  o f 

th e si x problem s presente d th e sam e symptom s 

initially ,  an d a  fifth  proble m presente d a  relate d 

symptom . 

After all protocols were coded, two sequential 

protocol s fo r  eac h studen t  wer e selected .  Th e tw o 

protocol s wer e selecte d t o hav e th e sam e initia l 

symptom ,  bu t  differen t  failures .  Fo r  eac h o f  thes e 

protocols ,  a  descriptio n o f  th e knowledg e use d 

and sough t  b y th e studen t  durin g diagnosi s wa s 

compiled .  Th e description s o f  th e tw o protocol s 

wer e the n compare d an d difference s wer e noted . 

Of  particula r  interes t  wer e occasion s i n whic h th e 

studen t  appeare d t o us e knowledg e i n solvin g th e 

secon d proble m tha t  h e di d no t  hav e i n solvin g 

th e first  problem .  Change s i n th e knowledg e use d 

showed u s wha t  student s learne d betwee n solvin g 

th e tw o cases .  W e the n examine d th e protocol s 

and th e instructor' s explanatio n o f  ho w t o solv e 

th e first  proble m t o se e i f  w e coul d identif y ho w 

thes e item s wer e learned .  Sometime s thi s wa s 

obviou s -  a  studen t  ha d aske d a  questio n previ -

ousl y o r  th e instructo r  ha d presente d th e relevan t 

materia l  i n a  previou s explanation .  Sometime s i t 

was no t  obviou s -  wha t  wa s learne d migh t  hav e 

been presente d i n clas s betwee n th e tw o exer -

cises .  W e focusse d o n thos e learne d item s wher e 
we coul d identif y th e situatio n i n whic h th e ne w 

concept s wer e learned . 

2 W h a t  w a s l e a r n e d 

As reported in our earlier paper (Lancaster & 
Kolodner ,  1987) ,  al l  o f  th e student s seeme d t o 
posses s th e sam e type s o f  knowledg e structures : 

a causa l  mode l  o f  th e engine ,  symptom-faul t  set s 

linkin g particula r  symptom s t o th e failure s the y 
migh t  indicate ,  an d a  collectio n o f  troubleshoot -

in g guideline s an d procedures .  However ,  th e stu -

dent s a t  variou s level s o f  trainin g differe d i n bot h 

th e amoun t  o f  knowledg e the y ha d an d th e orga -

nizatio n o f  tha t  knowledge .  Th e novice' s knowl -

edge wa s unorganized ,  sparse ,  an d sometime s 

wrong .  Th e intermediat e studen t  ha d a  bette r 
organizatio n o n hi s knowledg e (e.g. ,  h e groupe d 

part s i n th e sam e syste m together )  an d som e mis -

conception s ha d bee n corrected ,  bu t  i t  wa s stil l 

incomplete .  Th e advance d studen t  ha d a  muc h 

more complet e knowledg e base ,  an d man y o f  th e 
misconception s o f  th e novic e an d intermediat e 

student s wer e corrected .  I n particular ,  th e ad -

vance d studen t  kne w mor e abou t  wha t  failure s 

normall y loo k lik e tha n di d th e intermediat e stu -

dent ,  wh o kne w mor e abou t  ho w th e ca r  wa s sup -

pose d t o wor k tha n abou t  it s malfunctions .  Th e 

novic e kne w almos t  nothin g abou t  malfunctions . 

The novice student, having learned the rudi-

ment s o f  ho w a  ca r  work s i n classroo m instruc -

tion ,  wa s primaril y focusse d o n acquirin g th e nec -

essar y organizatio n o f  th e causa l  mode l  t o allo w 
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systemati c trackin g throag h th e engin e i n searc h 

of  a  failure .  Fo r  example ,  diagnosin g a  fue l  sys -

te m restrictio n i n th e earlie r  problem ,  th e novic e 

moved directl y & o m th e sympto m (ca r  crank s bu t 
wil l  no t  start )  t o th e hypothesi s tha t  i t  wa s no t 

gettin g enoug h fue l  an d conclude d tha t  th e fue l 

lin e wa s restricted .  I n a  late r  cas e wit h th e sam e 

symptom ,  th e novic e studen t  instea d showe d tha t 

he ha d subsume d th e fue l  restrictio n hypothesi s 

unde r  a  mor e globa l  hypothesi s o f  fue l  syste m 

failure .  H e first  checke d th e en d poin t  o f  th e 

fue l  syste m fo r  evidenc e o f  failur e an d the n bega n 

checkin g component s withi n th e system .  Thu s h e 

had modifie d hi s knowledg e bas e i n a n importan t 
way betwee n cases .  H e ha d collecte d th e fue l  sys -
te m component s int o a  system ,  allowin g hi m t o 
conside r  th e syste m a s a  whol e a s hi s first  hy -
pothesise d failur e source .  A s a  consequence ,  hi s 

trouble -  shootin g behavio r  becam e mor e system -
ati c a s h e onl y considere d specifi c  component s o f 
a syste m i f  th e syste m a s a  whol e wa s show n t o 

be th e sourc e o f  th e failure .  Thi s typ e o f  learnin g 

ca n b e terme d knowledg e reorganization . 

The novice also improved his problem solving 
skills .  I n th e first  case ,  h e di d no t  tak e actio n t o 
confir m hi s diagnosis .  Rathe r  h e wa s conten t  t o 

accep t  th e hypothesi s o n th e basi s o f  it s  bein g a 
possibl e failur e matche d t o th e symptom .  Afte r 

attemptin g t o solv e th e proble m himself ,  h e lis -

tene d t o th e instructor' s explanatio n o f  ho w t o 

diagnos e th e a  car' s problem .  Th e instructor ,  a s 

par t  o f  hi s explanation ,  showe d tha t  i t  i s  neces -

sar y t o confir m an y hypothese s tha t  ar e made .  I n 

th e secon d cas e h e solved ,  th e novic e ha d learne d 

tha t  confirmin g hypothese s i s a  necessar y compo -
nent  o f  proble m solving .  H e wa s thu s als o refinin g 
hi s proble m solvin g skills . 

In contrast, the intermediate student, having 
establishe d th e basi c hierarchica l  orgtmisatio n o f 
hi s causa l  mode l  an d symptom-faul t  sets ,  wa s 

primaril y engage d i n addin g ne w informatio n t o 

hi s knowledg e bases .  Specifically ,  h e showe d ev -

idenc e o f  addin g t o th e fault s associate d wit h a 

give n sympto m i n hi s sympto m faul t  sets ,  learn -
in g ne w procedure s fo r  diagnosis ,  an d identifyin g 

th e location s cui d function s o f  ne w components . 

For  example ,  o n th e earlie r  problem ,  th e inter -

mediat e studen t  m a d e a  protracte d searc h fo r  th e 

fue l  p u m p relay .  O n th e late r  case ,  h e wa s abl e 

t o locat e an d tes t  th e rela y a t  th e appropriat e 

tim e wit h ease .  Thus ,  w e se e tha t  h e ha d learne d 

not  onl y it s locatio n bu t  als o ho w i t  wa s con -

necte d withi n th e fue l  system .  Similarly ,  h e em -

ploye d technique s o n th e late r  proble m tha t  h e 
ha d apparentl y no t  know n whe n solvin g th e ear -

lie r  problem ,  leadin g t o mor e efficien t  testin g o f 

hypothese s an d a n increase d likelihoo d o f  gettin g 

correct ,  usefu l  informatio n fro m hi s testing . 

Th e advance d studen t  engage d i n ye t  anothe r 

typ e o f  learnin g tha t  w e hav e terme d refinement . 

He alread y kne w mos t  o f  th e informatio n neede d 
t o successfull y solv e ever y proble m presented . 
Th e change s i n hi s knowleg e betwee n case s re -

flected  primaril y a  reorderin g o f  fault s i n th e 
symptom-fault s set s t o reflec t  ne w probabilitie s 
of  occurrance .  I n othe r  words ,  afte r  solvin g a 

cas e i n whic h th e correc t  hypothesi s wa s on e h e 
considere d lat e i n hi s troubleshootin g procedures , 
th e advance d studen t  returne d t o tha t  hypothe -

si s earlie r  i n hi s sequenc e o n th e late r  problem . 
He showe d n o notabl e change s i n th e overal l  or -

ganizatio n o r  conten t  o f  hi s knowledg e betwee n 

problems . 

I n addition ,  th e advance d studen t  seeme d t o 
hav e a n additiona l  mode l  availabl e t o hi m tha t 

th e intermediat e an d novic e student s wer e miss -
ing :  a  mode l  o f  a  malfunctionin g car .  Bot h th e 

novic e an d intermediat e studen t  seeme d t o diag -

nos e fault s b y first  seroin g i n o n a  syste m tha t 
migh t  b e fault y an d the n checkin g th e behav -

io r  o f  th e ca r  agains t  th e expecte d behavio r  o f 
a workin g car .  W h a t  differentiate d th e novice' s 

behavio r  fro m tha t  o f  th e intermediat e studen t 
was tha t  th e novic e migh t  focu s o n a  particula r 
part ,  whil e th e intermediat e studen t  focuse d o n 
a system .  Th e mor e advance d studen t  (an d th e 
instructor) ,  however ,  seeme d t o kno w wha t  t o ex -

pec t  i n a  malfunctionin g car .  I n othe r  words ,  h e 

not  onl y ha d a  workin g mode l  o f  th e car ,  bu t  h e 

als o ha d a  malfunctio n mode l  o f  th e car .  W e ca n 

see thi s i n hi s behavio r  whe n th e testin g equip -

ment  wa s faulty .  Th e advance d studen t  wa s th e 

onl y on e wh o coul d recogniz e tha t  th e reading s h e 

was gettin g fro m th e tes t  equipmen t  wer e faulty . 

Th e intermediat e studen t  wa s unabl e t o differ -

entiat e a  ba d readin g o n tes t  equipmen t  fro m a 

fault y car . 
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3 L e a r n i n g Processe s 

Severa l  leaznin g processe s wer e identifie d b y ex -

aminin g th e protocols : 

Learning by understanding explanations: Af-

te r  th e student s ha d diagnose d eac h problem ,  th e 

instructo r  demonstrate d th e correct ,  o r  optimal , 

diagnosti c pat h fo r  th e problem .  I n doin g so , 

he enumerate d bot h th e reason s fo r  considerin g 

eac h hypothesi s an d th e diagnosti c an d tes t  pro -

cedure s h e wa s using .  Th e student s attempte d t o 

modif y thei r  knowledg e t o matc h th e instructor' s 
whereve r  hi s procedures ,  hypotheses ,  o r  explana -

tion s differe d fro m theirs .  W e hav e terme d thi s 
proces s learnin g b y understandin g explanation s 

(Redmon d &  Martin ,  1988 ,  Marti n &  Redmond , 
1988) .  I t  i s  a  combinatio n o f  learnin g b y observ -

in g a n exper t  (Mitchell ,  e t  al. ,  1985 )  an d learn -

in g b y bein g told .  I n learnin g b y understanding , 

th e learne r  ha s a n opportunit y t o observ e anothe r 

perso n (i n thi s study ,  th e instructor )  solvin g th e 

same cas e whil e providin g a n ongoin g explana -

tio n o f  th e knowledg e an d processe s used .  Th e 

learne r  notice s thos e point s a t  whic h th e instruc -

tor' s knowledg e differ s fro m hi s ow n an d modifie s 
hi s knowledg e t o brin g i t  int o agreemen t  wit h th e 
instructor's .  Ther e ar e a  variet y o f  thing s tha t 

can b e learne d b y thi s method :  ne w organiza -

tiona l  structures ,  a s whe n th e novic e collecte d 

th e fue l  syste m component s int o a  system ;  ne w 
diagnosti c strategies ,  a s whe n th e novic e learne d 

t o tes t  syste m endpoint s o r  whe n th e interme -

diat e studen t  learne d ho w t o us e troubl e trees ; 

ne w causa l  connection s i n th e causa l  model ;  ne w 

tes t  procedures ;  an d refinement s o f  an y o f  thes e 

things . 

A more complete explanation of this process 

can b e foun d i n (Redmon d i c Martin ,  1988 )  o r 

(Marti n k  Redmond ,  1988) .  I n short ,  a  stu -

dent  learnin g b y thi s metho d attempt s t o explai n 

eac h o f  th e thing s th e teache r  i s doing ,  an d the n 
uses th e teacher' s additiona l  comment s an d ex -

planation s t o bridg e th e gap s i n hi s understand -

ing .  Thus ,  i f  th e teache r  propose s a  particula r 

hypothesi s give n a  particula r  se t  o f  symptoms , 

th e studen t  (internally )  attempt s t o explai n wh y 

tha t  i s a  goo d hypothesis .  Th e studen t  ma y no t 

kno w wh y a  particula r  hypothesi s i s appropriate , 

but  th e teacher' s explanatio n allow s hi m t o fil l  i n 

th e gap s i n hi s attempte d explanation .  Withou t 

th e teacher' s explanations ,  th e bes t  th e studen t 

can d o i s t o dra w associations. ^ 

Active gap filling: While engaged in diagno-

sis ,  a  studen t  woul d sometime s realis e tha t  h e 

di d no t  kno w a  specifi c  piec e o f  knowledg e abou t 

th e behavio r  o f  a  component ,  o r  th e connection s 

betwee n a  componen t  an d th e res t  o f  th e engin e 

tha t  wa s neede d t o solv e th e curren t  problem . 

For  example ,  hi s diagnosti c procedure s migh t 

hav e tol d hi m tha t  h e neede d t o chec k th e in -

put  t o som e component ,  bu t  h e migh t  no t  hav e 

known wha t  th e inpu t  sourc e was .  T o fin d th e 
missin g knowledge ,  h e woul d consul t  a n outsid e 
referenc e source ,  suc h a s a  boo k o r  a  mor e experi -

ence d individual .  Th e informatio n thu s obtaine d 
was the n incorporate d int o hi s knowledg e bas e 

and wa s availabl e durin g late r  diagnosti c sessions . 

Thi s i s th e proces s b y whic h th e intermediat e 

studen t  learne d th e locatio n o f  an d connection s 

t o th e fue l  pum p relay .  Whil e h e kne w tha t  h e 

neede d t o fin d th e fue l  pum p relay ,  h e wa s unfa -

milia r  wit h th e particula r  ca r  h e wa s diagnosing . 

He kne w tha t  manual s provide d thi s kin d o f  in -

formatio n an d wen t  t o th e manua l  t o fin d out .  H e 
went  directl y t o th e appropriat e schemati c i n th e 
manual  an d the n spen t  considerabl e tim e usin g 

tha t  schemati c a s a  ma p o f  th e engin e an d even -

tuall y findin g th e par t  h e wa s lookin g for .  I n 

othe r  words ,  h e use d a n outsid e sourc e (i n thi s 

case ,  th e manual )  t o fin d ou t  exactl y th e specifi c 

piec e o f  informatio n h e wa s missing . 

We have termed this learning process active 

gap filling  i n recognitio n o f  th e intentiona l  na -

tur e o f  th e learning .  T o engag e i n activ e ga p 

filling ,  th e individua l  mus t  hav e enoug h knowl -

edge abou t  th e system ,  enoug h proble m solvin g 

knowledg e t o kno w wha t  h e ough t  t o b e doing , 

and a n adequat e organizationa l  structur e t o allo w 

hi m t o recogniz e wher e th e gap s i n hi s knowledg e 

migh t  be ,  o r  a t  leas t  t o realiz e whe n a n apparen t 

dead en d i n hi s diagnosi s migh t  b e th e resul t  o f 

'Thi s procea a lam j  remin d peopl e o f  Mitchell' f  (1985 ) 
learnin g bj r  obferrin g a n expert ,  boil t  int o th e LEA P iyi -
tem.  Learnin g bj r  understandin g explanation s assume s 
tha t  th e learne r  ha s incomplet e knowledg e an d tha t  th e 
tas k o f  th e learne r  i s t o augmen t  it s knowledge .  LEAP' s 
method ,  a s wel l  a s othe r  method s employin g EB L an d 
EBG (DeJon g <c Mooney ,  1986 ,  Mitchell ,  e t  aL ,  1986) , 
assnme tha t  th e learne r  ha s complet e knowledge ,  an d a t 
lo w th e learne r  t o bette r  packag e tha t  knowledge . 

450 



a lac k o f  easil y obtaine d infotmatio n rathe r  tha n 

somethin g mor e extensive .  Possibl y becaus e o f 

thi s requiremen t  fo r  a  fairl y  complet e an d wel l 
organise d knowledg e base ,  activ e ga p fillin g wa s 
primaril y use d b y th e intermediat e an d advance d 

student s a s a  learnin g tool .  Ou r  protocol s sho w 

tha t  knowledg e learne d throug h activ e ga p fill -

in g i s remembere d an d availabl e fo r  us e i n late r 

proble m solving . 

Learning from interpreting feedback When a 

diagnosti c procedur e wa s no t  }rieldin g th e result s 

th e studen t  expected ,  o r  whe n h e coul d no t  in -
terpre t  th e result s fro m a  test ,  student s ha d t o 
ask fo r  help .  I n essense ,  learnin g & o m interpret -
in g feedbac k i s a  combinatio n o f  activ e ga p fillin g 
an d learnin g b y understandin g explanations .  A s 

i n learnin g b y activ e ga p filling ,  th e studen t  i s 

awar e o f  a  ga p i n hi s knowledge .  H e m a y not , 

however ,  kno w wha t  tha t  ga p is .  And ,  whil e 

activ e ga p fillin g i s usuall y a  proces s o f  findin g 

out  abou t  som e featur e o f  a n object ,  learnin g b y 

interpretin g feedbac k focuse s o n procedures :  i n 
particular ,  "wha t  wen t  wrong "  wit h a  particu -
la r  procedure .  Learnin g b y interpretin g feedbac k 
ca n resul t  i n correctin g a  fault y causa l  model , 

but  mor e ofte n involve s correctin g an d refinin g 

knowledg e abou t  ho w t o d o things .  Thi s proces s 
i s simila r  t o learnin g b y understandin g explana -
tions ,  sinc e th e instructo r  m a y provid e a  causa l 

explanatio n o f  som e phenomeno n o r  offe r  advic e 

abou t  carryin g ou t  procedures .  I t  i s  a  mor e ac -

tiv e an d goal-directe d process ,  however ,  initiate d 

by som e complicatio n th e studen t  i s experiencin g 
whil e solvin g a  problem . 

Learning by interpreting feedback is invoked 

when th e studen t  canno t  interpre t  th e unex -
pecte d result s o f  hi s proble m solving .  Th e pro -

ces s o f  explainin g thos e result s ca n b e don e b y 

th e studen t  o r  b y askin g th e instructor .  W h e n a n 
intermediat e studen t  foun d tha t  h e wa s gettin g 

tes t  result s tha t  h e coul d no t  interpre t  h e wen t  t o 

th e instructo r  fo r  help .  O n th e sam e problem ,  th e 
advance d studen t  figure d ou t  fo r  himsel f  tha t  th e 
tes t  equipmen t  wa s faulty ,  an d wa s abl e t o lear n 
on hi s ow n whic h range s o f  tes t  result s predicte d 

fault y equipment .  Th e advance d studen t  coul d 

do this ,  whil e th e intermediat e on e coul d not ,  be -

caus e h e ha d knowledg e tellin g hi m wha t  thing s 

loo k lik e whe n the y malfunction .  Thi s experienc e 

tol d hi m wha t  malfunctio n o f  a  particula r  instru -

ment  look s like .  Th e intermediat e student ,  o n 

th e othe r  hand ,  di d no t  kno w enoug h t o hypoth -

esis e b y himsel f  tha t  th e tes t  equipmen t  migh t 

be faulty .  O n anothe r  occsision ,  however ,  th e ad -

vance d studen t  neede d th e instructo r  t o provid e 

an explanatio n t o him .  H e wa s tryin g t o energiz e 

th e fue l  p u m p & o m th e batter y usin g a  tes t  ligh t 

t o connec t  the m together .  H e coul d no t  ge t  th e 

fue l  p u m p t o g o on .  He ,  lik e th e intermediat e 
studen t  i n th e previou s example ,  kne w wha t  th e 

result s shoul d loo k lik e (i n thi s case ,  h e though t 

th e fue l  p u m p shoul d g o on )  bu t  di d no t  kno w 

why th e result s h e wa s gettin g wer e different .  H e 

aske d th e instructo r  wha t  h e wa s doin g wrong . 
Th e instructo r  tol d hi m tha t  h e neede d t o us e a 
lea d ( a wir e wit h n o bul b attached )  t o energis e 

th e fue l  p u m p ,  sinc e wit h a  ligh t  attached ,  th e 

bul b consume s th e powe r  fro m th e energ y befor e 

i t  get s t o th e p u m p .  I n thi s case ,  th e advance d 
student' s causa l  mode l  o f  electricit y wa s faulty . 

Abstraction: Another learning process that 

was note d wa s abstraction .  I t  seeme d tha t  an y 
ne w informatio n acquire d b y a  studen t  betwee n 
problem s wa s incorporate d int o th e knowledg e 

bas e a t  severa l  differen t  levels .  W e ca n se e thi s 

most  clearl y i n th e novic e student' s behavior .  Re -
cal l  tha t  i n on e problem ,  h e tracke d th e failur e 

t o th e fue l  p u m p bu t  di d no t  examin e th e sys -

te m furthe r  t o distinguis h whethe r  th e proble m 

was i n th e fue l  p u m p o r  i n th e inpu t  t o th e fue l 

pump.  Th e instructo r  followe d tha t  sessio n wit h 

an explanatio n o f  ho w t o diagnos e th e fue l  p u m p 
problem .  I n hi s explanation ,  h e state d tha t  th e 
endpoint s o f  th e fue l  syste m ha d t o b e checke d 
fo r  evidenc e o f  a  problem .  Th e studen t  learne d 

thi s (b y understandin g th e instructor' s explana -
tion )  an d i n th e nex t  proble m applie d it .  Th e 

studen t  als o apparentl y learne d th e abstrac t  prin -

cipl e th e instructo r  wa s illustrating :  tha t  syste m 
endpoint s nee d t o b e checke d fo r  problem s whe n 

diagnosin g an y system .  Abstractio n i s sometime s 

don e spontaneously ,  a s i n th e exampl e jus t  given , 
an d i s sometime s induce d b y th e instructo r  dur -

in g explanation .  Fo r  example ,  i n on e instanc e 
th e instructo r  walke d student s throug h a n engin e 

the y hadn' t  see n before ,  an d state d tha t  part s 

wit h a  particula r  functio n ha d t o b e found .  H e 

the n explaine d wha t  thos e part s loo k lik e i n gen -

eral .  Thi s abstrac t  knowledg e allow s th e studen t 

t o identif y th e par t  n o matte r  wha t  typ e o f  ca r 
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he i s lookin g at . 

Case-Based Reasoning: A final process that 
facilitate d learne d wa s case-base d reasoning .  I n 

case-base d reasoning ,  a  previou s cas e tha t  a  prob -

le m solve r  i s reminde d o f  provide s a n answe r  t o 

a ne w proble m o r  focuse s hi m o n th e knowledg e 

neede d t o solv e th e proble m (Kolodne r  &  Simp -

son ,  1984 ,  Hammond,  1986) .  Whil e i n th e previ -

ous paragraphs ,  w e hav e referre d t o learnin g pro -

cesse s tha t  allo w a  proble m solve r  t o lear n ne w 

facts ,  case-base d reasonin g i s a  proble m solvin g 
metho d tha t  allow s a  proble m solve r  t o improv e 

it s performanc e withou t  ful l  understandin g o f  th e 
facts .  Rememberin g previou s case s allow s a  prob -

le m solve r  t o solv e a  ne w proble m bette r  tha n a n 

ol d on e eve n whe n th e proble m solve r  i s missin g 

a causa l  explanatio n o f  wh y th e previou s solutio n 

di d o r  di d no t  work .  Ou r  hypothese s abou t  case -

base d reasonin g i n expert s predic t  tha t  thos e 

case s tha t  ar e differen t  tha n wha t  i s expecte d ar e 

th e one s tha t  ar e remembere d (Kolodner ,  1982 , 

1983 ,  Kolodne r  &  Simpson ,  1984 ,  Schank ,  1982) . 

But  novice s don' t  alway s kno w th e norms ,  s o the y 
can' t  recogniz e tha t  somethin g i s different .  Th e 

dat a w e collecte d i n thi s stud y sho w thre e situa ^ 

tion s i n whic h novice s store d case s fo r  late r  prob -

le m solving .  First ,  i f  a  cas e serve s a s a  stron g 

justificatio n fo r  doin g a  procedure ,  the n th e cas e 

was kep t  an d referre d t o later .  Th e advance d 

student ,  i n a n earl y problem ,  spen t  4 5 minute s 

tryin g t o solv e a  proble m tha t  h e coul d hav e 

solve d instantl y wit h visua l  inspection .  I n th e 

nex t  problem ,  h e di d a  visua l  inspectio n imme -

diately ,  sayin g "wha t  w e wan t  t o d o i s chec k th e 
wire...lik e w e di d th e las t  time" .  Second ,  case s 

wer e maintaine d i n memor y i f  the y serve d a s a n 

exampl e o f  a  particularl y comple x o r  unusua l  sit -

uation .  Thi s includes ,  amon g othe r  things ,  case s 

wher e a  se t  o f  symptom s predic t  a  highl y unusua l 

faul t  an d case s wher e som e se t  o f  symptom s pre -

dic t  a  fairl y  commonplac e faul t  tha t  i s  har d t o 

diagnose .  Bot h student s wh o solve d proble m 3 

(on e intermediat e an d on e advanced )  ,  i n whic h a 

rocke r  ar m ha d bee n removed ,  fo r  example ,  wer e 

abl e t o d o i t  o n th e basi s o f  rememberin g a  previ -

ous cas e i n whic h a  rocke r  ar m ha d bee n broken . 

A broke n rocke r  ar m i s a  highl y unusua l  prob -

lem .  I n almos t  eil l  cases ,  rocke r  arm s outliv e th e 

car s the y ar e in .  Th e othe r  students ,  wh o ha d 

neve r  see n suc h a  problem ,  wer e unabl e t o solv e 

th e proble m (on e intermediat e an d on e novice) . 

Thes e tw o student s wer e abl e t o determin e tha t 

none o f  th e possibl e commo n cause s o f  th e symp -

tom s wer e responsibl e fo r  th e failur e o f  th e car , 
but  the y wer e no t  abl e t o pursu e thei r  investi -

gation s beyon d tha t  point .  Th e tw o successfu l 

student s wer e reminde d (base d o n th e particu -

la r  soun d o f  th e car )  earl y i n thei r  diagnosi s o f 

tw o car s the y ha d worke d wit h i n th e previou s 

quarte r  tha t  ha d th e sam e problem .  Thi s re -

mindin g le d bot h o f  the m t o tr y th e diagnosti c 

procedure s tha t  woul d lea d the m t o th e correc t 

diagnosi s and ,  thus ,  t o th e diagnosis .  A  thir d 

instanc e i n whic h a  previou s cas e wa s kep t  wa s 
when i t  illustrate d somethin g tha t  wa s no t  know n 

previou s t o tha t  case .  Th e cas e wa s remembere d 

unti l  wha t  wa s learne d fro m i t  wa s confirme d b y 

a late r  case .  Whil e on e o f  th e othe r  procedure s 

migh t  hav e bee n use d t o lear n a  genera l  concept , 

th e cas e i n whic h i t  wa s learne d seeme d t o re -

mai n availabl e t o th e student s unti l  th e ne w ite m 

of  informatio n wa s confirme d b y anothe r  case . 

We coul d no t  determine ,  however ,  whethe r  th e 

genera l  knowledg e o r  th e cas e wa s accesse d first 

i n late r  proble m solving . 

4 Discussio n 

While most researchers studying learning have 

been studyin g unsupervise d learnin g o r  learnin g 

wher e th e teache r  give s a n exampl e bu t  n o expla -

nations ,  ou r  observation s sho w tha t  muc h o f  th e 

learnin g tha t  goe s o n earl y i n proble m solvin g de -
pend s o n a  teache r  t o giv e a n explanatio n o f  th e 

procedure s fo r  solvin g a  proble m an d th e knowl -

edge neede d t o solv e it .  Th e causa l  mode l  de -

scribin g ho w a  ca r  function s properly ,  th e on e de -

scribin g wha t  malfunction s loo k like ,  association s 

betwee n symptom s an d faults ,  an d th e proble m 

solvin g procedure s th e instructo r  finds  usefu l  mo -

tivat e hi s explanations . 

Early in learning, students don't know enough 

t o b e abl e t o lear n exclusivel y from  thei r  ow n 

proble m solvin g experiences .  Fo r  example ,  th e 

novic e wh o track s dow n th e erro r  t o th e fue l 

pump whe n i t  i s th e fue l  pum p rela y tha t  i s  fault y 

(i.e. ,  th e fue l  pump' s imput s ar e causin g i t  t o 

malfunction ,  no t  th e pum p itself )  ca n lear n onl y 

i f  h e i s give n extensiv e opportunit y t o attemp t 
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t o fi x  th e proble m o r  I f  a  teache r  intervene s t o 

sho w hi m wha t  h e wa s doin g wrong .  And ,  whe n 

th e studen t  i s a  ran k novice ,  th e experienc e o f 

tryin g t o fix  i t  himsel f  ma y b e s o overwhelmin g 

that ,  i n th e wors t  case ,  nothin g i s learned ,  whil e 

i n th e bes t  case ,  learnin g take s a  lon g time .  I t 

migh t  tak e severa l  attempts ,  fo r  example ,  tryin g 

t o pu t  i n a  ne w fue l  pum p befor e th e studen t  wil l 

star t  thinkin g tha t  somethin g els e i s th e matter , 
and a t  tha t  point ,  ther e ar e s o man y thing s tha t 

coul d hav e gon e wron g durin g hi s previou s at -

tempt s (e.g. ,  th e ne w fue l  pum p ma y b e faulty , 

he ma y hav e connecte d i t  u p wron g i n a  whol e 
rang e o f  differen t  ways )  tha t  h e ma y onl y b e abl e 
t o trac k dow n th e proble m i f  h e i s luck y i n hi s 
initia l  guesses . 

Nor did our intermediate student seem capa-

bl e o f  learnin g withou t  supervision .  Whil e h e 

didn' t  nee d hel p wit h simpl e diagnosti c proce -

dures ,  h e wa s unabl e t o differentiat e betwee n in -

strumen t  reading s produce d b y fault y part s an d 
instrumen t  reading s produce d b y fault y instru -
ments .  I n othe r  words ,  hi s missin g knowledg e 

abou t  wha t  fault s loo k lik e require d tha t  a n in -
structo r  interven e t o instruc t  hi m o n tha t  sub -
ject . 

Not only did students need to know how things 
wor k (i.e. ,  hav e a  nearl y complet e workin g model ) 

t o lear n i n a  completel y unsupervise d setting ,  bu t 

the y als o nee d t o kno w ho w thing s ca n g o wron g 
and wha t  thing s ar e i n th e norma l  real m o f  pos -

sibility .  Th e advance d student ,  wh o wa s b y n o 
means a n expert ,  wa s abl e t o d o quit e a  bi t  mor e 
learnin g b y himsel f  becaus e h e kne w bot h o f  thes e 

things .  H e also ,  however ,  neede d hel p fro m tim e 

t o tim e whe n th e knowledg e h e neede d t o solv e a 
proble m b y himsel f  wa s missin g o r  faulty . 

We have attempted to outline the real-world 
learnin g procedure s student s us e i n learnin g a 

comple x diagnosti c tas k an d th e rol e o f  th e 
teache r  i n learnin g suc h tasks .  Whil e muc h re -

searc h ha s gon e int o unsupervise d learning ,  littl e 
researc h ha s focuse d o n processe s b y whic h a  stu -

dent  learn s fro m a  teacher .  Amon g th e learnin g 
processe s w e hav e identified ,  thre e requir e exten -

siv e interactio n wit h a  teacher :  learnin g b y un -

derstandin g explanations ,  activ e ga p filling ,  an d 

learnin g b y interpretin g feedback .  Th e particu -
la r  interaction s depen d o n th e knowledg e th e stu -

dent  alread y has .  Mor e researc h i n thi s are a i s 

surel y neede d i f  w e wan t  t o develo p bette r  teach -

in g technologie s an d practices . 
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Modern research on skill acquisition is dominated by two broadly defined schools. One of 

thes e school s analyze s verba l  protocol s produce d b y a  smal l  numbe r  o f  subject s a s the y 

perfor m comple x task s i n unconstraine d situations .  Th e othe r  schoo l  measure s th e tim e an d 

accurac y o f  large r  number s o f  subject s performin g simplifie d task s I n controlle d experiments . 

Whil e protoco l  studie s ca n provid e ric h detai l  abou t  th e acquisitio n o f  usefu l  skill s  (Ericsso n 

& Simon ,  1985) ,  th e smal l  number s o f  subjects ,  th e fre e rangin g qualit y o f  thei r  reports ,  an d 

th e theor y lade n interpretatio n o f  th e dat a mak e reliabilit y  an d generalit y unrealistic .  Th e 

experimenta l  approach ,  i n contrast ,  yield s precise ,  objectiv e findings ,  bu t  th e distille d task s 

give n t o subject s Jeopardiz e th e everda y relevanc e o f  thes e finding s (Neisser ,  1976) .  I n th e 

curren t  pape r  w e repor t  a  serie s o f  analyse s tha t  exploi t  th e powe r  o f  bot h protoco l  an d 

experimenta l  method s while ,  w e hope ,  transcendin g thei r  limitations .  W e hav e tracke d th e 

acquisitio n o f  a  comple x skill ,  LIS P programming ,  b y examinin g studen t  performanc e wit h th e 

LIS P Intelligen t  Tutorin g Syste m (Anderso n &  Reiser ,  1985) .  Thi s too l  provide s u s wit h 

detailed ,  continuou s record s o f  studen t  performance ,  muc h lik e protoco l  data ;  however ,  th e 

natur e o f  thes e dat a allow s u s t o analyz e the m wit h th e quantitativ e method s typicall y 

applie d t o experimenta l  results .  B y convergin g thes e researc h methods ,  ou r  goa l  i s  t o 

presen t  a  mor e complet e an d accurat e pictur e o f  learnin g LIS P tha n i s possibl e throug h 

eithe r  approac h alone . 

Students interact with the LISP tutor as they solve programming exercises in a one 

semester ,  introductor y LIS P course .  Ever y exercis e i n th e curriculu m i s decompose d int o a 

sequenc e o f  productio n rule s (Anderson ,  1983) ,  mos t  o f  whic h correspon d t o typin g LIS P 

code .  Th e student' s inpu t  strea m i s segmente d int o separat e production s whe n h e o r  sh e 

type s a  delimite r  ke y (spac e bar ,  carriag e retur n o r  closin g parenthesis) .  Th e inpu t 

brackete d b y eac h pai r  o f  delimiter s i s treate d a s th e actio n o f  a n underlyin g productio n 

rule .  Fo r  eac h studen t  action ,  th e tuto r  trie s t o generat e a  correspondin g piec e o f  cod e b y 

applyin g a  relevan t  productio n rule .  I f  th e studen t  an d tuto r  cod e match ,  th e studen t 

progresse s throug h th e problem .  Fo r  eac h suc h matc h th e tuto r  record s th e student' s codin g 

time ,  measure d fro m delimite r  t o delimiter .  A  discrepanc y betwee n studen t  an d tuto r  cod e i s 

recorde d a s th e student' s erro r  an d trigger s a  tutoria l  dialogue .  Th e studen t  the n receive s 

subsequen t  opportunitie s t o produc e th e correc t  code .  I n th e analyse s tha t  w e repor t 

below ,  w e restric t  ou r  discussio n t o latenc y measures .  W e furthe r  narro w ou r  dat a b y 

considerin g latencie s fro m onl y thos e trial s o n whic h production s ar e execute d withou t  errors . 

We are taking the production model in the LISP tutor as the simulation of each student 

and ar e usin g th e LIS P tuto r  t o automaticall y analyz e th e student' s protoco l  an d determin e a 

correspondenc e betwee n tha t  protoco l  an d th e productio n model .  Thi s pape r  wil l  b e 

concerne d wit h ho w systemati c th e dat a appea r  unde r  suc h a n analysis .  W e expec t  tha t 
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Student s wil l  Improv e a s the y g o throug h th e LIS P tutor .  T o th e exten t  tha t  thi s improvemen t 

I s systematic ,  thi s wil l  bot h suppor t  th e productio n mode l  an d provid e evidenc e abou t  th e 

natur e o f  skil l  acquisition . 

A single LISP symbol (piece of code) can corrspond to several different production rules. 

What  differ s ar e th e condition s o n th e rules .  Fo r  example ,  on e rul e correspond s t o ca r  whe n 

use d simpl y t o retriev e th e firs t  elemen t  o f  a  list :  anothe r  rul e i s applie d whe n ca r  i s calle d 

i n conjunctio n wit h cd r  t o produc e th e secon d elemen t  o f  th e list .  Th e mea n codin g time s 

fo r  thes e rule s i n th e firs t  lesso n ar e abou t  1 9 second s an d 4 5 second s respectively .  Thi s 

exampl e an d man y simila r  one s suppor t  th e ide a tha t  psychologically ,  ther e i s a  fundamenta l 

differenc e betwee n distinc t  rule s wit h Identica l  actions .  Whil e th e mappin g betwee n surfac e 

behavio r  an d underlyin g rul e i s usuall y on e t o one ,  th e studen t  mus t  stil l  acquir e o n th e 

orde r  o f  20 0 productio n rule s throughou t  th e term .  Th e variou s combination s o f  rule s 

throughou t  th e codin g exercise s produc e abou t  340 0 dat a point s pe r  student .  W e woul d lik e 

t o Identif y th e factor s tha t  influenc e performanc e a t  essentiall y  eac h o f  thes e points . 

Regressio n Analysi s 

We will restrict our analyses to 43 students who used the LISP tutor In courses taught In 

th e fal l  o f  198 5 an d sprin g o f  1986 .  Becaus e th e dat a supplie d b y th e tuto r  ar e continuou s 

and quantitative ,  the y len d themselve s t o analysi s b y multipl e regression .  Ou r  goa l  I s t o 

formulat e a  regressio n mode l  tha t  allow s u s t o predic t  codin g latenc y a t  an y poin t  I n th e 

125 problem s tha t  ou r  student s ar e require d t o solve .  W e considere d a  larg e numbe r  o f 

potentia l  predictor s bu t  onl y a  fe w mad e independen t  contribution s t o predictin g th e varianc e 

We hav e bee n mos t  successfu l  i n accountin g fo r  codin g latencie s usin g thre e predicto r 

variables :  (1 )  lesso n numbe r  • -  th e materia l  covere d b y th e tuto r  i s presente d i n 1 2 lessons . 

(2 )  lo g numbe r  o f  opportunitie s t o cod e a  productio n withi n a  lesson ,  an d (3 )  lo g absolut e 

seria l  positio n o f  a  productio n withi n a  problem .  Ou r  criterio n i s actuall y lo g seconds .  W e 

chos e a  lo g scal e fo r  th e dependen t  measur e an d tw o o f  th e independen t  variable s an d a 

linea r  scal e fo r  th e remainin g independen t  variabl e becaus e thi s combinatio n o f  scale s 

accounte d fo r  significantl y mor e varianc e tha n othe r  possibl e combinations . 

We have subdivided our data into "Old" and "New" productions and performed separate 

analyse s o n eac h group .  A n obsen/atlo n i s analyze d a s a n Ol d productio n i f  th e associate d 

rul e i s Introduce d I n a n earlie r  lesson .  I f  th e observatio n i s mad e withi n th e lesso n i n whic h 

th e rul e i s introduced .  I t  i s  a  Ne w production .  S o fo r  example ,  conditional s ar e introduce d i n 

Lesso n 3 .  Th e productio n code-con d i s therefor e Ne w whe n use d i n Lesso n 3 .  bu t  Ol d 

when use d I n Lesson s 4  -  12 .  Ou r  regressio n mode l  fo r  Ol d pin.inriimi" ;  j c  pipconio- i  i n 

Equatio n 1  belo w an d ou r  mode l  fo r  N e w producton s i n Equatio n 3 .  T o mak e thes e nioi e 

interpretable ,  w e hav e derive d equation s fro m 1  an d 3  i n whic h th e sam e independen t 

variables ,  scale d I n linea r  units ,  predic t  latencie s i n actua l  seconds .  Thes e ar e presente d i n 

Equation s 2  an d 4  fo r  Ol d an d Ne w Item s respectively . 
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lo o latenc y -  1.3 1 -  .Oi(̂ ^  _  ^sdo g 0 )  -  .26(lo o P ) 

latency - 20.6 (.97^) (O-ssj ^p..26) 

log latency - 1.36 - QZH) . 30(,og O) - .l5(log P) 

latency = 23.0 (.94^) (O-30) ^p-iS) 

where L Is lesson number, o Is opportunity number and P is position. 

(1 ) 

(2 ) 

(3 ) 

(4 ) 

Bot h regressio n equation s accoun t  fo r  highl y significan t  proportion s o f  th e varianc e {i ^  -

.17 ,  p  <  .001 ,  fo r  Ol d productions ;  ^  -  .18 ,  p  <  .001 ,  fo r  N e w productions )  an d al l  o f 

th e regressio n coefficient s ar e significan t  ( p <  .001) .  Th e firs t  thin g t o notic e i s tha t  th e 

intercep t  term ,  expresse d i n lo g seconds ,  i s greate r  fo r  N e w production s tha n fo r  Ol d 

productions .  O n Intuitiv e grounds ,  rule s tha t  ar e i n th e proces s o f  bein g learne d shoul d b e 

use d mor e slowl y tha n wel l  know n rules .  Overall ,  mea n lo g latencie s ar e i n fac t  slowe r  fo r 

N ew production s tha n Ol d ( F [1 ,  840] ,  =  8.87 ,  p  <  .001) .  A  secon d featur e o f  thes e 

equation s i s tha t  al l  th e coefficient s ar e negative .  Thi s mean s tha t  a s th e value s o f  ou r 

predicto r  variable s increase ,  students '  codin g latencie s decrease .  I t  i s  interestin g tha t  bot h 

regressio n analyse s identifie d th e sam e independen t  variables .  Amon g th e predictor s tha t  w e 

considere d an d rejecte d ar e th e rate d prio r  familiarit y o f  productions ,  th e numbe r  o f  goal s 

pendin g I n th e proble m fo r  a  particula r  observation ,  th e dept h o f  th e symbo l  bein g code d 

withi n embeddin g functio n calls ,  an d th e positio n o f  th e symbo l  o n it s lin e o f  prett y printe d 

code .  W e wil l  no w conside r  eac h o f  th e thre e independen t  variable s tha t  w e hav e include d 

i n th e models . 

Lesson Effect: Learning to Learn. 

Our students clearly improve over the course of the 12 lessons. The linear trends due to 

Lesso n alon e ar e negativ e an d clos e i n siz e t o th e Lesso n coefficient s i n th e thre e ter m 

model s presente d abov e {rf6409 1 =  - 7 29 .  p < 001 ,  fo r  Ol d productions ;  ^3350 ]  =  -12.73 , 

p < .001 ,  fo r  N e w productions) .  Mea n codin g tim e i n second s i s presente d fo r  eac h lesso n 

i n Figur e 1 .  Althoug h th e curve s sho w somewha t  o f  a n uptur n i n th e fina l  fe w lessons . 

thei r  importan t  featur e i s a  genera l  negativ e trend .  Th e speedu p du e t o lesson s canno t  b e 

a simpl e practic e effect .  I f  i t  were .  N e w production s woul d no t  sho w improvement :  B y 

definition ,  performanc e o n thes e item s i s measure d i n onl y on e lesson ,  namel y th e on e i n 

whic h the y ar e firs t  presente d Yet ,  th e advantag e o f  additiona l  lesson s i s greate r  fo r  N e w 

production s tha n Ol d item s (t\975d ]  =  7.47 ,  p  <  .001) .  A  secon d possibilit y  i s ll̂a t  th e 

Lesso n effec t  i s  a n "Interfac e effect. "  Th e mor e experienc e student s hav e wit h ih e tuto i  s 

displa y properties ,  fo r  example ,  th e mor e rapidl y the y ca n ente r  code .  Whil e th e 

improvemen t  o n Ol d item s ma y wel l  b e du e t o increase d familiarit y wit h th e interface ,  w e 

interpre t  th e greate r  lesso n effec t  fo r  Ne w item s a s evidenc e o f  ye t  anothe r  learnin g 

process . 

Instead of an interface effect, we may be obsen/ing students acquisition of schemas for 

codin g LIS P functions .  Fo r  example ,  student s ma y com e t o l<no w thg t  a  LIS P functio n mus t 

star t  wit h th e functio n nam e followe d (typically )  b y a  fixe d numbe r  o f  arguments .  A s th e 
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Pigur *  1 :  M e a n codin g tim e fo r  Ol d an d N e w production s a s a  functio n o f  lesson . 

student encounters new functions, new productions can be created as instantiations of this 

genera l  tendency .  Th e benefi t  o f  assimilatin g n e w informatio n wit h th e hel p o f  s c h e m a s i s 

wel l  documente d (eg .  Bransford ,  Barcla y &  Franks .  1972 :  Bower ,  Blac k &  Turner ,  1979) .  I n 

th e curren t  context ,  w e refe r  t o thi s a s th e "learnin g t o learn "  phenomenon .  O n e implicatio n 

of  th e p h e n o m e n o n i s  tha t  learnin g certai n LIS P construct s wil l  requir e student s t o updat e 

an d elaborat e thei r  functio n schemas .  I f  ther e i s n o longe r  a  correspondenc e betwee n th e 

s c h e m a an d th e cod e student s mus t  write ,  the n th e benefit s o f  th e s c h e m a fo r  learnin g N e w 

rule s shoul d b e reduce d unti l  student s revis e thei r  schemas .  Thi s shoul d occu r  w h e n th e 

conditiona l  structur e an d recursiv e structure s ar e introduced .  Thi s materia l  i s  presente d i n 

Lesso n 3  (conditionals) .  Lesso n 7  (numeri c recursion) .  Lesso n 8  (cdr-recursion )  an d Lesso n 

10 (car-cd r  recursion) .  I t  i s  a t  thes e point s i n Figur e 1  tha t  w e se e th e peak s fo r  N e w 

productions ,  suggestin g tha t  th e Lesso n effec t  i s  modulate d b y lesso n conten t  an d 

presumabl y th e impac t  o f  conten t  o n studen t  schemas . 

Opportunity Effect: Knowledge Compilation. 

The second term in both of our regression models is log opportunity to code a production 

withi n a  lesson .  A n opportunit y i s  essentiall y a  tria l  i n experimenta l  terminology .  I t  i s 

therefor e no t  surprisin g tha t  student s appl y particula r  rule s mor e quic(<l v wit h practice . 

However ,  w e hav e Iheorieilca l  reason s fo r  expeciin g tiia i  û r ^  iinprovnio m dur .  \ o pi.-icHî c <'• • 

not  strictl y linear .  O n th e firs t  opponunit y t o execut e a  N e w production ,  th e siuden i  ha s 

onl y rea d th e Informatio n tha t  wil l  for m th e basi s o f  th e rule .  Withi n th e framewor k o f  a c t -

(Anderson ,  1983) ,  thi s declarativ e knowledg e mus t  b e proceduralized .  i.e .  compile d int o a 

productio n rule .  Proceduralizatio n explicitl y  build s certai n lon g ter m informatio n int o th e 

productio n tha t  previousl y require d maintenanc e i n workin g m e m o r y Becaus e o f  th e reduce d 

d e m a nd o n workin g memory ,  th e studen t  ca n appl y th e rul e mor e efficiently .  I f  thi s i s  s o 

we shoul d se e a  shar p improvemen t  i n codin g latencie s earl y i n th e histor y o f  a  production . 

followe d b y mor e gradua l  speedup :  O n c e th e n e w informatio n i s  proceduralized ,  th e resultin g 

rul e ca n b e tuned ,  eithe r  facilitatin g o r  impedin g it s use ,  bu t  th e greates t  chang e i n a  rul e s 

performanc e i s  associate d wit h it s  transformatio n fro m declarativ e t o procedura l  knowledg e 
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Mean coding time for Old and New productions as a function of 

opportunity . 

Thi s i s iargei y th e pictur e tha t  emerge s fro m ou r  data .  Student s improv e mor e o n N e w 

production s tha n o n Ol d (<t9758 1 «  5.88 ,  p  <  .001 )  a s yo u woul d expec t  I f  th e N e w Item s 

reflec t  th e transitio n fro m declarativ e t o procedura l  l̂ owledge .  Whil e w e hav e performed  ou r 

regressio n analyse s o n lo g codin g latencie s an d lo g opportunity ,  th e dramati c shift s i n 

performanc e tha t  w e ar e lookin g fo r  shoul d b e mos t  eviden t  i n th e untransforme d data ,  i n 

Figur e 2 ,  w e plo t  codin g tim e i n second s agains t  actua l  opportunit y coun t  fo r  Ol d an d Ne w 

productions .  Th e mos t  salien t  aspec t  o f  th e Figur e i s th e stee p dro p i n codin g tim e betwee n 

th e firs t  an d secon d opportunit y Th e improvemen t  i s o n th e orde r  o f  3 3 % fo r  N e w rule s 

versu s 2 0 % fo r  Ol d rules .  I t  seem s reasonabl e t o u s tha t  thi s i s th e differenc e betwee n 

procedurallzatio n an d tuning .  I t  i s  als o wort h notin g tha t  a t  thei r  slowest ,  Ol d production s fir e 

abou t  a s fas t  a s wel l  practice d N e w productions .  Th e suggestio n i s tha t  ther e i s a 

fundamenta l  differenc e betwee n th e knowledg e drivin g performanc e o n th e firs t  opportunit y 

fo r  N e w production s an d th e remainin g point s o n th e graph .  W e woul d expec t  thi s i f 

student s ar e usin g declarativ e knowledg e o n thi s firs t  observatio n alone . 

Serial Position Effect: Plan Rehearsal. 

Absotnte serial position is the final performance factor that we will consider Thi« is <;imnlv 

th e ordina l  valu e o f  a  productio n i n th e sequenc e o f  rule s comprisin g a  (unctio n delinitio n 

So fo r  example ,  defv n wil l  typicall y b e i n th e firs t  seria l  position ,  specify-function-nam e i n th e 

second ,  an d s o on. ^  Th e negativ e regressio n coefficient s fo r  lo g absolut e seria l  positio n tel l 

us tha t  th e furthe r  int o a n exercis e a  studen t  proceeds ,  th e faste r  h e o r  sh e wil l  appl y 

productio n rules .  However ,  a  close r  examinatio n o f  th e dat a reveal s systemati c deviation s 

fro m th e linea r  tren d capture d b y th e regressio n models . 

Of  cours e mos t  rule s ca n appea r  m a  variet y o f  positions . 
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Seria l  Positio n (withi n function ) 

Mean codin g tim e acros s seria l  position s I n Lesso n 2  functions . 

We hav e assemble d a  profil e o f  codin g performanc e ove r  seria l  positio n fo r  th e 1 2 

exercise s o f  Lesso n 2 .  Bot h Ol d an d Ne w production s ar e include d i n thi s analysi s whic h i s 

presente d i n Figur e 3 .  Latencie s an d seria l  positio n ar e untransforme d i n th e plo t  t o 

accentuat e th e non-linearit y o f  th e curve .  W e hav e distinguishe d th e firs t  thre e seria l 

positions ,  whic h correspon d t o th e sam e production s acros s problems ,  fro m th e remainin g 

positions ,  whic h ar e use d t o cod e th e functio n body .  Wha t  i s strikin g abou t  thi s curv e i s th e 

twi n peaks .  Th e firs t  pea k likel y reflect s th e fina l  comprehensio n o f  th e proble m descriptio n 

and plannin g o f  th e solutio n tha t  precede s coding .  Th e dro p ove r  th e nex t  tw o position s i s 

not  surprisin g sinc e thes e production s ar e th e onl y permissabl e action s a t  thes e points .  W e 

the n se e th e secon d pea k followe d b y a  fairl y  systemati c an d negatively-accelerate d spee d 

up acros s seria l  position s a s ou r  regressio n analysi s implies .  W e thin k thi s reflect s a n effec t 

of  formulatin g an d rehearsin g th e plan .  Repeate d acces s an d us e o f  th e pla n shoul d 

strengthe n it s encodin g i n workin g memor y an d s o spee d acces s t o it .  I t  shoul d b e note d 

tha t  i n ou r  searc h fo r  predictor s lo g seria l  positio n prove d t o b e a  bette r  predicto r  tha n 

othe r  possibl e variable s suc h a s numbe r  o f  pendin g goal s o r  dept h o f  embeddin g o f  th e 

code . 

Conclusio n 

The LISP tutor has enabled us to analyze a complex skill in greater detail than is possible 

wit h mor e conventiona l  methodologies .  W e "  fee l  ther e i s a  brigh t  futur e fo r  tutorin g system s 

I n psychologica l  research .  Despit e th e volume s o f  dat a an d th e fin e grai n siz e o f  ou r 

analyses ,  th e pictur e w e com e awa y wit h i s actuall y rathe r  simpl e Students '  master y o f  LIS P 

i s bes t  capture d b y thei r  progres s throug h th e curriculu m (th e lesso n effect) ,  th e amoun t  o f 
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practice th«y receive on a particular production rule (the opportunity effect), and the location 

of  tha t  rul e withir )  th e particula r  functio n tha t  the y ar e codin g (th e seria l  positio n effect) .  Thi s 

sirr̂plicit y i s particularl y stril<ing . 

We thlnl< that each of the three variables is in the main quite interpretable although they 

may als o b e picidn g u p subtl e complexities .  Th e lesso n effec t  seem s t o reflec t  th e schem a 

to r  workin g I n LIS P bot h wit h respec t  t o th e Interfac e an d th e structur e o f  LIS P function s 

The opportunit y effec t  I s a  simpl e learnin g effect .  I t  i s  noteworth y tha t  th e linea r  relationshi p 

betwee n lo g latenc y an d lo g opportunit y Indicate s w e hav e anothe r  Instanc e o f  a  power-la w 

learnin g functio n (Anderson .  1982) .  Th e predictio n i s no t  a s goo d i f  w e us e eithe r  linea r  tim e 

or  linea r  practice .  Finally ,  th e Seria l  Positio n effec t  Indicate s th e developmen t  o f  a n Initia l 

pla n whic h become s rehearse d a s i t  i s  use d i n writin g th e function .  Eac h o f  thes e 

phenomen a ar e hardl y new s i n cognitiv e psychology .  I t  i s  thi s fac t  tha t  w e regar d a s th e 

news o f  ou r  paper :  Unde r  appropriat e decompositio n (/.e ,  a s provide d b y th e LIS P tutor ) 

acquisitio n o f  a  comple x skil l  i s  a  matte r  o f  simpl e learnin g processes . 
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T HE N A T U R E O F E X P E R T I S E I N T H E CL IN ICA L I N T E R V I E W :  I N T E R A C T I V E M E D I C A L 

P R O B L EM S O L V I N G 

David R. Kaufman and Vimla L. Patel 
Centr e fo r  Medica l  Educatio n 

McGil l  Universit y 

The doctor patient interview is an interactive, goal-directed process; diagnosis being one of the 
primar y goals .  Th e clinica l  intervie w i s perhap s th e mos t  importan t  sourc e o f  medica l  dat a tha t  a  physicia n 
has acces s to .  Althoug h diagnose s ar e mos t  ofte n mad e durin g th e history-takin g (Kassire r  &  Gorry ,  1978) , 
i t  i s on e o f  th e leas t  understoo d aspect s o f  clinica l  cognition .  I n medica l  proble m solvin g ther e hav e bee n 
comparativel y fe w studie s tha t  hav e examine d th e acquisitio n an d representatio n o f  clinica l  information . 
Elstein ,  Shulma n an d Sprafk a (1978 )  use d doctor-patien t  simulation s t o evaluat e th e performanc e o f 
physicians .  Barrows ,  e t  al. ,  (1978 )  extende d th e researc h t o evaluat e th e natur e o f  clinica l  expertis e alon g a 
developmenta l  continuum ,  fro m novic e medica l  studen t  t o exper t  physician .  Th e principa l  goa l  o f  thes e 
studie s wa s t o characteriz e th e genera l  aspect s o f  clinica l  performance .  Th e emphasi s wa s o n proces s rathe r 
tha n conten t  o r  knowledge .  Thei r  finding s di d no t  discriminat e betwee n betwee n studen t  an d exper t 
physicia n excep t  fo r  th e accurac y o f  diagnosti c hypotheses . 

Recent  investigation s i n medica l  proble m solvin g hav e shifte d fro m a n emphasi s o n globa l  aspect s 
of  clinica l  reasonin g t o a  focu s o n th e natur e an d conten t  o f  medica l  knowledg e use d t o solv e a  problem . 
Feltovic h an d colleague s investigate d knowledge-base d difference s betwee n exper t  an d novic e i n th e domai n 
of  pediatri c cardiolog y (Feltovic h e t  al. ,  1984) .  Th e result s suggeste d tha t  ther e ar e systemati c difference s i n 
th e structur e o f  clinicians '  knowledge-base ,  correspondin g t o certai n level s o f  expertis e tha t  direc t  the m 
toward s particula r  inference s i n generatin g diagnosti c hypotheses .  Pate l  an d Groe n (1986 )  demonstrate d tha t 
exper t  physician s w h o accuratel y diagnose d a  clinica l  case ,  develope d explanation s o f  th e diseas e proces s 
tha t  coul d b e accounte d fo r  i n term s o f  a  forward-chainin g strategy ,  movin g fro m proposition s i n th e 
stimulu s tex t  t o condition s tha t  suggeste d a  componen t  o f  th e diagnosis .  Exper t  physician s w h o 
misdiagnose d th e cas e use d a  backward-chainin g strategy ,  characterize d b y th e postin g o f  a  potentia l  caus e 
and th e subsequen t  generatio n o f  confirmator y evidence . 

Thes e studie s provid e convergin g evidenc e tha t  i t  i s  primaril y th e difference s i n a  clinician' s 
knowledg e bas e tha t  allow s the m t o effectivel y represen t  a  proble m an d generat e a n appropriat e solution . 
Thi s woul d sugges t  tha t  an y characterizatio n o f  expertis e i n th e contex t  o f  th e clinica l  intervie w canno t  b e 
made independen t  o f  th e knowledg e necessar y t o solv e th e problem .  Th e researc h presente d her e represent s 
an attemp t  t o investigat e th e clinica l  intervie w a s a  problem-solvin g situation .  I n particular ,  thi s stud y 
investigate s expert-novic e difference s i n th e acquisition ,  representatio n an d utilizatio n o f  patien t  informatio n 
i n th e cours e o f  th e clinica l  interview . 

THEORETICAL FRAMEWORK 

It was determined that to effectively investigate this area we needed a coherent epistemological 
framework — identifyin g appropriat e unit s o f  knowledg e tha t  correspon d t o medica l  proble m solvin g an d a 
characterizatio n o f  th e tas k environmen t  an d cognitiv e demand s o f  th e clinica l  intervie w Th e overal l 
framewor k i s describe d i n greate r  detai l  i n Kaufma n (1987 )  an d Patel ,  Evans ,  an d Kaufma n (i n press) . 

The epistemologica l  framewor k i s adopte d fro m a  mode l  propose d b y Evans ,  Gad d an d Popl e (i n 
press )  wh o distinguis h si x level s a t  whic h clinica l  knowledg e stratifies .  Fou r  o f  thes e level s ar e o f  interes t 
t o thi s research .  Observation s ar e unit s o f  informatio n tha t  ar e recognize d a s potentiall y  relevan t  i n th e 
problem-solvin g context .  The y d o no t  constitut e clinicall y usefu l  fact s an d man y observation s wil l  b e 
disregarde d whe n formulatin g diagnosti c hypotheses .  Finding s ar e comprise d o f  observation s tha t  ar e 
anchore d i n th e diagnosti c contex t  an d hav e potentia l  clinica l  significance .  Facet s ar e cluster s o f  finding s 
tha t  ar e suggestiv e o f  prediagnosti c interpretations .  Facet s reflec t  genera l  pathologica l  description s suc h a s 
aorti c insufficienc y o r  categorica l  description s suc h a s endocrin e problem .  Diagnosi s i s th e leve l  o f 
classificatio n tha t  subsume s an d explain s al l  level s beneat h it .  Th e diagnosti c labe l  serve s t o summariz e 
and organiz e th e patien t  finding s int o a  coheren t  an d functiona l  uni t  tha t  facilitate s therapeuti c an d 
management  decisions . 

Facet s an d diagnose s defin e th e contex t  an d provid e a  framewor k i n whic h observation s an d 
finding s ca n b e interpreted .  Thi s result s i n th e instantiatio n o f  defaul t  expectation s tha t  guid e th e 
physician' s subsequen t  questions .  Observation s for m th e minima l  uni t  o f  th e proble m space .  Observation s 
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conve y th e prepositiona l  informatio n tha t  i s  subjecte d t o inferentia l  operation s an d result s i n th e 
constructio n o f  highe r  orde r  conceptua l  structures . 

Medica l  proble m solvin g ha s bee n describe d a s a n ill-structure d tas k (Johnson ,  1983) .  Ill -
structure d problem s ar e one s i n whic h th e initia l  states ,  th e goa l  stat e an d th e necessar y constraints ,  ar e 
unknow n a t  th e beginnin g o f  th e problem-solvin g process .  I n solvin g a  patient' s problem ,  th e initia l  state , 
th e goa l  state ,  an d th e element s o f  th e proble m spac e ar e undefine d prio r  t o th e interview .  Th e interi m 
subgoa l  i s  t o formulat e a  representatio n o f  th e patient' s presentin g complaint .  Thi s a s wel l  a s patien t 
variable s becom e th e initia l  knowledg e state .  Th e clinician' s representatio n o f  thi s initia l  stat e wil l  i n par t 
determin e subsequen t  inquiry .  Th e permissibl e operator s ar e essentiall y  th e rang e o f  question s aske d b y th e 
clinicia n t o elici t  specifi c  information .  Th e applicatio n o f  thes e operator s ca n b e guide d toward s specifi c 
inquiry ,  suc h a s evaluatin g a  hypothese s o r  oriente d toward s genera l  information  gathering ,  suc h a s 
assessin g th e patient' s pas t  medica l  history . 

Data-gatherin g strategie s ca n b e guide d b y a  goa l  t o elaborat e th e genera l  parameter s o f  a  problem -
space ;  tha t  is ,  t o deriv e findings  an d meaningfu l  relation s a m o n g finding s i n th e patient' s history .  Thi s 
proces s i s  principall y bottom-up ,  generatin g facet s an d differentia l  diagnose s fro m th e element s i n a 
proble m space .  Thi s i s referre d t o a s reasonin g diagnosticall y  (Patel ,  Evan s &  Chawla ,  1987) .  Onc e th e 
proble m representatio n i s sufficientl y wel l  elaborated ,  certai n expectation s ar e buil t  up .  Th e inquir y i s 
directe d toward s elicitin g specifi c  finding s tha t  correspon d t o th e interi m interpretation s (face t  hypotheses ) 
an d diagnosti c hypothese s tha t  th e physicia n ha s generated .  Thi s top-dow n proces s i s  referre d t o a s 
reasonin g predictively .  I t  i s  expecte d tha t  experience d physician s hav e a  greate r  capacit y t o reaso n i n th e 
predictiv e m o d e ,  becaus e the y ar e mor e abl e t o recogniz e pattern s o f  element s i n a  proble m tha t  ar e 
associate d wit h certai n diagnoses . 

EXPERIMENTAL METHODS 

Fifteen volunteer subjects were selected: 5 endocrinologists (experts), 5 physicians in their third 
yea r  o f  residenc y program s (intermediates) ,  an d 5  final  yea r  medica l  student s (novices )  w h o ha d complete d 
thei r  clinica l  training .  Eac h subjec t  wa s give n 1 5 minute s t o tak e th e patient' s history .  Th e patien t  wa s a 
pai d voluntee r  outpatien t  Eac h sessio n wa s videotape d an d th e dialogu e wa s subsequentl y transcribed .  Th e 
patien t  wa s a  2 2 yea r  ol d orienta l  mal e w h o presente d wit h tw o episode s o f  sever e muscl e weaknes s an d 
othe r  manifestations .  Thi s proble m ha d bee n diagnose d a s hypokalemi c periodi c paralysi s associate d wit h 
thyrotoxicosis ,  a n u n c o m m o n disorde r  o f  th e thyroi d gland ,  involvin g episode s o f  paralysi s associate d wit h 
a marke d fal l  i n seru m potassium .  Thi s proble m ca n b e decompose d int o tw o components , 
hyperthyroidis m an d hypokalemia . 

Diagnosti c accurac y w a s evaluate d accordin g t o whethe r  th e tw o diagnosti c components , 
hyperthyroidis m an d hypokalemi c periodi c paralysi s wer e presen t  i n th e subjects '  differentia l  diagnoses .  Th e 
transcribe d dialogu e wa s segmente d int o unit s o f  doctor-patien t  exchanges ,  whic h ar e physician -
question/patient-respons e pairings .  Th e metho d use d t o characteriz e th e doctor-patien t  dialogu e incorporate d 
a pragmati c analysi s o f  th e discours e (describe d i n Patel ,  Evan s &  Kaufman ,  i n press) ,  whos e primar y 
functio n i s t o characteriz e th e informatio n i n focu s durin g th e cours e o f  th e interview .  Thi s analysi s i s 
designe d t o evaluat e h o w a  clinicia n manipulate s th e contex t  o f  th e interview ,  t o elici t  observations , 
conclud e findings,  an d deriv e meanin g fro m highe r  orde r  relation s i n th e data .  I t  als o permit s u s t o evaluat e 
data-gatherin g strategies ,  a s evidence d b y sequence s o f  question s elicite d an d finding s conclude d durin g th e 
cours e o f  th e interview . 

Observation s an d findings  ar e th e mai n unit s o f  dat a use d i n thi s stud y t o characteriz e th e 
representatio n tha t  th e clinicia n i s constructing .  Observation s i n thi s analysi s ar e unit s o f  informatio n 
expresse d b y th e patien t  o r  elicite d b y th e physicia n i n th e cours e o f  th e interview .  Th e criterio n fo r  codin g 
an observatio n i s tha t  i t  contribute s uniqu e informatio n t o th e intervie w an d i s accepte d b y th e physician . 

Finding s reflec t  a  decisio n mad e b y a  physicia n concludin g tha t  a  particula r  arra y o f  observationa l 
dat a contain s a  significan t  cu e o r  cue s tha t  nee d t o b e accounte d fo r  i n th e diagnosti c context .  Finding s ar e 
multi-facete d concept s tha t  hav e certai n well-formednes s conditions .  Certai n prepositiona l  parameter s suc h 
as location ,  duration ,  an d sensatio n quality ,  nee d t o b e satisfie d t o conclud e a  specifi c  finding.  Finding s ar e 
specifi c  t o particula r  individual s wit h uniqu e presentin g problems .  However ,  i t  i s  possibl e t o specif y a 
relativel y comprehensiv e se t  o f  generi c findings .  Toward s thi s end ,  w e appea l  t o a  highl y develope d sourc e 
of  medica l  knowledge .  Intemist- I  i s  a n exper t  syste m fo r  computer-assiste d diagnosi s i n interna l  medicin e 
(Miller ,  e t  al. ,  1984) .  I t  ha s a n extensiv e knowledge-bas e incorporatin g ove r  55 0 diagnosti c classification s 
an d mor e tha n 400 0 findings .  Finding s ar e determine d t o b e conclude d i f  the y correspon d i n for m t o 
internis t  findings .  Thi s metho d i s explicate d i n Patel ,  Evans ,  an d Kaufma n (i n press) . 
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Finding s ca n b e eithe r  negativ e o r  positive .  A  positiv e finding  i s a  determinatio n b y th e subjec t 
tha t  a  findin g i s characteristi c o f  th e patient' s condition .  A  negativ e findin g i s a  resul t  o f  a  conclusio n tha t 
a particula r  findin g i s no t  indicativ e o f  th e patient' s problem .  Negativ e finding s ar e particularl y usefu l  i n 
discriminatin g betwee n competin g diagnosti c hypotheses .  However ,  i t  i s  reasonabl e t o speculat e tha t  th e 
mor e th e subject s elici t  negativ e findings ,  th e mor e likel y th e subjec t  ha s no t  bee n abl e t o develo p a n 
adequat e representatio n o f  th e problem . 

A referenc e mode l  wa s created ,  wit h th e assistanc e o f  a n exper t  endocrinologist ,  t o identif y an d 
classif y finding s wit h respec t  t o thei r  importanc e i n thi s particula r  case .  Th e mode l  identifie d th e relevan t 
findings  i n thi s case .  Relevan t  finding s ar e suggestiv e o f  thi s diagnosi s an d ar e contributor y t o th e 
identificatio n o f  th e problem .  I n total ,  ther e wer e 1 6 fmding s designate d a s relevant . 

Th e variable s use d i n thi s stud y includ e th e accurac y o f  diagnosis ,  th e numbe r  o f  question/answe r 
exchanges ,  th e numbe r  o f  observation s elicited ,  th e numbe r  o f  tota l  fmding s acquired ,  th e numbe r  o f 
positiv e an d negativ e fmding s elicite d an d th e percentag e o f  relevan t  findings  elicite d durin g th e interview . 
I n addition ,  t o thes e variable s w e ca n deriv e thre e measure s o f  efficiency :  a )  th e numbe r  o f  observation s pe r 
question/answe r  exchang e expresse d a s a  percentage .  Thi s i s designe d l o asses s th e efficac y o f  a  subjects ' 
abilit y  t o elici t  potentiall y  relevan t  information ;  b )  th e numbe r  o f  finding s pe r  question/answe r  exchang e 
expresse d a s a  percentage .  Thi s i s a  mor e specifi c  inde x o f  a  clinicians '  abilit y  t o recogniz e significan t 
informatio n i n th e patient s statement s an d t o focu s probe s directl y o n th e proble m tha t  lea d t o th e 
generatio n o f  specifi c  findings;  c )  th e numbe r  o f  positiv e finding s ove r  question/answe r  exchange s a s a 
percentage .  Thi s measur e assesse s th e abilit y  o f  a  subjec t  t o develo p a  proble m representation ,  anticipat e 
candidat e finding s an d reaso n predictively . 

Thre e explorator y multivariat e an d tw o univariat e analyse s o f  varianc e wer e performed .  Th e leve l 
of  expertis e wa s th e independen t  variabl e fo r  eac h analysis .  Th e firs t  multivariat e analysi s include d 
question/answe r  exchanges ,  tota l  numbe r  o f  observation s an d tota l  numbe r  o f  finding s a s th e dependen t 
variables .  I n th e secon d multivariat e analysis ,  positiv e an d negativ e findings  wer e th e dependen t  variables . 
I n th e thir d multivariat e analysis ,  th e first  tw o efficienc y measures ,  observation s divide d b y exchange s an d 
findings  divide d b y exchange s wer e th e dependen t  variables .  Th e firs t  univariat e analysi s use d relevan t 
findings  a s th e dependen t  measur e an d th e secon d univariat e analyse s use d th e thir d efficienc y measure , 
positiv e findings  ove r  question/answe r  exchange s a s th e dependen t  measure . 

RESULTS AND DISCUSSION 

DIAGNOSTIC ACCURACY: Four out of five expert physicians accurately identified both 
component s o f  th e diagnosis .  Th e othe r  exper t  identifie d onl y th e thyroi d problem .  O n e o f  th e resident s 
accuratel y identife d th e problem ,  whil e tw o other s identifie d th e mor e genera l  aspect ,  hyperthyroidism .  O n e 
residen t  recognize d th e fac t  tha t  th e patien t  wa s sufferin g fro m periodi c paralysis ,  bu t  faile d t o identif y 
hypokalemi a a s th e causa l  agent .  O n e subjec t  di d no t  recogniz e eithe r  component .  N o novic e wa s abl e t o 
completel y diagnos e th e problem .  However ,  thre e o f  th e novic e medica l  student s recognize d th e thyroi d 
aspect . 
I N F O R M A T I ON A C Q U S I T I O N :  A  summar y o f  th e result s pertainin g t o question/answe r  exchanges , 
finding s an d observation s ar e presente d i n Tabl e 1 .  Th e first  multivariat e analysi s wit h question/answe r 
exchanges ,  observations ,  an d finding s a s dependen t  variable s yielde d a  significan t  grou p (leve l  o f  expertise ) 
effec t  (F[2,12 ]  =  4.64 ,  p  <  .05) .  Ther e wa s als o a  significan t  grou p b y measur e interactio n effec t  (F[4,20 ] 
= 3.43 ,  p  <.05) .  Th e endocrinologist s ha d o n averag e th e shortes t  interview s a s judge d b y th e numbe r  o f 
question/answe r  exchanges ,  followe d b y th e resident s wit h th e medica l  student s o n averag e conductin g th e 
longes t  interviews .  A s th e interactio n effec t  woul d suggest ,  th e patter n change s somewha t  fo r  th e finding s 
and observations .  Th e resident s elicite d th e greates t  numbe r  o f  findings,  followe d b y th e medica l  student s 
and th e endocrinologists .  I n eac h o f  thes e 3  measure s th e endocrinologist s generate d significantl y lowe r 
frequencie s tha n eithe r  o f  th e othe r  2  groups . 

Th e secon d multivariat e analysis ,  whic h compare d th e positiv e an d negativ e finding s generated , 
yielde d n o significan t  differences .  I t  i s  assume d tha t  positiv e finding s hav e a  bearin g o n evaluatin g o r 
confirmin g workin g hypotheses ,  whil e negativ e finding s ar e usefu l  i n discriminatin g betwee n alternativ e 
hypotheses .  I n examinin g th e grou p means ,  i t  become s apparen t  tha t  a  patter n i s emerging .  A s mentione d 
previously ,  th e expert s elicite d fewe r  observation s an d generate d fewe r  findings  tha n th e othe r  groups ,  whic h 
on th e surfac e woul d see m puzzling .  However ,  th e expert s generate d a  comparabl e numbe r  o f  positiv e 
findings  (14.4 )  t o th e resident s (14.6) ,  whic h wa s o n averag e mor e tha n th e student s generate d (13) .  Thi s 
woul d sugges t  tha t  th e expert s ar e mor e focuse d i n tha t  the y nee d fewe r  question s t o generat e significan t 
informatio n an d t o conclud e findings.  Generally ,  th e residen t  grou p generate d almos t  a s m a n y negativ e 
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finding s a s positiv e findings.  Th e comparabl y larg e numbe r  o f  negativ e findings  ar e suggestiv e o f  th e fac t 
tha t  thi s grou p ha d difficult y accountin g fo r  th e myria d o f  problem s th e patien t  wa s presentin g wit h an d 
coul d no t  develo p a  coheren t  proble m representation .  Th e generatio n o f  numerou s negativ e findings  woul d 
als o indicat e tha t  thes e subject s wer e considerin g multipl e hypothese s an d wer e attemptin g t o rule-ou t  a s 
many a s possible .  Th e medica l  students ,  o n average ,  elicite d somewha t  fewe r  negativ e findings  tha n di d th e 
residents .  Thi s ma y sugges t  tha t  thos e subject s wh o wer e abl e t o identif y th e thyroi d aspec t  wer e conten t 
tha t  the y ha d correctl y diagnose d th e problem .  Th e resident s recognize d tha t  ther e wer e man y discrepan t 
findings  tha t  coul d no t  b e accounte d fo r  b y hyperthyroidis m an d pursue d alternativ e explanations .  Th e 
expert s develo p a  coheren t  representatio n o f  th e distinctiv e patter n o f  findings  an d elici t  fewe r  negativ e 
finding s becaus e the y d o no t  perceiv e a s grea t  a  nee d t o rul e ou t  competin g diagnoses . 

TABLE 1: Categories of information acquisition by level of expertise. 

1 C A T E G O RY M E AN S.D . 
Question/Answe r  77. 4 
Exchange s 

Tota l 
Observation s 

Tota l 
Finding s 

Positiv e 
Finding s 

Negativ e 
Finding s 

Percentag e o f 
Relevan t  Findin g 

41. 6 

20. 8 

14. 4 

6. 4 

72 
5 

31. 9 

19. 2 

2. 9 

2. 5 

3. 6 

13 

M E AN S.D . 
119. 4 19. 1 

61 7. 3 

27. 4 4. 5 

14. 6 3. 1 

12. 8 5. 6 

60 19. 5 

— f r n v i T E S -
M E AN S.D . 
12S. « 20. 1 

56. 8 9. 9 

23 4. 8 

13 3. 8 

10 4. 9 

45 8. 2 

The efficienc y measure s ar e supportiv e o f  th e findings  suggestin g a  developmenta l  continuu m i n 
th e selectivit y o f  information .  Th e multivariat e analysi s wit h th e firs t  tw o efficienc y measures , 
observation s divide d b y exchange s an d finding s divide d b y exchanges ,  a s dependen t  variables ,  resulte d i n 
significan t  grou p difference s (F[2,12 ]  =  8.69 ,  p  <  .01) .  Th e exper t  endocrinologist s ha d o n averag e th e 
highes t  efficienc y score s o n bot h measure s followe d b y th e resident s an d students .  Th e difference s ar e mos t 
salien t  o n th e secon d measure ,  th e percentag e o f  finding s generate d pe r  question/answe r  exchange .  Thi s 
indicate s tha t  th e expert s ar e mor e efficien t  i n identifyin g cue s i n th e patien t  dat a an d as k th e appropriat e 
question s whic h lea d t o th e generatio n o f  findings.  Th e medica l  student s ar e th e leas t  efficien t  i n focusin g 
probe s o n aspect s o f  th e proble m tha t  lea d t o th e generatio n o f  findings .  Sinc e the y d o no t  hav e muc h 
clinica l  experience ,  the y m a y no t  b e a s capabl e o f  recognizin g th e specifi c  context s wher e findings  ar e 
manifested .  Th e univariat e analysi s o f  varianc e o n th e thir d measur e o f  posifiv e finding s pe r 
question/answe r  exchang e als o resulte d i n highl y significan t  grou p difference s (F[2,12 ]  =  7.28 ,  p  <  .01) . 
The exper t  grou p ha d a  significantl y highe r  grou p mea n (18.6 )  o n thi s measur e tha n eithe r  th e resident s 
(12.2 )  o r  th e student s (10.6) .  Thi s woul d sugges t  tha t  th e exper t  grou p ten d t o recogniz e aspect s o f  th e 
proble m earl y o n an d attemp t  t o pursu e hypothese s tha t  sugges t  candidat e finding s tha t  lea d t o a  componen t 
of  th e diagnosti c solution .  Whil e th e othe r  tw o group s hav e greate r  difficult y i n isolatin g th e proble m an d 
ar e les s capabl e o f  anticipatin g potentia l  findings. 

The difference s tha t  hav e emerge d thu s fa r  ar e suggestiv e o f  difference s relate d t o th e selectiv e 
acquisitio n an d processin g o f  information .  Th e result s pertainin g t o th e percentag e o f  relevan t  finding s 
generate d ar e i n th e expecte d direction .  Th e univariat e analysi s comparin g th e relevan t  findings  elicite d 
yielde d a  significan t  grou p effec t  (F[2,12 ]  =  4.46 ,  p  <  .05) .  Th e endocrinologist s generate d 7 2 % o f  th e 
availabl e relevan t  findings,  followe d b y th e resident s wit h 6 0 % an d th e medica l  student s w h o wer e onl y abl e 
t o elici t  4 5 % o f  th e relevan t  findings. 

To accuratel y diagnos e th e case ,  i t  i s  essentia l  t o elucidat e th e mos t  significan t  finding s i n th e 
case .  Perhap s th e mos t  tellin g inde x o f  th e selectiv e acquisitio n i s th e percentag e o f  relevan t  findings  ove r 
th e tota l  numbe r  o f  findings  generated .  Thi s reflect s a n abilit y t o isolat e an d elaborat e upo n th e mos t 
fundamental  aspect s o f  th e clinica l  problem .  I t  i s  thi s statisti c tha t  reveal s th e mos t  strikin g difference s 
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betwee n groups .  Fift y percen t  o f  al l  finding s elicite d b y th e exper t  physician s resulte d i n th e generatio n o f 
a relevan t  finding.  Thi s wa s considerabl y mor e tha n th e othe r  tw o groups ,  wit h th e resident s yieldin g 3 3 % 
and th e medica l  studen u yieldin g 3 1 % o f  th e tota l  finding s the y generate d a s relevant .  Thi s indicate s tha t 
th e endocrinologist s ar e abl e t o recogniz e pattern s i n th e dat a an d focu s o n th e pertinen t  informatio n leadin g 
t o component s o f  th e diagnosis .  Th e resident s generall y ca n identif y muc h o f  th e relevan t  information . 
However ,  the y d o no t  posses s th e sam e domai n specifi c  knowledg e an d ar e consequentl y les s selectiv e i n th e 
informatio n the y elicit .  Th e student s d o no t  hav e th e knowledg e no r  th e clinica l  experienc e t o generat e th e 
relevan t  informatio n tha t  ha s t o b e accounte d for . 
P R O B L EM R E P R E S E N T A T I ON S T R A T E G I E S :  Thu s far .  i t  i s a t  th e leve l  o f  finding s tha t  th e 
most  salien t  difference s hav e emerged .  Thi s sectio n attempt s t o elucidat e th e broade r  spectru m o f  contex t 
and describ e th e natur e an d sequenc e o f  informatio n i n focus .  Thi s accountin g provide s a  framewor k t o 
discus s difference s i n th e hierarchica l  structurin g o f  informatio n an d th e us e o f  strategie s i n th e constructio n 
and modificatio n o f  a  patien t  proble m representation .  Thi s analysi s i s  primaril y descriptiv e wit h 
illustration s fro m individua l  protocol s provide d t o highligh t  certai n points .  I n th e contex t  o f  th e clinica l 
interview ,  th e proble m spac e i s no t  define d a  priori ,  i t  i s  constructe d i n th e cours e o f  th e evolvin g 
interaction .  W e ca n assum e tha t  ther e ar e multipl e pathway s t o th e goa l  stat e o f  diagnosis ,  whic h var y 
greatl y i n thei r  efficienc y an d efficacy .  I t  i s  propose d tha t  throug h examinin g th e sequenc e an d natur e o f 
informatio n i n focus ,  w e ca n characteriz e th e strategi c constructio n o f  a  proble m representation . 

Predictiv e reasonin g involve s th e generatio n o f  a n initia l  proble m formulatio n an d th e subsequen t 
pursui t  o f  specifi c  candidat e findings,  drive n b y a  hypothese s o r  smal l  subse t  o f  relate d hypotheses .  I t  i s 
analogou s t o a  forward-chai n o f  reasoning .  I t  i s a  ver y powerfu l  strateg y wit h a n associate d degre e o f  risk . 
I t  ha s th e effec t  o f  controllin g uncertainty ,  b y delimitin g th e numbe r  o f  variable s tha t  mus t  b e accounte d 
fo r  i n th e proble m resolutio n proces s (Patel ,  Evan s &  Cha w la ,  1987) .  I t  i s a n efficien t  strateg y tha t 
minimize s cognitiv e loa d an d maximize s th e allocatio n o f  resource s toward s th e assessmen t  o f  a  particula r 
hypothese s o r  a  smal l  subse t  o f  relate d hypotheses .  Th e associate d ris k i s tha t  th e scop e o f  probin g fo r 
informatio n wil l  b e to o narro w an d essentia l  element s ma y b e overlooked . 

An excerp t  fro m th e intervie w o f  exper t  2  i s presente d i n Tabl e 2 .  A t  thi s poin t  i n th e intervie w 
thi s subjec t  ha d documente d th e patient' s presentin g complaint .  I n question/answe r  exchang e 20 ,  sh e 
focuse s o n on e o f  th e cardina l  sign s o f  hyperthyroidism ,  hea t  intolerance .  Sh e provide s a n exemplar , 
describin g a  circumstanc e i n whic h th e patien t  ma y b e mos t  cognizan t  o f  thi s problem .  Th e patien t  a t  thi s 
poin t  reject s tha t  characterization .  Sh e continue s t o pursu e thi s lin e o f  reasoning ,  elicitin g severa l  o f  th e 
critica l  finding s characteristi c o f  hyperthyroidism .  Afte r  establishin g tha t  th e patien t  ha d bee n eatin g mor e 
(exchang e 24) ,  sh e attempt s t o lin k th e thyroi d componen t  wit h th e episode s o f  muscl e paralysis .  I n 
exchange s 2 5 an d 26 ,  sh e focuse s o n th e particula r  food s tha t  th e patien t  ha d bee n indulgin g in . 
Carbohydrate s predispos e patient s t o attack s o f  hypokalemi c paralysis .  Afte r  th e patien t  agree s wit h thi s 
description ,  th e physicia n subsequentl y attempt s t o determin e whethe r  th e patien t  recall s eatin g a 
carbohydrat e mea l  prio r  t o th e secon d muscl e attack .  Thi s protoco l  document s th e efficac y o f  predictiv e 
reasonin g i n generatin g findings  fro m facet-leve l  hypothese s an d i n integratin g facet s i n th e formulatio n o f 
diagnosti c hypotheses . 

TABLE 2: DOCTOR-PATIENT DIALOGUE EXPERT 2 

20. D. No. Had you noticed that you were minding the heat any more than other people you live with, or 
othe r  peopl e i n th e room ? 
P.  U m m,  n o 
2L D .  No .  Di d yo u notic e an y tremo r  o f  you r  hands ? 
P.  Well ,  yeah . 
22.  D .  Ho w lon g before ? 
P.  Fou r  months . 
23.  D .  Fou r  months .  Di d yo u notic e an y weigh t  loss ? 
P.  Aroun d te n pounds . 
24.  D .  Te n pounds .  Wer e yo u eatin g more ? 
P.  Yes . 
25.  D .  Yes .  Wha t  kind s o f  thing s wer e yo u eating ? 
P.  Uhh ,  meat ;  beef ,  well ,  fish,  sometime s ribs . 
27.  D .  Well ,  swee t  things ,  o r  macaroni ,  noodles ,  kin d o f  carbohydrat e things ? 
P.  Well ,  yeah . 
30.  D .  D o yo u recal l  i f  yo u wer e eatin g anythin g unusua l  jus t  befor e thi s attac k happened ? 
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P.  Umm,  No . 

An excerpt from a residents (R3) is presented in Tabic 3. In this situation, the interview had just 
begu n an d th e subjec t  wa s attemptin g t o characteriz e th e patient' s presentin g complaint .  I n th e excerp t  th e 
topi c i n focu s i s le g muscl e weakness .  Th e residen t  i s  attemptin g t o characteriz e th e proble m i n term s o f  a 
circumstanc e tha t  h e coul d recogniz e a s bein g exemplar y o f  a  medica l  contex t  h e coul d explain .  Despit e th e 
fac t  tha t  th e intervie w ha d jus t  started ,  th e subjec t  make s n o attemp t  t o elaborat e o n th e patient' s complaint . 
He present s th e patien t  wit h a  serie s o f  probe s i n th e for m o f  binar y respons e choice s (e.g .  ye s o r  no) ,  usin g 
exemplar s depictin g circumstance s i n whic h th e weaknes s m a y manifes t  itself . 

I n th e cours e o f  thi s exchange ,  h e fail s t o pic k u p o n certai n critica l  piece s o f  information .  I n 
question/answe r  exchang e 6 ,  fo r  instance ,  th e subjec t  focuse s o n th e periodi c patter n o f  th e weakness .  Th e 
patien t  respond s tha t  i t  ha s onl y happene d twice ,  a  critica l  piec e o f  informatio n fo r  determinin g tha t  thi s i s 
periodi c a s oppose d t o generalize d weakness .  Th e clinicia n continue s t o attemp t  t o characteriz e th e natur e 
of  th e weakness ,  unde r  th e assumptio n tha t  thi s i s a  proble m o f  chroni c muscl e weakness .  H e provide s th e 
patien t  wit h potentia l  situation s i n whic h th e weaknes s m a y manifes t  itself ,  demonstratin g tha t  h e ha s a 
causa l  mode l  o f  differen t  le g muscl e problem s an d i s attemptin g t o instantiat e th e corresp)ondin g findings. 
I n th e cours e o f  pursuin g thes e hypotheses ,  h e ha s overlooke d thre e essentia l  findings,  includin g th e 
aforementione d finding .  I n exchang e 9 ,  th e patien t  inform s th e physicia n tha t  i t  jus t  happene d suddenly . 
Fro m hi s subsequen t  probes ,  i t  appear s tha t  h e doe s no t  conclud e weaknes s o f  sudde n onset ,  bu t  rathe r  infer s 
tha t  th e weaknes s i s generalized ,  bu t  intermitten t  i n severity .  Th e follow-u p questions ,  onl y a  sampl e o f 
whic h ar e include d here ,  focu s o n potentia l  palliativ e an d exacerbatin g factor s tha t  impac t  o n th e weakness . 

I n thi s stretc h o f  discourse ,  i t  i s  apparen t  tha t  h e ha s misrepresente d th e patient' s complain t  Th e 
initia l  formulatio n o f  a  proble m representatio n constrain s th e searc h spac e an d determine s th e probe s tha t 
follo w it .  Thi s wa s clearl y th e cas e i n thi s protocol .  Thi s subjec t  wa s unabl e t o characteriz e an y aspec t  o f 
th e patien t  problem ,  primaril y fo r  th e reaso n tha t  h e wa s workin g unde r  th e assumptio n tha t  thi s wa s a 
proble m o f  chroni c muscl e weakness ,  an d neve r  triggere d th e appropriat e face t  o f  acut e periodi c weakness . 
As a  result ,  th e subjec t  introduce d greate r  uncertaint y int o th e proble m space ,  b y generatin g multipl e 
competin g facet-leve l  hypotheses ,  non e o f  whic h adequatel y characterize d th e patient' s condition .  Thi s i s 
apparen t  throughou t  th e protoco l  an d eve n i n th e diagnose s liste d i n hi s differential . 

TABLE 3: DOCTOR-PATIENT DIALOGUE RESIDENT 3 

3. D. What's the problem? 
P.  I  hav e muscl e problems . 
4.  D .  Yo u hav e muscl e problems ? I n you r  legs ? What  d o yo u have ,  muscl e weakness ,  or ? 
P.  Weakness ,  n o pain . 
5.  D .  N o pai n a t  all .  Ho w lon g hav e yo u ha d th e weakness ? 
P.  Thre e months . 
6.  D .  Thre e months .  I s i t  ther e al l  th e time ,  o r  doe s i t  com e an d go ? 
P.  It' s  comin g an d going .  It s happene d twice . 
7.  D .  Ok .  D o yo u find  let' s ..say...D o yo u hav e th e weaknes s whe n yo u wak e u p i n th e morning ? 
P.  No . 
8.  D .  D o yo u hav e t o d o a  certai n amoun t  o f  exercis e befor e yo u ge t  weak ? 
P.  Ah ,  no . 
9.  D .  So ,  let' s  say...let' s  sa y yo u coul d wal k dow n th e stree t  an d a s soo n a s yo u starte d walkin g yo u coul d 
notic e tha t  ther e i s a  weakness .  Wou l d yo u sa y tha t  yo u wal k a  distanc e first  an d the n yo u ge t  weak ? 
P.  Ahh.. .  no t  really ,  i t  jus t  suddenl y fel t  weak . 
10 .  D .  A n d d o yo u hav e period s let' s  sa y wher e yo u fee l  wea k an d the n yo u fee l  norma l  agai n an d the n 
yo u ar e weak ? Lik e that ? 
P.  Yeah . 
12.  D .  Ok .  I s ther e anythin g yo u k n o w tha t  make s i t  better ? Y o u fee l  les s wea k ...or . 
P.  No . 

The primary differences between the experts and the residents protocols are reflected in the ability 
t o formulat e a n initia l  representatio n o f  th e patien t  problem .  Th e exper t  effectivel y characterize s th e 
patient' s presentin g complain t  an d subsequentl y pursue s a  high-yiel d knowledge-base d strateg y t o confir m a 
diagnosti c hypothesis .  Th e residen t  fail s t o elaborat e th e patient' s presentin g complain t  an d a s a 
consequence ,  pursue s genera l  data-gatherin g su-ategie s tha t  continuousl y wide n th e scop e o f  diagnosti c 
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candidate s withou t  an y forwar d movemen t  toward s th e solutio n state .  Th e difference s ca n b e attribute d t o 
domain-specifi c  knowledg e an d domain-specifi c  experienc e wit h patient' s presentin g wit h simila r  histories . 

As expected ,  ther e wer e difference s i n term s o f  th e accurac y o f  diagnosis ,  wit h th e expert s 
generatin g th e mos t  accurat e diagnoses ,  followe d b y th e resident s an d medica l  students ,  respectively .  Th e 
most  globa l  measure s o f  subjects '  performanc e suc h a s th e tota l  numbe r  o f  observation s an d finding s 
generate d ar e neithe r  adequat e indice s o f  expertis e no r  meaningfu l  indicator s o f  successfu l  performance . 
Novice s an d resident s tende d t o elici t  mor e tota l  observation s an d finding s tha n th e expert s did .  I t  appear s 
tha t  th e subexper t  group s neede d t o elici t  mor e observation s t o generat e findings  an d mor e findings  t o deriv e 
facets .  However ,  i t  i s  th e natur e o f  th e finding s an d no t  th e numbe r  o f  findings  tha t  i s associate d wit h 
successfu l  performance .  Finding s nee d t o b e coordinate d an d organize d unde r  th e relevan t  facets ,  whic h i n 
tur n ar e extrapolate d t o th e appropriat e diagnosti c context .  Ther e wer e severa l  instance s wher e element s o f  a 
significan t  finding  wer e elicite d bu t  becaus e o f  inappropriat e backgroun d assumption s wer e misconstrued . 

The stud y demonstrate d tha t  expert s hav e a  greate r  capacit y t o elici t  th e appropriat e informatio n i n 
contex t  an d elaborat e th e constraint s o f  a  problem-representation .  Give n a  comple x problem ,  intermediat e 
subject s experienc e difficult y i n integratin g informatio n fro m multipl e sources .  The y ten d t o pursu e 
hypothesis-drive n strategie s tha t  lea d the m dow n multipl e searc h paths .  Novic e medica l  student s experienc e 
greate r  difficult y a t  th e loca l  level-derivin g findings  fro m th e patient' s observations . 

I n general ,  th e result s o f  thi s stud y sugges t  tha t  th e selectiv e acquisitio n an d efficien t  utilizatio n o f 
informatio n ar e hallmark s o f  expertise .  Thi s findin g i s consonan t  wit h result s o f  othe r  problem-solvin g 
studie s i n medicin e an d i n othe r  domain s tha t  indicat e tha t  th e rapid ,  systemati c applicatio n o f  knowledg e t o 
problem s an d th e us e o f  effectiv e knowledge-base d strategie s leadin g t o accurat e solution s distinguis h 
performanc e a t  differen t  level s o f  expertis e an d individual s varyin g i n thei r  competency . 
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Ab.stiact 
The ubiquitou s power-la w o f  practic e ha s bee n a  touch.-̂ ton e o f  coŝ nitiv e modeU.  I t  predict s 

tha t  th e >pee d o f  performaac e o f  a  ta> k wil l  improv e a > th e powe r  o f  th e numbe r  o f  time s tha t 
th e tas k i ^  performed .  I n thi > pape r  w e deriv e th e posver-lav v fro m a  tjrap h d\namica l  theor y o f 
learnin g b y considerin g change ^  i n ptoblem->pac e î iap h topolog y du e t o th e additio n o f  operators , 
and alteration s i n th e decision-procedur e u>e d t o decid e whic h operato r  t o appl y a t  a  particuhu -
step .  Th e genera l  approac h o f  applyin g dynamica l  principle.- ^  t o cognitiv e problem s hold s muc h 
promis e i n unifyin g other '  area s o f  learnin g an d intelligen t  activity . 

Keywords :  Learning ,  Chunking .  Macr o Operato r  Formation .  Power-La w Speedup .  Problem-Solving , 

Practice . 

1 Introduction 

The power-law of practice (i.e., Grossman, 1956. and many othersi predicts that the speed of per-

formanc e o f  a  tas k wil l  improv e a s th e powe r  o f  th e numbe r  o f  time s tha t  th e tas k i s performed . 

Thi s appear s t o b e a  ubiquitou s propert y o f  huma n learning ,  an d ha s bee n a  touchston e o f  cognitiv e 

model s suc h a s S O A R (e.g. .  Laird ,  Rosenbloom .  &  Newell ,  1986 i  an d A C T (Anderson ,  1983» .  I n 

thi s pape r  w e deriv e th e power-la w o f  learnin g fro m a  grap h dynamica l  theor y (Huberma n &  Hogg , 

1987) .  Thi s la w result s fro m change s i n problem-spac e grap h topolog y du e t o th e additio n o f  opera -

tors ,  an d alteration s i n th e decision-procedur e use d t o decid e whic h operato r  t o appl y a t  a  particula r 

step . 

We begi n b y describin g a  simpl e "Bi t  Game"  whic h wil l  b e use d i n ou r  e.xperiments .  W e the n 

sketc h th e derivatio n o f  th e power-la w fo r  operato r  additio n an d decision-procedur e improvement . 

Next ,  w e verif y ou r  approac h b y compute r  simulation s o f  th e Bi t  G a me whic h isolat e th e relevan t 

feature s o f  th e theory .  Finally ,  w e discus s th e importanc e o f  thi s approac h t o modelin g learning , 

and briefl y contras t  i t  wit h existin g account s o f  power-la w improvement . 

2 The Bit Game 

Many tasks can be viewed as the search for a path through a problem-space graph, where nodes 
represen t  state s o f  th e proble m an d link s represen t  operator s tha t  mov e betwee n state s i  Newel l  & 
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Simon .  1972» .  I n orde r  t o illustrat e th e processe s o f  lea i  riin̂ .  an d \erif y th e theorv .  w e conside r  a 

simpl e proble m calle d th e "Bi t  Game"  whic h i s analoĵ ou s t o man v well-define d problems .  Iiu t  ha > a 

simpl e problem-space .  A  proble m stat e i n th e Bi t  G a me i s a  //-bi t  binar v vecto r  'as :  UlOlU i  W e wil l 

generall v us e a  five-bi t  vecto r  i n thes e e.xamples .  A  "trial "  begin s fro m a n arbitrar y initia l  -'tate . 

sav :  00000 .  an d th e "oa l  i s  t o chang e tha t  stat e t o som e othe r  arbitrar v vector ,  say :  11111 . 

Each operato r  i s compose d o f  fro m 1  t o H  element s indicatin g a  particula r  bi t  i n th e vecto r  whic h 

shoul d b e flipped  i f  i t  matche s i n th e curren t  state .  Operator s onl y --pecif v th e bit s i n th e stat e whic h 

actuall y change .  Operator s ca n b e writte n a s "patter n •  result "  pairs ,  wit h question-mark s '"'!" ' 

wher e th e operato r  patter n sav s nothin g abou t  a  particula r  bi t  position .  Th e operato r  "'.'I'M ? •  .'0?0'.' " 

wil l  tak e th e state :  IIOI O t o lOOOO.  o r  th e state :  1 1 H I  t o 10101 .  bu t  wil l  no t  appl y t o th e state : 

0000 0 becaus e th e indicate d bit s ar e no t  ones . 

Operator s var v i n thei r  generalitv .  Th e one-elemen t  operators ,  suc h as :  "0??? ? •  I''.''.'?" ,  appl y 

t o 1 6 states :  (00000 .  00001 .  00010 .  .. .  Olllli .  an d s o connec t  togethe r  .3 2 node s i n th e spac e o f  al l 

states .  W e begi n playin g th e Bi t  G a me wit h al l  th e I'iW i  one-bi t  operator s 110 .  i n th e cas e o f  a  5-bi t 

gamei .  Thi s se t  form s th e £?-dimensiona l  hypercub e an d completel y connect s th e space . 

The numbe r  o f  link s traverse d o n a  tria l  li.e. .  th e numbe r  o f  step s require d t o fin d th e goa l  stat e 

fro m th e initia l  state i  measure s performance .  A  serie s o f  trials ,  beginnin g wit h a  commo n initia l 

problem-spac e an d wit h learnin g betwee n eac h trial ,  wil l  b e calle d a  problem-solvin g "run "  Whe n 

ther e ar e severa l  applicabl e operator s pe r  step ,  a  decision-procedur e i s use d t o choos e one .  Ther e 

ar e man y reasonabl e way s t o decid e amon g differen t  operators .  Fo r  certai n organization s o f  opera -

tor s an d choice s o f  initia l  an d goa l  states ,  som e o f  thes e decision-procedure s ar e mor e effectiv e tha n 

others . 

2.1 Adding Operators 

After a trial is completed, learning may take place in one of the two ways: either by changing the 

problem-spac e b y addin g operator s Minks) ,  o r  b y changin g th e decision-procedure .  Fo r  example , 

S O AR (Laird ,  e t  al. ,  1986 i  add s ne w operator s whic h summariz e th e result s o f  sub-problem-solving . 

I n th e Bi t  G a me w e ad d th e operato r  tha t  mos t  generall y summarize s th e solutio n o f  th e gam e jus t 

played .  Tha t  is ,  suppos e w e begi n wit h thi s game :  01110i^>10l0l ,  an d fin d a  solution .  W e ca n gai n 

th e effec t  o f  summarizin g th e 'subproblem-solving '  fo r  tha t  gam e b y formin g th e operato r  tha t  wil l 

solv e thi s gam e i n on e step .  Tha t  is ,  fo r  thi s cas e w e ad d th e operator :  "Ol'.'l O •  lO'.'Ol "  becau.s e i t  i s 

th e mos t  genera l  operato r  tha t  wil l  solv e thi s gam e i n on e step .  Notic e tha t  th e ".' "  elemen t  o f  thi s 

operato r  appear s becaus e th e thir d bi t  di d no t  chang e betwee n th e initia l  an d goa l  stat e i n thi s trial . 

and .s o thi s ne w operato r  connect s togethe r  tw o pair s o f  state s i n th e problem-space . 

2.2 Improving the Decision-Procedure 

Decision-procedures can be arbitrarily complicated algorithms, and can be changed in complex and 

arbitrar v ways ,  leadin g t o entirel y differen t  problem-solvin g behavior .  Generally ,  however ,  a  decision -

procedur e i s onl y radicall y change d i n th e fac e o f  som e ne w insigh t  int o th e proble m structure .  With -

out  suc h a n extrem e chang e i t  onl y make s sens e t o eithe r  slowl y var y th e parameter s controllin g th e 

decision-procedur e i n orde r  t o tr v t o hill-clim b int o a  best-solutio n mode ,  o r  t o var y the m randomly . 

hopin g t o discove r  a  goo d decision-procedur e serendipitiousl y W e conside r  changin g betwee n a  ver y 

bad ('poor" i  decisio n procedure ,  an d a  ver y goo d '"optimal" )  one . 

The optimal "  decision-procedur e find s th e fastes t  wa v t o th e goal .  Fo r  eac h operato r  tha t  ca n 

appl y i n th e curren t  stat e on e ca n as k ho w man y o f  th e goa l  bit s wil l  b e correctl y se t  i f  tha t  rul e 
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wer e applied .  W e the n randoml y choos e a n operato r  fro m amons i  th e one s tha t  scor e highes t  o n thi s 

measure . 

The "poor "  decision-procedur e i s a  rando m wal k wit h a  1-pl y lookahead :  W e searc h a t  rando m 

unti l  w e ar e one-ste p awa y fro m th e .îoal .  an d the n tak e tha t  on e ste p directl v t o th e ̂ oal .  Sinc e 

as operator s ar e adde d t o th e problem-spac e i t  become s mor e connected ,  on e ha s t o d o les s rando m 

searc h i n orde r  t o ru n int o a  pat h leadin̂ ^  t o th e goal ,  bu t  i t  i s  als o easie r  t o '̂e t  of f  th e path . 

3 Analysis 

In this section we derive the behavior to be e.xpected from the addition of new operators and improve-

ment s i n loca l  decision-procedure .  A  proble m spac e consist s o f  a  connecte d graph .  C .  wit h n  node s 

representin g variou s proble m states ,  an d link s representin g instance s o f  possibl e operators .  W e 

no w sho w tha t  learnin g du e t o th e additio n o f  link s i n th e graph ,  o r  improvement s i n th e decision -

procedure ,  lea d t o a  gradua l  reductio n i n pat h length s wit h a  correspondin g gradua l  improvemen t 

i n performanc e whic h i s a n power-la w o f  th e numbe r  o f  trials . 

We ar e intereste d i n learnin g behavio r  fo r  situation s involvin g a  larg e numbe r  o f  state s an d 

typica l  proble m space s rathe r  tha n an y specifi c  one .  Thi s ca n b e elucidate d b y assumin g tha t  th e 

initia l  se t  o f  operator s ar e distribute d a t  random ,  an d tha t  ne w link s ar e adde d independentl y o f 

one another .  Alternatively ,  instea d o f  a  specifi c  numbe r  o f  links ,  w e ca n assum e tha t  th e link s be -

twee n eac h pai r  o f  state s eac h exis t  wit h independen t  probabilit y  p .  Althoug h suc h a  probabilisti c 

descriptio n appear s t o diffe r  fro m th e cas e o f  a  fi.xed  numbe r  o f  operators ,  th e resultin g propertie s 

ar e know n t o b e th e sam e whe n larg e graph s ar e involve d (Bollobas .  19851 .  Moreover ,  thi s approac h 

simplifie s th e mathematica l  derivations .  A s ne w operator s ar e learne d durin g th e trials ,  p  wil l  cor -

respondingl y increase .  Notic e tha t  p  mus t  b e greate r  tha n (L n n)/ n fo r  th e grap h t o b e completel y 

connected . 

Similarly ,  t o explor e th e rang e o f  decision-procedure s tha t  li e betwee n th e optima l  decision -

procedur e an d th e rando m wal k w e us e a  simpl e descriptiv e mode l  o f  th e effectivenes s o f  th e decision -

procedur e i n which ,  a t  an y nod e durin g th e searc h fo r  th e goal ,  eac h unproductiv e lin k i s eliminate d 

wit h probabilit y  L  -  p .  Improvement s i n th e decision-procedur e correspond s t o a  decreas e i n p  an d 

chang e th e proble m fro m a n exponentia l  rando m wal k t o a  linea r  drif t  towar d th e goa l  iHuberma n 

& Hogg ,  1987) .  Thi s probabilisti c  mode l  de.scribe s th e behavio r  o f  th e algorith m whe n applie d t o 

many decisions ,  bu t  doe s no t  necessaril y  requir e tha t  choice s b e mad e randomlv .  Not e tha t  p  -  i l 

correspond s t o a  perfec t  decision-procedur e i n whic h searc h an d backtrackin g ar e neve r  required . 

whil e p  -  1  correspond s t o a  rando m wal k o n th e graph .  W e assum e tha t  p{T )  an d p{T )  ar e give n 

function s o f  th e numbe r  o f  complete d trial s T  an d investigat e th e consequence s o f  thei r  changes . 

That  is ,  w e wan t  t o obtai n a n expression .  s{T) ,  relatin g th e expecte d numbe r  o f  steps ,  5 ,  require d t o 

obtai n a  solutio n t o th e numbe r  o f  trial s f  71 . 

To obtai n a n explici t  expressio n fo r  . s i n term s o f  p  an d p .  w e conside r  a  simplifie d mode l  whic h 

incorporate s th e essentia l  feature s o f  problem-solving .  First ,  w e a>sum e tha t  al l  node s o f  th e grap h 

hav e th e averag e numbe r  o f  link s p  ( n I  )p .  Thus ,  w e ar e lef t  wit h a  regula r  grap h o f  n  node s 

and unifor m branchin g rati o p .  Second ,  w e assum e tha t  th e cycle s i n th e grap h ar e lon g s o that ,  i n 

general ,  a t  an y nod e ther e wil l  b e on e lin k 'on e step i  t o a  nod e close r  t o th e goa l  whil e th e other s ar e 

one ste p farthe r  away .  I n thi s limi t  th e beha \  io r  wil l  b e simila r  t o a  wal k o n a  tree .  Becaus e o f  th e 

initiall y  exponentia l  growt h i n th e numbe r  o f  node s wit h distance ,  th e initia l  an d goa l  node s wil l 

typicall y b e separate d b y th e diamete r  o f  th e uraph .  whic h ca n b e approximate d a s D  I n n  \i \  p .  th e 

max imu m distanc e betwee n point s i n th e tre e correspondin g t o th e graph .  Fro m mos t  node-- ,  ther e i s 

onl y on e choic e whic h get s close r  t o th e uoa l  -tati. -  an d / /  I  choice s whic h mov e farthe r  fro m th e uoai . 
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HowL'ver .  th e decisio n procedur e eliminate s eac h incorrec t  choic e wit h probabilit y  t  f j  s o ther e ar e 

'o n averajie i  effectivel v onl y f/ i  I  ] p incorrec t  choice s a t  eac h node .  Thu s s  wil l  b e approximate d b y 

th e averag e numbe r  o f  step s require d t o reac h th e goa l  usini ;  thi s process . 

Thi s analysi s give s th e expecte d behavio r  o f  s  a s a  functio n o f  p  u. e .  th e topology i  an d p  i  i.e. .  th e 

decisio n effectiveness) .  Fo r  instance ,  whe n th e decision-procedur e i s wea k ^ p nea r  It .  step s towar d 

th e goa l  wil l  b e relativel v rar e irecal l  tha t  ̂  i s  a t  leas t  a s larg e a s I n n K Thu s th e system' s behavio r 

wil l  b e exponential .  Whe n p p i s muc h large r  tha n one .  on e obtains : 

In this case, when p -- 1 'so that the decision-procedure is no better than making random choicest, 

increasin g th e numbe r  o f  link s ha s n o effec t  o n th e tim e t o solv e th e problem .  Mor e generall y  'i.e. . 

/ ;  <  II ,  increasin g th e numbe r  o f  link s wil l  resul t  i n a  gradua l  increas e i n s ,  th e expecte d numbe r  o f 

step s require d t o solv e th e problem ,  becaus e th e smalle r  diamete r  o f  th e grap h i s mor e tha n balance d 

by th e increase d difficult v o f  choosin g th e correc t  operato r  fro m amon g th e large r  numbe r  o f  choices . 

Notice ,  however ,  tha t  whe n connectivit y become s large ,  man y path s wil l  becom e equall y good ,  re -

sultin g i n a n effectiv e decreas e i n p .  Recallin g tha t  p  ca n rang e fro m ti i  n  t o n  -  I ,  w e illustrat e thi s 

behavio r  fo r  p  -  0. 9 an d u  10 0 i n Figur e 1  (ai . 

To obtai n th e benefi t  o f  adde d links ,  th e decision-procedur e mus t  improv e a s ne w link s ar e added . 

For  example ,  i f  i t  improve s fas t  enoug h t o kee p p p constan t  a s link s ar e added ,  th e correspondin g 

deca y i s illustrate d fo r  n  -  LOO an d p p -  b  i n Figur e 1  (b i 

Conversely ,  whe n th e decision-procedur e i s stron g ( p nea r  0) ,  th e system s behavio r  i s give n by : 

.S5: (ljin)/(h.//) 

Thus, as long as the decision-procedure improves as fast as new links are added, one obtains a power-

la w deca y i n hi p a s show n i n th e cas e o f  n  -  10 0 i n Figur e I  (c) . 

4 Experimental Verification 

In order to validate our approach in actual problem-solving, we simulated operator addition and 

decision-procedur e improvemen t  i n th e Bi t  Game. 

[ n ou r  simulations ,  w e alway s randoml y choos e a  star t  an d goa l  state ,  solv e th e proble m ac -

cordin g t o som e decision-procedure ,  an d recor d th e performance .  Th e possibl e game s ar e uniforml y 

distribute d amon g th e 2^ ^  bi t  configurations . 

Figur e 2  plot s th e averag e <ove r  10 0 runs i  searc h pat h lengt h ove r  .̂ 0 0 trial s fo r  th e 7-bi t  Bi t 

Game.  I n thi s instanc e w e use d th e optima l  decision-procedure .  Th e pat h lengt h decrease s accord -

in g t o a  power-law ,  a s predicted ,  confirmin g tha t  w e hav e achieve d a t  leas t  first-order  analog y t o 

Rosenbloom' s (1986 )  mode l  i n whic h th e power-la w i s accounte d fo r  i n term s o f  chunkin g o f  subgoa l 

hierarchies .  However ,  thi s analysi s i s mor e genera l  tha n Rosenbloom' s theor y i n th e sens e tha t  w e 

incorporat e bot h improvement s du e t o addin g operator s an d du e t o improvement s i n th e decision -

procedure .  Furthermor e w e predic t  a  power-la w fo r  an y sor t  o f  lin k addition ,  wherea s Rosenbloo m 

predicte d power-law s onl y i n th e cas e o f  subgoa l  chunking .  Furthermore ,  ou r  theor v i s abl e t o predic t 

th e precis e exponent s (i f  w e kno w th e propertie s o f  th e particula r  problem-spac e grap h an d decision -

procedur e i  wherea s normall y ther e ar e tw o fre e parameter s i n psychologica l  power-la w models . 

I n orde r  t o simulat e improvin g th e decision-procedur e w e explicitl y  incorporate d th e descriptiv e 

parameter s o f  ou r  model .  Specifically ,  w e foun d al l  applicabl e operator s fro m th e curren t  stat e an d 

the n selecte d on e fro m th e --e t  accordin g t o a  functio n o f  th e numbe r  o f  trials :  p{T ]  Thus ,  p  begin s a t 
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1. 0 an d move s t o 0. 0 lineail v throughou t  th e run .  I n orde r  t o d o thi s w e firs t  orde r  th e operator s a s fo r 

th e optima l  decision-procedure .  W e the n separate d thes e int o th e bes t  one s (i.e. .  one s wit h th e sam e 

highes t  goodnes s rating i  an d al l  th e res t  (i.e. .  one s tha t  d o no t  hav e tha t  particula r  highes t  ratingi . 

Next  w e delete d eac h o f  th e non-optima l  operator s fro m th e se t  wit h probabilit y  I  p .  Finallv .  w e 

chos e on e operato r  a t  rando m fro m th e unio n o f  th e remainde r  o f  th e non-optima l  set .  an d al l  th e 

optima l  operators .  W h e n p  -0. 0 al l  o f  th e non-optima l  operator s wil l  b e deleted ,  leavin g onl y th e 

optima l  ones .  Thi s result s i n optima l  problem-.solving .  Whe n p  1.0 ,  al l  o f  th e non-optima l  operator s 

ar e lef t  i n th e set .  makin g th e decision-procedur e int o a  rando m walk . 

Figur e 3  show s th e result s o f  th e 7-bi t  Bi t  Game,  wit h th e abov e modifications ,  average d ove r 

."36 5 run s an d tracke d throug h 20 0 trials ,  p  decrease s linearl v alon g th e independen t  a.xi s i n step s o f 

0.05 .  Agai n w e observ e th e predicte d power-la w decreas e i n pat h lengt h a s th e decision-procedur e 

improves . 

5 Discussion 

Shepard (I987i raised the call for a law-like science of psvchology. with the power of the laws of 

physics .  I n thi s pape r  w e hav e take n a  ste p towar d Shepard' s goa l  b y presentin g th e outlin e o f 

a unifie d theor y o f  problem-solvin g learnin g phenomen a base d upo n th e mathematic s o f  grap h dy -

namics .  Althoug h som e researcher s hav e approache d a  unifie d mode l  o f  phenomen a an d mechanism s 

(e.g. ,  Anderson ,  1983 :  Rosenbloo m &  Newell ,  1981 )  thes e theorie s contai n a d ho c o r  overl y specifi c 

processe s an d assumptions .  Anderson ,  fo r  instance ,  obtain s th e power-la w b y a  rul e strengthen -

in g mechanis m whic h operate s accordin g t o a  power-law .  Rosenbloom s accoun t  o f  th e sourc e o f  th e 

power-la w i s restricte d t o additio n o f  operator s resultin g fro m th e chunkin g o f  problem-solvin g sub -

goals .  Thinkin g o f  a  problem-spac e a s a  grap h i s a  commonplac e interpretatio n o f  problem-solvin g 

'datin g fro m Newel l  &  Simon .  1972) .  bu t  t o ou r  knowledge ,  n o on e ha s trie d t o understan d th e rela -

tionshi p betwee n grap h dynamic s an d problem-solvin g learnin g phenomena . 

The psychologica l  mechanism s involve d i n learnin g b y doin g ca n includ e metho d selectio n (Cros.s -

man.  1959) .  metho d optimizatio n (Cheng .  1985) .  an d change s i n th e mechanism s tha t  choos e whic h 

operato r  t o appl y i n a  give n situatio n (th e decision-procedure) .  Al l  sort s o f  change s i n metho d an d 

operator s ca n b e modele d a s change s i n th e topolog y o f  th e problem-spac e grap h du e t o eithe r  restruc -

turin g (e.g. ,  Shrager ,  1987 )  o r  th e constructio n o f  ne w operator s I  Korf ,  1985 :  Rosenbloom ,  1986) .  I n 

many tasks ,  th e svnerg y o f  mechanism s result s i n th e wel l  documente d power-la w o f  practic e (An -

derson .  1983 :  Fitts .  1964 ;  Rosenbloo m &  Newell .  1981 '  i n whic h th e spee d o f  performanc e increase s 

rapidl y a t  first,  an d the n mor e slowl y a s performanc e become s highl y skilled . 

We hav e show n tha t  b y applyin g th e theor y o f  graph-dvnamic s t o th e vie w o f  a  problem-spac e a s 

a graph ,  w e ca n capture ,  explain ,  an d experimentall y demonstrat e th e power-la w i n a  genera l  wa y 

withou t  recours e t o explici t  powe r  functions .  Th e power-la w wa s foun d i n tw o differen t  ca.ses .  First , 

i n th e ca.s e o f  addin g ne w operator s t o th e proble m space .  Thi s u s a  mor e genera l  resul t  tha n th e 

result s o f  Ro.senbloo m (1986 '  i n tha t  h e studie d on e kin d o f  ne w operato r  -  th e memor y o f  th e result s 

of  subproblem-solving .  Second ,  w e predicte d an d foun d a  power-la w i n th e improvement s o f  decisio n 

procedures . 

Severa l  additiona l  point s ar e wort h mentioning ^  First ,  merel y addin g link s t o a  problem-spac e 

grap h withou t  a n alread y relativel y goo d decision-procedur e wil l  simpl y mak e thing s slowe r  becaus e 

ther e wil l  b e mor e way s o f  gettin g lost .  Thi s i s th e predictio n see n i n Figur e 1  (ai .  an d accord s wit h 

anothe r  well-know n psvchologica l  result :  interferenc e le.g. .  Smith .  Adams ,  an d Schorr ,  1978) .  Pre -

sumabl y eithe r  on e start s ou t  wit h a  moderatel y goo d decision-procedure ,  o r  els e a s learnin g take s 

place ,  th e perso n i s bot h improvin g hi s decision-procedur e i n additio n t o learnin g ne w problem-spac e 
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links .  Th e combinatio n o f  effect s -  i.e. ,  addin "  togethe r  tw o power-law s o f  differen t  exponent ,  inter -

cept ,  an d ou t  o f  phas e wit h on e another ,  ca n lea d t o comple. x phenomen a rangin g fro m power-laws . 

t o stee p jump s lu p o r  down i  superimpose d o n smoot h performance ,  and .  interestingly ,  t o th e pre -

cis e behavio r  generall y accorde d t o th e parado x o f  th e exper t  "Smith .  Adams ,  an d Schorr .  197Si . 

Thi s i s th e phenomeno n i n whic h th e learne r  become s wors e unti l  h e know s a  lo t  abou t  th e domain . 

and the n performanc e improve s dramatically .  Thi s suggest s lookin g t o decision-procedur e improve -

ment  a s a  possibl e accoun t  fo r  thi s paradox .  Finally ,  althoug h no t  discusse d here ,  w e hav e als o 

uncovere d anothe r  .sor t  o f  phenomenon :  i.e. ,  sudde n performanc e improvement s i n certai n kind s o f 

concep t  acquisitio n task s (suc h a s th e task s analyze d i n Bourn e &  Restle ,  19.59 i  'thes e result s ar e i n 

preparation) . 

I n sum .  w e fee l  tha t  th e genera l  approac h o f  applyin g dynamica l  principle s (Huberma n &  Hogg . 

1987 .  Shrager ,  Hogg .  &  Huberman .  1987 )  t o cognitiv e problem s hold s muc h promis e i n unifyin g 

othe r  area s o f  learnin g an d intelligen t  activity . 
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F i g u r e 1 :  Ana ly t i c Predict ions . 
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ASSESSING T H E S T R U C T U RE O F K N O W L E D GE 

IN A PROCEDURAL DOMAIN 

Michel C. Desmarais, Luc Giroux, Serge Larochelle. Serge Leclerc 

Universit e d e Montrea l  an d 
Canadia n Workplac e Automatio n Researc h Cente r 

I n mos t  domain s o f  knowledge ,  th e proces s b y 
whic h someon e learn s t o becom e mor e exper t  i s  rela -
tivel y constrained .  Peopl e lear n th e basi c concept s 
befor e the y lear n th e mor e comple x ones .  The y lear n 
th e simple ,  eve n thoug h inefficient ,  method s fo r  doin g 
thing s befor e the y lear n th e efficien t  bu t  mor e com -
ple x methods . 

These constraints in the process of learning reflect 
th e structur e o f  precedence ,  o r  o f  increasin g complex -
it y amon g knowledg e items .  Thi s structur e ca n b e re -
garde d i n term s o f  implications :  th e knowledg e o f 
some comple x concep t  implie s th e knowledg e o f  som e 
other ,  mor e simpl e concept .  Similarly ,  th e usag e o f 
an inefficien t  metho d implie s tha t  another ,  mor e effi -
cien t  metho d i s no t  known . 

Obviously, the structure of implications among 
knowledg e item s i s o f  extrem e importanc e fro m a 
pedagogica l  poin t  o f  view .  I t  dictate s th e orde r  i n 
whic h t o teac h thos e items .  I t  i s  als o o f  grea t  impor -
tanc e fo r  knowledg e assessment ,  sinc e i t  i s b y suc h a 
sUiictur e tha t  a  tuto r  ca n infe r  wha t  i s o r  isn' t  known , 
and tes t  jus t  th e righ t  knowledg e item s suc h tha t  th e 
resul t  wil l  yiel d th e mos t  informatio n abou t  th e 
individual' s stat e o f  knowledge . 

Structures that represent precedence, or increasing 
complexit y o f  knowledg e items ,  ar e wel l  know n i n 
educatio n (se e Tatsuoka ,  1985 )  an d have ,  i n fact ,  al -
read y bee n use d i n human-compute r  interactio n t o 
automaticall y infe r  use r  knowledg e o f  a  syste m 
(Zisso s &  Witten ,  1986 ;  Chin ,  1986) .  Forma l  prop -
ertie s o f  implicatio n structure s hav e als o bee n investi -
gate d b y Doigno n &  Falmagn e (1985) .  S o far ,  th e 
mai n approac h ha s bee n t o construc t  thes e structure s 
intuitively ,  base d o n someone' s experienc e o f  ho w th e 
knowledg e item s ar e interrelate d o r  o n som e evaluatio n 
of  knowledg e ite m complexity .  Anothe r  approac h ha s 
been t o us e text-books ,  cours e content ,  o r  doc -
umentatio n t o verif y th e orderin g i n whic h knowledg e 
item s ar e introduce d an d t o conside r  thi s a s a  basi s fo r 

th e knowledg e structure .  Fo r  instance ,  Pave l  (1985 ) 
constructe d a  knowledg e structur e fro m th e automati c 
analysi s o f  U N I X ™ on-Un e documentation .  Ou r  ap -
proach ,  simila r  t o tha t  o f  Pave l  (1985) ,  i s  base d how -
eve r  o n empirica l  dat a (se e Desmarai s &  Pavel ,  1987 , 
fo r  a  previou s stud y wit h th e curren t  approach) .  W e 
wil l  sho w h o w t o construc t  suc h a  structur e fro m dat a 
on a  numbe r  o f  individuals '  knowledg e o f  a  domain . 
Thi s approac h ha s th e advantag e o f  no t  bein g biase d 
by subjectiv e judgmen t  abou t  th e precedenc e o r  com -
plexit y o f  knowledg e items .  Moreover ,  give n dat a o n 
a numbe r  o f  individuals '  knowledg e states ,  th e whol e 
proces s o f  knowledg e structur e constructio n ca n b e 
automatized . 

This paper thus presents an empirical assessment 
of  th e methodolog y fo r  constructin g knowledg e struc -
ture s fro m dat a o n individuals '  knowledg e state .  W e 
wil l  demonstrat e ho w suc h structure s ca n b e buil d an d 
ho w efficien t  the y ar e fo r  inferrin g a  singl e individua l 
knowledg e stat e fro m partia l  knowledg e o f  tha t  state . 

THE KNOWLEDGE STRUCTURE 

The knowledge structure is composed of knowl-
edg e items .  N o constraint s i s impose d o n th e defini -
tio n o f  knowledg e items .  The y ca n represen t  th e 
comprehensio n o f  conceptua l  informatio n a s wel l  a s 
th e abilit y  t o perfor m som e task .  Al l  tha t  matter s i s 
tha t  th e knowledg e item s defin e th e knowledg e domai n 
i n som e meaningfu l  an d complet e way . 

The knowledge items are related to one another by 
tw o type s o f  binar y relations :  th e logica l  implication s 
(o r  simpl y "implications" )  whic h state s tha t  A  implie s 
B,  an d th e negativ e implications ,  whic h state s tha t  A 
implie s no t  B .  Thos e relation s for m th e knowledg e 
structur e i n question ,  whic h w e wil l  cal l  th e im -
plicatio n network . 
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Logica l  Implication s 

Probably the most important types of relation for 
knowledg e assessment  ar e tha t  o f  precedenc e an d o f 
increase d complexit y amon g knowledg e items .  Thos e 
wil l  b e represente d b y logica l  implication s i n th e 
implicatio n network ,  i n s o fa r  a s the y permi t  th e 
inferenc e o f  item s tha t  ar e know n o r  not .  I n othe r 
words ,  precedenc e o r  increase d complexit y fro m A  t o B 
correspond s t o a  logica l  implicatio n fro m B  t o A ,  t o 
th e exten t  tha t  w e infe r  tha t  A  i s know n i f  B  is ,  an d 
tha t  B  i s no t  know n i f  A  isn't .  Thi s i s no t  t o sa y tha t 
precedence ,  increase d complexity ,  an d logica l  implica -
tio n ar e al l  th e sam e thing ,  bu t  simpl y tha t  the y hav e 
th e sam e propertie s an d w e wil l  trea t  the m a s inter -
changeabl e here . 

Figure 1 illustrates, by means of implication 
relations ,  th e interdependencie s tha t  m a y exis t 
amongst  th e abilitie s t o solv e problem s i n mathemat -
ics .  Notic e firs t  tha t  th e structur e form s a  minima l 
partia l  orde r  (i t  contain s n o cycle s an d n o transitiv e 
relations) .  Notic e als o tha t  th e relation s ca n b e o f  dif -
feren t  nature .  I n som e cases ,  a s i n 2  = > 1 ,  th e 
implicatio n stem s fro m th e fac t  tha t  th e typ e o f  prob -
le m i n 1  i s foun d i n 2  a s a  sub-proble m (i.e .  w e find a 
divisio n proble m i n th e algebr a proble m 2) .  Thu s w e 
hav e a  clea r  precedenc e fro m 1  t o 2 .  However ,  th e 
implication s fro m 5  t o 4  an d t o 3  bea r  n o suc h prece -
dence ,  sinc e proble m 5  belong s t o grap h theor y an d 
does no t  requir e an y knowledg e o f  calculu s no r  matri -
ces .  I t  turn s ou t  tha t  th e implicatio n i s du e t o th e ex -
trem e complexit y o f  th e solutio n fo r  5  (thi s proble m 
was first  propose d i n 185 2 an d solve d 12 5 year s late r 
afte r  grea t  effort s b y man y mathematicians )  whic h 
suggest s tha t  i f  yo u solve d tha t  proble m yo u mus t  b e 
knowledgeabl e enoug h t o solv e 3  an d 4 . 

Negative Implications 

The second type of relations is a negative im-
plication .  A s a n example ,  conside r  th e fac t  tha t  a  stu -
den t  laboriousl y solve s a  comple x syste m o f  linea r 
equation s algebraically ,  whe n th e usag e o f  matrice s 
woul d hav e bee n muc h mor e efficient .  Fro m thi s ex -
ample ,  w e ca n conclud e tha t  th e studen t  doe s no t  mas -
te r  th e matri x method ,  an d tha t  ther e i s a  negativ e 
implicatio n fro m th e algebrai c t o th e matri x metho d o f 
solvin g a  comple x linea r  equation s system .  Not e tha t 
i n a  negativ e implication ,  on e mus t  discriminat e be -
twee n usag e an d knowledge ,  fo r  i t  i s  th e usag e o f 
some knowledg e ite m tha t  implie s tha t  anothe r 
knowledg e ite m i s no t  known .  Naturally ,  thi s typ e o f 
relatio n i s foun d i n domain s wher e knowledg e item s 
ar e manifes t  i n som e performance ,  tha t  is ,  i n procedu -
ra l  domains . 

Four-Colo r  problem—grap h theor y 
(prov e tha t  n o mor e tha n fou r  color s ar e neede d 
t o colo r  an y ma p o f  variou s countrie s s o tha t  n o 

countrie s wit h adjacen t  border s ar e th e sam e color ) 

f  4  solv e 1  3 x d x ) 3 
\ 

2 2 
3 0 _ 

X 2 2 
3 0 _ / 

( ^ 
21/X-3 1 

= 0 

1 

0 
21 /3 1 = 

D 

Figur e 1 .  Implicatio n networ k compose d o f  logi -
cal  implication s amon g abilitie s t o solv e math -
ematica l  problems .  Succes s fo r  a n ite m permit s t o 
infe r  tha t  item s implie d ar e known ,  wherea s failur e 
permit s t o infe r  tha t  item s implyin g th e faile d 
ite m ar e no t  known . 

Implicatio n Networ k i n a  Procedura l 
D o m a i n 

Although we have discussed the notion of implication 
structur e i n a  genera l  sens e s o far ,  w e wil l  no w mov e 
th e discussio n i n th e contex t  o f  procedura l  knowledg e 
domains .  Procedura l  domain s ca n b e characterize d b y 
tas k structure s tha t  defin e plan s fo r  completin g spe -
cifi c  tasks .  Task s als o defin e competence s tha t 
ca n b e represente d b y knowledg e items .  Le t 
us sa y a  fe w word s o n th e tas k domai n i n orde r  t o de -
scrib e h o w th e knowledg e o f  tha t  domai n i s rep -
resente d an d ho w th e tas k structur e relate s t o th e im -
plicatio n network . 

Text-editing 

The domain in which we conducted our study is 
text-editing .  Thi s choic e i s determine d b y th e fac t  tha t 
thi s stud y i s par t  o f  a  projec t  fo r  buildin g a n expert -
syste m consultan t  fo r  tex t  editin g (Desmarais , 
Larochelle ,  &  Giroux ,  1987) .  Thus ,  w e ar e intereste d 
i n th e implicatio n networ k bot h fo r  pedagogica l  an d 
fo r  knowledg e assessmen t  purposes . 

Text-editing is largely a procedural domain, in 
th e sens e that ,  i n additio n t o concepts ,  th e knowledg e 
of  thi s domai n consist s o f  actions ,  o r  procedures ,  fo r 
doin g text-editin g tasks .  I n fact ,  i n th e curren t  study , 
we wil l  limi t  ourselve s t o th e procedura l 
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dimensio n o f  text-editing ,  tha t  is ,  t o knowledg e 
item s tha t  represen t  tasks ,  o r  goals ,  an d t o primitiv e 
actions ,  int o whic h goal s wil l  ultimatel y b e de -
composed .  ( A primitiv e actio n i s a  tas k tha t  canno t 
be furthe r  decompose d int o sub-task s an d generall y 
represent s syste m functions ,  wherea s a  goa l  i s a  tas k 
tha t  ca n b e decompose d int o sub-tasks ,  whic h ca n ei -
the r  b e sub-goal s i f  the y ar e themselve s furthe r  de -
composed ,  o r  action s i f  the y ar e not )  Thus ,  w e wil l 
not  hav e knowledg e item s tha t  directl y represen t  con -
cept s lik e "buffers" ,  o r  propertie s w e ca n attac h t o 
character s (font ,  orientation ,  etc. )  o r  t o paragraph s 
(indentation ,  centering ,  etc) ,  etc .  Note ,  however ,  tha t 
suc h informatio n could ,  indeed ,  b e directl y represente d 
i n th e implicatio n networ k an d pla y a n importan t  rol e 
fo r  knowledg e inference . 

Many tasks may be decomposed in a number of 
alternativ e way s whic h w e wil l  cal l  methods .  Fo r  in -
stance ,  th e tas k o f  replacin g ever y occurrenc e o f  a  wor d 
by anothe r  wor d ca n b e achieve d "b y hand" ,  replacin g 
eac h occurrenc e on e b y one ,  o r  wit h som e specialize d 
syste m functio n designe d especiall y fo r  tha t  task .  Th e 
firs t  metho d wil l  thu s b e furthe r  decompose d int o sub -
goal s an d action s fo r  replacin g text ,  wherea s th e sec -
ond metho d wil l  consist s o f  a  singl e primitiv e actio n 
( a syste m function) . 

Evidently, the second method will generally be 
much mor e efficien t  tha n th e first  one .  I n fact ,  give n 
thi s informatio n o n metho d efficiency ,  w e coul d pre -
sume tha t  someon e w h o use s th e "fin d an d replac e 
eac h occurrence "  metho d doesn' t  kno w th e "search -
replace "  syste m functio n method .  Thi s lead s u s t o a 
negativ e implication : 

<find and replace each occurrence> 
=>—.  < s e a r c h - r e p l a c e f u n c t i o n > 

This relation is based on the postulate that if someone 
use s a  sub-optima l  metho d o f  doin g som e task ,  the n 
th e optima l  metho d i s no t  known .  I n a  contex t  wher e 
knowledg e assessmen t  i s  base d solel y o n k n o w n 
knowledg e items ,  a s i s th e cas e o f  a  coac h w h o ob -
serve s someone' s performance ,  negativ e implication s 
pla y a  fundamenta l  rol e fo r  the y ar e th e onl y mean s o f 
inferrin g wha t  i s no t  know n fro m a n implicatio n net -
work . 

IMPLICATIO N NETWORK 
CONSTRUCTION 

We described so far the nature of an implication 
networ k an d it s relatio n t o th e knowledg e domain .  I n 
particular ,  w e showe d ho w som e o f  th e implication s 
can b e inferre d fro m th e tas k structure .  W e no w tur n 

t o th e proble m o f  inferrin g implication s an d negativ e 
implication s fro m dat a o n a  n u m b e r  o f  individ -
uals '  knowledg e state . 

Assessin g Individuals '  K n o w l e d g e Stat e 

The first step in the process of building an 
implicatio n networ k i s t o gathe r  informatio n o n a 
number  o f  individuals '  knowledg e state .  I n orde r  t o d o 
so ,  w e elaborate d a  fairl y exhaustiv e tes t  t o asses s 
someone' s knowledg e o f  th e edito r  WordPerfect ™ 

(Leclerc ,  i n preparation)^ .  Th e tes t  contain s 19 0 
tasks .  I t  i s  designe d s o tha t  th e master y o f  ever y 
majo r  syste m functio n i s  teste d individuall y 
by a  task . 

There are three types of knowledge items that are 
associate d wit h eac h task : 

(1) goal: knowledge item that represents the task it-
sel f  an d whic h i s considere d mastere d i f  th e tas k i s 
successfull y completed ,  n o matte r  wha t  metho d i s 
used ; 

(2 )  methods :  knowledg e ite m tha t  correspond s t o 
one o r  mor e primitiv e action s use d i n th e contex t 
of  a  goal . 

(3 )  primitiv e action :  knowledg e ite m tha t  cor -
respond s t o a  syste m functio n used ;  a  primitiv e 
actio n i s considere d mastere d i f  i t  i s  use d success -
fully ,  n o matte r  wha t  th e contex t  is . 

Hence, for each task, we find one knowledge item for 
th e goal ,  on e fo r  eac h primitiv e actio n th e tas k i s de -
compose d into ,  an d on e fo r  eac h metho d b y whic h tha t 
tas k ca n b e accomplished . 

The distinction between a primitive action and a 
metho d enable s u s t o discriminat e betwee n th e usag e 
of  a  syste m functio n i n tw o differen t  context .  Fo r  in -
stance ,  conside r  th e tw o task s o f  movin g th e curso r  t o 
th e en d o f  a  wor d an d t o th e en d o f  th e document .  Al -
thoug h w e wil l  ge t  a  singl e knowledg e ite m fo r  th e 
primitiv e actio n o f  movin g th e curso r  on e characte r  t o 
th e righ t  i n bot h tasks ,  w e wil l  als o ge t  tw o differen t 
knowledg e item s fo r  th e method s whic h mak e us e o f 
tha t  primitiv e actio n i n eac h context .  Indeed ,  movin g 
th e curso r  t o th e righ t  fo r  goin g t o th e en d o f  a  wor d 
and fo r  goin g t o th e en d o f  th e documen t  legimatel y 
constitute s tw o differen t  competences . 

Leclerc ,  Serg e (i n preparation) .  Analys e d e l a 
structur e d e l a connaissanc e de s usager s d'u n 6diteu r 
de texte ,  M.Sc .  thesi s i n preparation ,  D^partemen t  d e 
psychologic ,  Universit e d e Montreal . 
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Usin g th e thre e type s o f  knowledg e item s fo r  th e 
190 tasks ,  w e obtai n th e followin g distributio n o f 
knowledg e item s tha t  compos e th e node s o f  th e 
implicatio n network : 

• 190 goals 
•  19 5 primitiv e action s 
•  28 6 method s 

The total number of knowledge items is thus 671 (190 
+ 28 6 +  195) . 

The test was administered to 30 subjects. The 
performanc e varie d fro m 5 6 t o 14 6 successfu l  tasks , 
whic h correspond s t o 16 2 t o 43 1 mastere d knowledg e 
item s wit h a n averag e o f  307 . 

Compilatio n o f  Implication s an d Negativ e 
Implication s 

Once the data on individual knowledge states is 
gathered ,  th e nex t  ste p i s t o establis h impUcation s an d 
negativ e implication s amon g knowledg e items .  T o 
determin e i f  ther e i s a  relatio n betwee n a  pai r  o f 
knowledg e items ,  sa y A  an d B ,  w e tak e th e distribu -
tio n o f  subject s alon g th e followin g fou r  situations : 

(1) A and B are known 
(2 )  A  i s know n an d B  i s unknow n 
(3 )  A  i s unknow n an d B  i s know n 
(4 )  A  i s unknow n an d B  i s unknow n 

then we state that there is an implication from A to B 
i f  w e fin d peopl e i n situation s 1 ,  3 ,  an d 4 ,  bu t  non e i n 
2,  a s thi s situatio n woul d b e impossibl e if ,  indeed , 
ther e wer e a n implication .  I f  ther e wer e a  negativ e 
implicatio n fro m A  t o B ,  the n w e woul d find  peopl e 
i n al l  situation s bu t  1 .  Establishin g th e implicatio n 
network' s relation s the n consist s o f  analyzin g th e 
distributio n o f  subject s ove r  th e fou r  situation s fo r 
eac h pai r  o f  knowledg e item s (th e tota l  numbe r  o f 
pair s i s 67 1 *  671=450,241) . 

Statistical parameters 

If the world was black and white and there was an 
implicatio n fro m A  t o B ,  w e shoul d neve r  find  a 
distributio n lik e th e following : 

B 

Known Unknow n 

Known 

Unknown 

20 

8 

1 

1 

But  becaus e o f  noise ,  o r  simpl y becaus e th e im -
plicatio n doe s no t  reflec t  a  clea r  precedenc e bu t  some -
thin g mor e lik e a  stron g surmis e relation ,  w e nee d 
some kin d o f  statistica l  criterio n t o determin e i f  ther e 
i s o r  no t  a  relation .  W e hav e use d tw o statistica l  pa -
rameter s t o mak e thi s decision : 

(1) the minima! conditional probability of B 
give n A ,  paire d wit h a n alph a error .  Tha t  is , 
give n a  measure d conditiona l  probabilit y 
(20/2 1 =  0.9 5 i n th e distributio n above )  an d a 
minima l  conditiona l  probabilit y (w e chos e 
P(B|A)>0.85) ,  w e accep t  th e implicatio n fro m 
A t o B  i f  th e lowe r  boun d o f  a  [ 1 -  alph a error ] 
confidenc e interva l  aroun d th e measure d condi -
tiona l  probabilit y i s  greate r  tha n th e minima l 
conditiona l  probabilit y  (w e chos e a n alph a erro r  o f 
p<.2 0 whic h correspond s t o a n 8 0 % confidenc e 
interval) .  I n th e distributio n above ,  th e lowe r 
boun d o f  a n 8 0 % confidenc e interva l  aroun d 0.9 5 
i s .86 .  Sinc e i t  i s  greate r  tha n 0.8 5 w e woul d ac -
cep t  th e implicatio n o n thi s basis .  However , 
eve n i f  w e ha d a  significan t  conditiona l  probabil -
ity ,  i t  i s  no t  necessaril y  differen t  fro m th e initia l 
probability ,  meanin g tha t  th e fac t  tha t  A  i s 
know n doe s no t  tel l  u s anythin g mor e abou t  B 
and that ,  consequently ,  ther e i s n o relatio n be -
twee n A  an d B .  Fo r  tha t  reason ,  a  secon d 
statistica l  paramete r  i s needed . 

(2) the minimal probability of interaction, 
chi-square :  th e chi-squar e valu e o f  th e distribu -
tio n determine s if ,  indeed ,  ther e i s a  relatio n be -
twee n tw o items .  I n th e curren t  study ,  w e chos e a 
chi-squar e correspondin g p<0.15 .  Fo r  th e 
distributio n above ,  th e chi-squar e i s 0.4 1 an d no t 
significan t  a t  p<0.15 .  Thu s w e woul d rejec t  th e 
implicatio n o n th e basi s o f  thi s parameter . 

Both parameters must be over the chosen criteria in 
orde r  t o se t  a  relation ,  an d bot h criteri a appl y t o 
implicatio n a s wel l  a s negativ e implicatio n relation s 
(excep t  tha t  instea d o f  0.8 5 w e wil l  tak e 0.1 5 fo r  th e 
minima l  conditiona l  probabiUt y an d loo k a t  th e uppe r 
boun d o f  th e confidenc e interval) . 

Pruning and grouping 

Having set the relations, it is often the case that 
we find  transitiv e ( A = > B ,  B  = > C ,  A  = > C )  an d 
symmetri c implication s ( A = > B  an d B  = > A ) .  Be -
caus e transitiv e relation s ar e redundan t  i n th e knowl -
edg e inferenc e process ,  the y ar e remove d fro m th e 
structure .  A s fo r  knowledg e item s involve d i n a 
symmetri c implications ,  the y ar e groupe d togethe r  t o 
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Tabl e 1 
Distributio n o f  th e n u m b e r  o r  relations , 

nodes ,  an d knowledg e item s i n th e 
implicatio n networ k 

Tabl e 2 
Distributio n o f  intermediat e node s i n 

transitiv e implication s 

relation s 

implication s 280 4 
non transitiv e 39 3 
-incomin g 
-outgoin g 
-incomin g &  outgoin g 

negativ e implication s 324 7 
-outgoin g 
-incomin g 
-incomin g &  outgoin g 

node s 

145 

77 
137 
69 

346 
145 
20 1 

0 

K. I . 

355 

203 
289 
137 

555 
354 
201 

0 

for m a  singl e nod e i n th e structure .  Al l  incomin g an d 
outgoin g relation s o f  eac h nod e i n th e grou p ar e redi -
recte d t o tha t  node .  Th e resultin g structur e cor -
respond s t o a  minima l  digraph . 

Compositio n o f  th e Implicatio n Ne twor k 
Derive d 

Of the 671 knowledge items to start with, only 
555 ar e involve d i n th e implicatio n networ k and , 
consequently ,  11 6 knowledg e item s (67 1 -555 )  ar e 
not  relate d t o an y othe r  item s (3 5 o f  thos e 11 6 ar e no t 
relate d becaus e the y ar e know n b y ever y subjec t  an d 
thu s ar e rejecte d b y th e minima l  probabilit y o f 
interactio n criterion :  indeed ,  i t  i s  impossibl e t o 
establis h an y interactio n wit h anothe r  ite m i n thi s 
case) .  Moreover ,  becaus e o f  grouping ,  th e 55 5 
knowledg e item s onl y for m 34 6 node s i n th e structure . 
Ther e ar e 9 7 group s involvin g betwee n 2  an d 6 
knowledg e items ,  an d on e involvin g 4 7 knowledg e 
item s (groupin g ofte n occur s becaus e a  goa l  i s  alway s 
achieve d b y a  singl e method ,  i n whic h cas e th e goa l 
and th e metho d wil l  mutuall y impl y eac h other) ;  24 8 
node s ar e compose d o f  a  singl e knowledg e item .  Th e 
distributio n o f  implication s an d negativ e implication s 
i s give n i n tabl e 1 . 

The structure is composed of a total of 2804 im-
plications .  13 7 node s hav e outgoin g implications ,  7 7 
hav e incomin g an d 6 9 hav e bot h incomin g an d outgo -
in g implications .  Takin g int o accoun t  node s tha t 
compris e multipl e knowledg e items ,  thos e figure s be -
come 289 ,  203 ,  an d 13 7 knowledg e item s respec -
tively .  O f  th e 280 4 implications ,  onl y 122 0 ar e no n 
redundan t  (i.e .  ar e no t  differen t  path s betwee n th e sam e 
nodes )  an d onl y 39 3 ar e no n transitiv e (i.e .  for m th e 
minima l  digraph) .  Th e distributio n o f  th e numbe r  o f 
intermediat e node s i n th e transitiv e implication s i s 
compile d i n tabl e 2 . 

Intermediat e 
node s 

Frequenc y 

1 
2 
3 
4 
5 
6 

71 8 
79 0 
57 9 
23 9 

69 
16 

As fo r  th e negativ e implications ,  the y ar e muc h 
mor e numerou s wit h 324 7 relations ,  bu t  ther e i s n o 
transitivit y wit h thi s kin d o f  relation .  Al l  th e 34 6 
node s i n th e implicatio n networ k ar e involve d i n 
negativ e implications .  14 5 node s hav e outgoin g 
negativ e implication s (35 5 knowledg e items )  an d 20 1 
hav e incomin g negativ e implication s (al l  o f  whic h ar e 
singl e knowledg e ite m nodes) . 

VALIDATIO N O F TH E IMPLICATIO N 
N E T W O RK 

How valid are the implications derived? To answer 
thi s question ,  w e conducte d a  simulatio n o f  knowledg e 
inferenc e fo r  eac h o f  th e 3 0 subject s wit h th e follow -
in g procedure :  w e sample d randoml y a  portio n o f  th e 
successfull y complete d task s o f  a  subjec t  an d fe d 
thi s informatio n t o th e knowledg e inferenc e module , 
whic h inferre d th e know n an d unknow n knowledg e 
item s accordin g t o th e implicatio n an d negativ e 
implicatio n relations ,  an d fro m th e groupin g o f 
knowledg e items .  (Becaus e o f  th e contex t  o f  ou r  re -
search ,  w e wis h t o simulat e th e situatio n o f  a  coac h 
whic h i s restricte d t o infe r  a  pupil' s  knowledg e fro m 
th e observatio n o f  competence— a coac h doe s no t  hav e 
direc t  informatio n o n wha t  isn' t  known) .  W e the n 
compare d th e inferre d know n an d unknow n knowledg e 
item s wit h th e actua l  knowledg e stat e o f  th e subjec t  a s 
measure d directl y fro m th e tes t 

The results of the simulation are summarized in 
figur e 2 .  A  compilatio n o f  th e correc t  ("hits" )  an d in -
correc t  ("fals e alarms" )  inference s i s plotte d fo r  bot h 
know n an d unknow n knowledg e items ,  a s a  functio n 
of  th e proportio n o f  th e subjects '  successfu l  task s tha t 
was sample d an d fe d t o th e knowledg e inferenc e mod -
ule .  Th e graph s sho w th e value s average d fo r  th e 3 0 
subjects .  Th e whit e are a indicate s th e siz e o f  th e 
sample ;  th e gre y are a indicate s th e informatio n adde d 
by th e inferenc e proces s (hits) ;  and ,  finally ,  th e blac k 
are a indicate s th e incorrec t  inference s (fals e alarms) . 
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Figur e 2  Analysi s o f  th e inferenc e o f  know n an d unknow n knowledg e item s a s a  functio n o f  th e proportio n o f 
know n item s give n t o th e knowledg e inferenc e module .  Th e are a labele d 'K '  represent s th e actua l  know n an d un -
know n knowledg e items .  Th e dar k are a represent s incorrec t  inference s (Fals e Alarms )  wherea s th e gre y are a 
represent s th e correc t  inferences ,  o r  "hits' ,  'n '  i s  th e numbe r  o f  knowledg e item s given .  Henc e th e gre y are a rep -
resent s th e correctl y inferre d informatio n fo r  knowledg e assessment .  W e include d a  "rando m inference "  curv e a s a 
comparison . 

Th e proportio n o f  fals e alarm s i s relativel y lo w i n 
bot h graph s (belo w 1 0 % ) ,  bu t  increase s fo r  th e know n 
item s t o th e poin t  wher e al l  inference s ar e fals e alarm s 
when th e inferenc e modul e i s fe d wit h al l  o f  th e suc -
cessfu l  tasks ,  a s ca n b e expected .  I n fact ,  th e greates t 
proportio n o f  "adde d information "  i s betwee n 1 0 % an d 
4 0 %,  wher e th e unknow n inferre d knowledg e item s ar e 
clos e t o thei r  m a x i m u m an d wher e th e proportio n o f 
fals e alarm s ove r  th e hit s i s stil l  relativel y lo w fo r  th e 
know n knowledg e items . 

Initial vs. added information 

It must be noted that, for the purpose of knowl-
edg e assessment ,  th e knowledg e item s inferre d o n th e 
basi s o f  th e implicatio n networ k constitut e "adde d in -
formation "  t o wha t  w e ough t  t o cal l  th e "initia l  in -
formation" .  Tha t  is ,  i f  w e wer e t o mak e a  knowledg e 
assessmen t  fro m a  sampl e o f  a  subject' s knowledg e 
state ,  w e woul d star t  wit h th e initia l  information , 
namely ,  th e initia l  probabilit y  o f  knowledge ,  an d ad d 
t o i t  th e knowledg e inferre d fro m th e implicatio n net -
work .  Fo r  instance ,  i n ou r  case ,  w e woul d star t  wit h 
at  leas t  3 5 item s know n sinc e thei r  initia l  probabilit y 
i s  1  (the y wer e know n b y ever y subjects) . 

Th e mor e sever e th e minima l  probabilit y o f 
interactio n is ,  th e mor e th e adde d informatio n wil l  dif -
fe r  fro m th e initia l  information .  I n othe r  words ,  th e 
minima l  probabilit y o f  interactio n assure s u s tha t  th e 
inference s mad e constitut e informatio n w e didn' t  star t 
with . 

CONCLUSION 

We have demonstrated that we can establish im-
plication s an d negativ e implication s amon g knowledg e 
items ,  a s wel l  a s grouping ,  b y mean s o f  a n empirica l 
metho d an d tha t  w e ca n characteriz e th e structur e con -
structe d b y som e statistica l  parameters .  W e hav e als o 
demonstrate d tha t  thi s structur e ca n b e use d t o infe r  a 
portio n o f  know n an d unknow n knowledg e item s fro m 
th e observatio n o f  a  portio n o f  th e k n o w n items . 
Moreover ,  w e hav e al l  reason s t o believ e tha t  wit h a 
sufficien t  numbe r  o f  individua l  knowledg e state s w e 
ca n captur e th e structur e o f  implicatio n a m o n g 
knowledg e item s an d tha t  thi s structur e constitute s a 
fundamenta l  dimensio n o f  knowledge . 

On the other hand, a number of questions remains 
unanswered .  Althoug h th e simulatio n showe d tha t  th e 
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structur e ha s a  relevan t  powe r  fo r  knowledg e inference , 
i t  i s  no t  clea r  ho w muc h mor e efficien t  i t  i s  compare d 
t o other ,  mor e simpl e schemes ,  lik e a  linea r  structur e 
wher e w e simpl y orde r  knowledg e item s a s a  functio n 
of  th e numbe r  o f  peopl e wh o kno w them .  If ,  i n fact , 
th e structur e o f  th e knowledg e domai n wa s linear ,  th e 
performanc e o f  th e curren t  mode l  (i n term s o f  knowl -
edge inference )  woul d tur n ou t  t o b e simila r  t o tha t  o f 
model  base d o n a  linea r  structure ,  as ,  indeed ,  th e 
structur e derive d woul d itsel f  b e linear . 

It would also be interesting to know precisely 
how man y implication s w e misse d wit h th e smal l 
number  o f  subject s w e ha d an d ho w man y woul d b e 
require d t o mis s onl y a  fe w (hopefull y ther e migh t  b e 
a computabl e answe r  t o thi s questio n fro m th e 
statistica l  parameter s o f  th e network) . 

We are currently in the process of comparing the 
presen t  knowledg e inferenc e schem e t o simple r  ones . 
A qualitativ e analysi s o f  th e structur e obtaine d i s als o 
under  wa y (Leclerc ,  i n preparation) .  Finally ,  w e hav e 
plan s t o repea t  thi s experimen t  wit h othe r  knowledg e 
domains . 

REFERENCES 

CHIN, David N. (1986). User Modeling in UC, the 
UNI X Consultant ,  Human Factor s I n Computin g 
Systems ,  CHr8 6 Conferenc e Proceedings ,  24-28 , 
Associatio n fo r  Computin g Machinery ,  N e w 
York :  NY . 

DESMARAIS.  Miche l  C ,  LAROCHELLE,  Serge ,  & 
G I R O U X,  L .  (1987) .  Th e Diagnosi s o f  Use r 
Strategies ,  Human-Compute r  Interaction—IN -
T E R A C T S ?,  H.-J .  Bullinge r  an d B .  Shacke l 
(Eds.) ,  Elsevie r  Scienc e Publisher s B .  V .  (Nort h 
Holland) ,  185-189 . 

DESMARAIS, Michel C. & PAVEL, Michael (1987). 
User  knowledg e assessment :  A n experimen t  wit h 
UNIX,  Human-Compute r  Interaction—INTER -
ACTS?,  H.-J .  Bullinge r  an d B .  Shacke l  (Eds.) , 
Elsevie r  Scienc e Publisher s B .  V .  (Nort h Hol -
land) ,  151-156 . 

DOIGNON, Jean-Paul & FALMAGNE, Jean-Claude 
(1985) .  Space s fo r  th e assessmen t  o f  knowledge . 
Internationa l  Journa l  o f  Man-Machin e Studies , 
23,  175-196 . 

PAVEL, Michael (1985). UNIX knowledge assess-
ment .  Psycholog y Department ,  Stanfor d Uni -
versity . 

ZISSOS, Adrian Y. & WITTEN, Ian H. (1985) User 
modellin g fo r  a  compute r  coach :  a  cas e study . 
Internationa l  Journa l  o f  Man-Machin e Studies , 
23,  729-250 . 

TATSUOKA, Maurice M. (1986). Graph theory and its 
application s i n educationa l  research :  A  revie w an d 
integration .  Revie w o f  Educationa l  Research ,  56 , 
291-329 . 

481 



IMPROVEMENT I N MEDICAL EXPERTIS E INDEPENDENT O F STABL E KNOWLEDGE 

G.R.  NORMAN,  L.R .  BROOKS,  S.W .  ALLEN ,  D .  ROSENTHAL 
McMASTER UNIVERSITY ,  HAMILTON,  ONTARI O 

An intuitively plausible position about the acquisition of 
e x p e r t i s e i s w h a t  w e wi l l  cal l  th e Independen t  Cue s 
interpretation :  learner s gai n expertis e mainl y b y acquirin g 
knowledg e abou t  th e specifi c  feature s (sign s o r  symptoms )  whic h 
characteriz e a  diseas e o r  conditio n an d thos e feature s whic h ar e 
bes t  abl e t o differentiat e amon g diseases .  (Th e ter m independen t 
cue s follow s Smit h &  Medin ,  198 1 i n thei r  classificatio n o f 
concep t  theor ies) .  Thi s mode l  o f  learnin g i s th e implicit ,  i f  no t 
expl ici t ,  goa l  o f  mos t  instructio n i n clinica l  diagnosis .  Thi s 
assumptio n als o underlie s models ,  suc h a s Bayesia n o r  regressio n 
decisio n model s tha t  captur e increasin g expertis e wit h change s i n 
weight s o f  features . 

One consequence of an independent cues model is that 
performanc e shoul d improv e mor e rapidl y o n typica l  tha n atypica l 
cases .  Sinc e typica l  case s posses s mor e o f  th e feature s whic h ar e 
characteristi c o f  a  category ,  thes e shoul d b e mastere d wit h 
relativ e ease .  Conversely ,  atypica l  case s hav e fe w feature s i n 
common wit h a  category ,  henc e woul d requir e a  hig h leve l  o f 
expertis e t o differentiat e fro m othe r  condit ions .  I n addition , 
case s whic h ar e empiricall y relativel y eas y fo r  neophyte s shoul d 
be mastere d wit h perfec t  accurac y b y experts . 

In this paper we will concentrate on the relative performance 
on typica l  an d atypical ,  eas y an d difficul t  case s o f  clinician s 
at  thre e differen t  level s o f  expertis e i n dermatology .  Th e tas k 
we studie d wa s th e diagnosi s o f  common ski n disorder s o n th e 
evidenc e provide d b y colo r  slides ,  som e o f  whic h wer e judge d 
typica l  o f  th e represente d disorde r  an d other s wer e atypical . 

EXPERIMENT 1 

Method 

Six subjects were chosen at each of three levels of 
exper t i s e i n dermatology :  firs t  yea r  resident s i n famil y 
medicine ,  genera l  practit ioners ,  an d practicin g dermatologists . 

The stimulus materials were 100 slides chosen from the slide 
collectio n o f  a n academi c dermatologist .  Fiv e slide s wer e chose n 
fro m eac h o f  2 0 common ski n conditions ,  wit h tw o judge d b y th e 
dermatologis t  t o b e typica l  presentation s an d thre e atypica l 
presentations .  A  brie f  history ,  consistin g o f  1  t o 4  line s o f 
type d tex t  an d intende d t o b e typica l  o f  th e disorde r  wa s create d 
by th e dermatologis t  fo r  eac h slide .  Sinc e thi s variabl e i s 
irrelevan t  t o th e focu s o f  th e curren t  paper ,  al l  erro r  analyse s 
wer e collapse d acros s history -  Th e slide s wer e presente d i n a 
randomize d series ,  usin g fou r  differen t  startin g position s t o 
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balance for order. For half the items, balanced across subjects, 
th e subjec t  firs t  rea d th e histor y an d the n viewe d th e sl ide . 
Subject s wer e aske d t o diagnos e eac h cas e a s rapidl y a s possibl e 
or  t o indicat e "don' t  know. " 

Results 

Mean Errors. The average error rate for the groups were 
Resident s =  44% ,  Genera l  Practitioner s =  33% ,  Dermatologist s = 
14.5% ,  resultin g i n a  highl y significan t  effec t  o f  expertis e o n 
mean error s (chi-square d =  1337 ,  p=.0001) .  Th e us e o f  th e "Don' t 
Know"  optio n wa s minimal ,  rangin g fro m 7 % fo r  resident s t o 0.3 % 
fo r  dermatologists . 

Response time 

Response times were separately calculated for correct, 
incorrect ,  an d 'don' t  kno w '  slides .  Th e mea n respons e tim e fo r 
correc t  identification s decline d slightl y wit h expertise ,  fro m 
9. 0 sec .  fo r  resident s t o 7. 7 sec .  fo r  dermatologists .  B y 
contrast ,  error s fo r  al l  group s wer e significantl y slowe r  tha n 
corrects ,  an d increase d significantl y wit h expertis e (resident s 
12. 2 s e c ;  genera l  practitioner s 15. 3 s e c ;  an d dermatologist s 
17. 5 s e c ;  F=10.9 ,  p<.001) .  Th e positiv e associatio n wit h 
expertis e wa s eve n mor e pronounce d fo r  th e 'don' t  know '  sl ides ; 
resident s too k a n averag e o f  19. 3 s e c ,  genera l  practitioner s 
24. 4 s e c ,  an d dermatologist s 26. 3 second s (F=3.31 ,  p< .05 ) .  Thes e 
result s sugges t  tha t  error s d o no t  apparentl y resul t  fro m 
carelessnes s o r  spee d an d lac k o f  thoroughness ;  i f  anything ,  th e 
convers e appear s t o b e true . 

Typicality. 

To assess the effect of typicality, the number of errors was 
firs t  correcte d fo r  frequenc y (ther e wer e 2  typica l  an d 3 
atypica l  case s pe r  disorder )  an d the n forme d int o th e rati o o f 
error s o n typica l  item s divide d b y tota l  errors .  A n equa l 
tendenc y t o mak e error s o n typica l  an d atypica l  item s woul d 
resul t  i n a  . 5 valu e fo r  thi s ratio ,  an d learnin g t o dea l 
effectivel y wit h typica l  item s befor e atypica l  item s woul d resul t 
i n declinin g value s wit h expertise .  I n fact ,  th e proportio n o f 
error s mad e o n item s designate d a s typica l  b y th e dermatologis t 
wer e approximatel y constan t  ove r  th e thre e level s o f  expertise , 
despit e th e threefol d decreas e i n overal l  error s (R=.40 ,  GP=.42 , 
D=.40) . 

Average Item Difficulty. 

An independent cues model implies that i) the difficulty of a 
cas e i s relate d t o th e degre e t o whic h th e cue s presen t  i n th e 
ite m suppor t  a  singl e diagnosis ,  an d ii )  expertis e i s relate d t o 
th e knowledg e o f  th e appropriat e combination s an d weighting s o f 
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these cues. Thus if we consider items which are empirically easy 
or  diff icul t  fo r  residents ,  mos t  improvemen t  wit h expertis e 
shoul d aris e o n easie r  items .  Conversely ,  som e ambiguou s slide s 
ar e likel y t o contai n insufficien t  informatio n fo r  accurat e 
d i a g n o s i s ,  an d thes e shoul d sho w littl e improvemen t  wit h 
expertise . 

An alternative position is that errors of clinicians are a 
resul t  o f  carelessnes s o r  inattention .  I f  thi s wer e th e case , 
ther e shoul d b e n o associatio n betwee n th e difficult y o f  a n item , 
base d o n th e performanc e o f  residents ,  an d error s committe d b y 
dermatologists ,  sinc e error s resul t  fro m a  rando m proces s 
unrelate d t o an y measur e o f  ite m difficulty . 

To explore these models, we characterized the difficulty of 
eac h slid e o n th e basi s o f  th e error s committe d b y residents , 
thu s a n eas y slid e ha d 0/ 6 error s b y residents ,  a  difficul t  slid e 
ha d 6/ 6 error s b y residents ,  an d ther e wer e 5  intermediat e level s 
of  difficulty .  We the n examine d th e proportio n o f  error s a t  eac h 
leve l  o f  expertis e committe d o n slide s a t  eac h leve l  o f 
difficulty . 

Because the difficulty of slides is based on the performance 
of  residents ,  th e plo t  o f  residen t  error s a t  eac h leve l  o f 
difficult y i s a  straigh t  lin e throug h th e origin .  Fro m th e 
independen t  cue s model ,  w e woul d anticipat e tha t  a s expertis e i s 
acquired ,  proportionatel y mor e error s wil l  b e committe d o n 
diff icul t  sl ides ,  s o tha t  th e distribution s mov e t o th e righ t 
wit h expertise .  Conversely ,  i f  error s wer e a  resul t  o f  rando m 
processe s suc h a s inattention ,  th e likelihoo d o f  a n erro r  b y G.P -
or  dermatologis t  shoul d b e unrelate d t o th e residen t  ite m 
diff iculty ,  an d th e distributio n shoul d b e flat . 

M E AN PERCENT ERROR PE R ITE M 
as a  functio n o (  difficult y fo r  r**ld*nt « 
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FIGURE 1 
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The results are shown in Figure 1. It is apparent that the 
distribution s fo r  genera l  practitioner s an d dermatologist s ar e 
simila r  t o thos e o f  residents ,  i.e .  a n approximatel y straigh t 
lin e wit h positiv e slope .  Mor e important ,  althoug h w e woul d 
predic t  fro m a n independen t  cue s mode l  that ,  wit h increasin g 
expertis e th e curv e woul d shif t  t o th e right ,  th e dat a provid e n o 
evidenc e o f  thi s shift . 

Thus, although the absolute error rate declined by about a 
facto r  o f  thre e fro m residen t  t o dermatologist ,  w e foun d n o 
evidenc e tha t  expertis e resulte d i n improvemen t  o n relativel y 
eas y o r  typica l  items . 

EXPERIMENT 2 

The analysis of typicality from the first study is subject 
t o possibl e idiosyncracie s i n th e rating s o f  typicalit y sinc e th e 
ca tegor iza t io n wa s don e b y onl y on e dermato log is t  an d 
consequentl y migh t  b e subjec t  t o som e unreliability .  Also , 
perceive d typicalit y itsel f  migh t  var y acros s expertis e group s a s 
wel l  a s havin g a n uncertai n relatio n t o th e basi s o f  diagnosti c 
performance .  Therefore ,  i t  i s  critica l  t o determin e i f  th e 
result s o f  thi s stud y hel d u p whe n th e typicalit y rating s o f 
anothe r  grou p wer e substituted . 

The second study addressed some of these issues. In the 
contex t  o f  anothe r  stud y examinin g th e effec t  o f  prio r  exposur e 
on rating s o f  plausibilit y  (th e hindsigh t  e f fect ) ,  w e obtaine d 
rating s o f  typicalit y o n a  tota l  o f  6 9 o f  th e slide s use d i n th e 
presen t  stud y fro m a  varyin g numbe r  o f  genera l  practitioner s 
rangin g fro m 3  t o 6 .  Followin g th e initia l  presentation ,  a  secon d 
sessio n wa s arrange d wit h eac h subjec t  a  minimu m o f  4  week s 
later .  A t  thi s followu p session ,  subject s wer e show n a  tota l  o f 
32 slides ,  o f  whic h 1 6 ha d bee n use d i n th e firs t  sessio n an d 1 6 
wer e ne w (counterbalance d acros s subjects) ,  an d wer e aske d t o 
d iagnos e th e condi t ions .  Th e secon d sessio n permitte d a n 
examinatio n o f  th e effec t  o f  a  singl e prio r  exposur e o n 
diagnosti c performance . 

To conduct this analysis, the proportion of the general 
practitioner s ratin g eac h slid e a s typica l  wa s determined .  Fiv e 
level s o f  categorizatio n wer e created :  typica l  b y tota l  agreemen t 
(2 2 s l ides) ,  typica l  b y majorit y agreemen t  (2 5 s l ides) ,  equall y 
divide d ( 3 s l ides) ,  atypica l  b y majorit y agreemen t  (1 3 s l ides) , 
and atypica l  b y tota l  agreemen t  ( 6 s l ides) .  Althoug h i t  i s 
eviden t  tha t  G.P.' s  wer e mor e incline d t o rat e slide s a s typica l 
tha n th e origina l  classificatio n o f  th e dermatologis t  woul d 
indicate ,  nevertheles s ther e wa s reasonabl e agreemen t  betwee n th e 
tw o sources .  O f  th e 2 3 slide s originall y rate d a s typica l  b y th e 
dermatologist ,  2 1 (91% )  wer e rate d typica l  b y a  majorit y o f 
G.P.'s .  However ,  onl y 1 6 o f  th e 4 4 slide s (36%)initiall y  classe d 
as atypica l  wer e s o rate d b y a  majorit y o f  G.P.'s . 
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An analysis was then conducted as before, calculating the 
proportio n o f  error s mad e o n typica l  an d atypica l  slides , 
considerin g bot h slide s o n whic h ther e wa s tota l  agreemen t  an d 
slide s wher e a  majority ,  o r  al l ,  G.P.' s  agreed .  Th e result s ar e 
show n i n Tabl e 2  below : 

Table 2 
Proportiona l  Erro r  Rat e b y Expertis e 

Resident General Practitioner Dermatologist 

Total Agree .339 .345 .343 

Majority Agree .338 .395 .339 

It is evident from this table that the constant proportionality 
of  error s o n typica l  slide s a s a  functio n o f  expertis e i s als o 
eviden t  wit h th e G.P .  ratings ,  thu s i t  doe s no t  appea r  t o b e a 
resul t  o f  th e idiosyncrati c categorizatio n o f  th e dermatologist . 

As one final converging evidence on the topic, we examined 
th e performanc e o f  G.P-' s i n diagnosin g slide s whic h the y 
themselve s ha d previousl y rate d a s typica l  o r  atypical .  Averag e 
erro r  rat e o n self-rate d typica l  slide s wa s 29% ,  an d o n atypica l 
slide s wa s 54% ,  fo r  a  rati o o f  .34 ,  consisten t  wit h th e ratio s 
shown i n th e previou s table . 

Thus, it is apparent that although performance of all groups was 
bette r  o n slide s judge d a s typica l  b y a  variet y o f  approaches , 
ther e wa s n o associatio n betwee n improvemen t  i n performanc e 
relate d t o expertis e an d typicality .  Pu t  anothe r  way ,  slide s 
judge d a s typica l  presente d jus t  a s muc h diagnosti c difficult y 
(proportionately )  t o dermatologist s a s t o residents . 

Prior Examples and Diagnosis 

It is apparent that the independent cues model and a model 
whic h view s error s a s a  rando m even t  far e poorl y i n accountin g 
fo r  th e improvemen t  i n expertis e observe d i n th e presen t  study . 
An a l te rna t i v e mode l  o f  concep t  formatio n (Brooks ,  1987 ) 
postulate s a  centra l  rol e o f  prio r  instance s i n recognition . 

The second study provides a partial test of this model. In 
additio n t o examinin g relativ e erro r  rate s i n th e secon d sessio n 
on thos e slide s rate d b y eac h G.P .  a s typica l  o r  atypical ,  w e 
als o examine d th e erro r  rat e o n slide s whic h ha d bee n see n 
previousl y i n th e contex t  o f  th e typicality-ratin g tas k an d a 
balance d se t  o f  ne w slides .  Th e result s ar e a s show n below : 
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Table 3 

Error Rates on Old and New Slides 

Previously New 
Seen 

Typical 31% 46% 

Atypical 48% 60% 

Thus, a single prior exposure to the slide, a minimum of four 
weeks previously ,  resulte d i n a  20-30 % reductio n o f  erro r  rates . 
Thes e dat a sugges t  tha t  th e diagnosti c tas k ma y b e strongl y 
influence d b y recal l  o f  prio r  instance s o f  a  category . 

DISCUSSION 

In these data the traditional indices of category structure 
-  typicalit y an d averag e ite m difficulty ,  ar e roughl y constan t 
ove r  a  larg e rang e o f  accuracy .  We conclud e tha t  th e improvemen t 
ove r  th e rang e o f  expertis e observe d i n thi s stud y i s no t  a 
matte r  o f  learnin g item s i n orde r  o f  difficult y o r  learnin g mor e 
appropriat e weight s fo r  th e essentia l  symptom s an d signs .  I n 
othe r  words ,  thes e dat a ar e incompatibl e wit h a n independen t  cue s 
interpretatio n o f  acguisitio n o f  expertise .  I n fact ,  th e 
observe d constan t  proportionalit y rule s ou t  an y mode l  tha t 
determine s typicality ,  averag e ite m difficulty ,  an d improvabl e 
erro r  b y th e sam e information . 

This finding also provides difficulty for stable 
instance-base d model s o f  categorizatio n (e.g .  Hintzma n 1986 , 
Brooks ,  1978) ,  whic h woul d hypothesiz e constan t  availabilit y  o f 
prio r  instance s o f  a  category ,  sinc e i n thi s vie w th e exper t  ha s 
availabl e a  relativel y stabl e arra y o f  prio r  instance s o f  a 
category ,  an d diagnosi s i s conducte d b y a  compariso n o f 
similarit y t o availabl e instances .  Th e difficult y o f  thi s mode l 
i s tha t  ther e shoul d b e man y mor e typica l  instance s availabl e t o 
th e exper t  fo r  similarit y judgement ,  thu s exper t  performanc e 
shoul d b e proportionatel y highe r  o n typica l  an d eas y slides . 

By contrast, although the data suggest a role of prior 
instance s i n expertise ,  wha t  make s a  previou s instanc e availabl e 
i s no t  jus t  a  fixe d se t  o f  features ,  bu t  contextua l  informatio n 
relatin g t o ho w a  prio r  instanc e wa s processed .  Previou s item s i n 
encountere d i n th e sam e contex t  ar e mor e availabl e the n item s 
processe d i n a  differen t  contex t  (Godde n an d Baddeley ,  1975) . 
Similarly,item s treate d i n a  simila r  manne r  ar e mor e availabl e 
tha n thos e processe d differentl y (Cerma k an d Craik ,  1979) . 

How could this kind of variability in the availability of 
prio r  instance s provid e a n explanatio n o f  th e observe d data ? I f 

487 



NORMAN,  BROOKS,  ALLEN ,  AN D ROSENTHAL 

access to prior instances is context-dependent this could affect 
overal l  performanc e withou t  necessaril y  changin g th e relativ e 
diff icult y o f  typica l  an d atypical ,  eas y an d har d items .  Fo r 
example ,  th e previou s occurrenc e o f  particula r  diagnose s i n a 
serie s ma y resul t  i n th e increase d availabilit y  o f  tha t  category , 
henc e a  diagnosti c bias .  A  secon d possibilit y  i s  tha t  certai n 
contextua l  factors ,  suc h a s th e locatio n o f  th e lesio n o r  th e 
physica l  appearanc e o f  th e patien t  migh t  resul t  i n bia s i n favou r 
of  a  particula r  diagnosi s an d resul t  i n error s whic h ar e 
unrelate d t o objectiv e categorization s suc h a s difficult y o r 
typicality .  Th e contributio n o f  suc h erro r  factor s coul d b e 
expecte d t o declin e wit h increasin g expertise . 

Obviously, we are not claiming that there is no such thing 
as "independen t  cues "  knowledg e o f  th e feature s o f  particula r 
diseases ,  o r  tha t  suc h knowledg e i s irrelevan t  t o expertise . 
Rather ,  thes e dat a constitut e a  cas e i n whic h ther e i s massiv e 
improvemen t  tha t  i s  independen t  o f  suc h knowledge .  I t  i s 
entirel y possibl e tha t  th e acquisitio n o f  th e basi c definitional , 
"independen t  cues "  typ e o f  knowledg e i s restricte d t o th e initia l 
stage s o f  learning ,  an d th e substantia l  chang e whil e obtainin g 
practica l  experienc e i s du e t o th e retrieva l  factor s jus t 
discussed .  We furthe r  conjectur e tha t  thes e finding s migh t  b e a 
common featur e o f  an y fiel d i n whic h th e challeng e i s t o 
recogniz e an y o f  a  larg e numbe r  o f  disorder s occurrin g i n a  mixe d 
series .  Perhap s i n a  mixe d serie s th e effec t  o f  difficult y o f  a n 
i te m i s smal l  b y compariso n t o th e effec t  o f  processin g 
variation s induce d b y th e serie s itself .  I f  so ,  the n th e 
emphasi s i n trainin g i n suc h area s shoul d b e o n providin g 
practic e wit h mixe d serie s an d wit h emphasizin g t o th e learner s 
th e importanc e o f  mixe d practic e fo r  developin g expertise . 
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Sequent ia l  Connectioiiis l  N e t w o r k s fo r  A n s w e r i n g S i m p l e Q u e s t i o n s 

a b o u t  a  M i c r o w o r l d 

Rober t  B .  Alle n 

Bel l  Communication s Researc h 

Sequentia l  back-propagatio n network s wer e traine d t o answe r  simpl e question s abou t  object s i n a 

microworld .  Th e network s transferre d th e abilit y  t o answe r  thi s typ e o f  questio n t o pattern s o n whic h 

the y ha d no t  bee n trained .  Moreover ,  th e network s wer e show n t o hav e develope d expectation s abou t  th e 

object s eve n whe n the y wer e no t  presen t  i n th e microworld .  A  variet y o f  architecture s wer e teste d usin g 

thi s paradig m an d th e additio n o f  charmel-specili c  hidde n layer s wa s foun d t o improv e performance . 

Overall ,  thes e result s ar e directe d t o th e approac h o f  buildin g languag e user s wit h connectionis t  networks , 

rathe r  tha n languag e processors . 

Introductio n 

Because neural algorithms such as back-propagation [9j are such effective techniques for machine 

learning ,  i t  i s  no w possibl e t o seriousl y conside r  developin g system s whic h lear n t o us e language . 

Moreover ,  neura l  network s hav e man y othe r  characteristic s whic h mak e the m especiall y suitabl e fo r  suc h 

an effort .  The y ar e sensitiv e t o context ,  the y ca n adap t  t o exceptions ,  an d inpu t  fro m divers e source s ca n 

be easil y combined .  Th e concep t  o f  developin g a  languag e use r  i s a n alternativ e t o th e usua l  approac h i n 

artificia l  intelligenc e o f  attemptin g t o proces s th e component s o f  languag e an d the n t o synthesiz e a n 

"understanding "  fro m thos e components .  Rather ,  th e approac h suggeste d her e i s t o trai n network s unde r  a 

broa d enoug h rang e o f  condition s t o b e abl e t o understan d an d respon d wit h language-lik e stimuli . 

Potentially ,  thi s approac h ma y provid e a  robus t  basi s fo r  linguisti c processe s rangin g fro m translatio n [1 ] 

t o speec h recognition .  O f  course ,  th e exten t  t o whic h thes e network s ca n b e sai d t o actuall y 'have ' 

languag e ma y wel l  b e a s difficul t  an d controversia l  a s th e evaluatio n o f  linguisti c capabilitie s o f  ape s (se e 

[7]) . 

In the research described here, sequential networks were trained to accept language-like stimuli which 

refe r  t o object s i n th e microworld .  Thi s paradig m i s base d o n th e assumption s tha t  languag e i s mos t 

readil y acquire d throug h interactio n wit h th e worl d [1 ]  an d tha t  languag e learnin g i s essentiall y  a 

supervise d learnin g process .  Input s o f  tw o type s wer e employed ,  a  code d microworl d an d sequentia l 

verba l  codes ,  whic h forme d question s abou t  th e microworld .  On e typ e o f  sequentia l  networ k whic h 

migh t  b e applie d t o thi s tas k i s show n o n th e lef t  o f  Fig .  1 .  Thi s network ,  whic h ma y b e terme d a n 

output-feedbac k network ,  wa s develope d b y Jorda n [6 ]  t o mode l  articulation .  Th e outpu t  unit s fro m on e 

cycl e fee d 'state '  unit s whic h ar e use d a s extende d input s fo r  late r  cycles .  A s show n o n th e righ t  sid e o f 

Fig .  1  a  variatio n o f  tha t  procedure ,  suggeste d b y Elma n [4j ,  draw s feedbac k fro m th e hidde n laye r  rathe r 

tha n th e outpu t  layer .  Fig .  2  present s a  sequentia l  networ k whic h ma y b e terme d a  generahze d 

hierarchical-sequentia l  network .  I n thi s networ k input s ar e divide d int o separat e chaimel s an d hav e extr a 

hidde n layer s fo r  eac h o f  th e set s o f  inpu t  units ,  a s wel l  a s fo r  th e stat e units .  Thi s architectur e ha s th e 

advantag e o f  bein g modular ,  henc e i t  migh t  b e readil y adapte d t o multi-processo r  computer s an d perhap s 

speciaUze d perceptua l  hardware . 
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I  outpu t  i " 

f t " 

hidde n laye r 

Jt  (plan )  I  stat e inpu t  (plan ) 

w 

] t ^ 
H ^ ^ 

^ W ^ 

Fig .  i .  Simpl e sequentia l  network s wit h feedbac k tro m outpu t  an d hidde n units . 

i D i n y 

Fig .  2 .  Generalize d hierarchical-sequentia l  networic . 

Procedur e 

Codin g 

The verbal inputs were composed from questions from a vocabulary of 27 terms which were coded with 

randoml y assigne d 6-bi t  -1/ 1 codes .  Ther e wer e 1 6 outpu t  term s an d thei r  codin g w a s randoml y selecte d 

fro m 5-bi t  0/ 1 codes .  O n e se t  o f  input s presente d stati c code s wh ic h wer e characterize d a s object s i n a 

'perceptual '  field.  T h e perceptua l  field  w a s c o m p o s e d o f  3  slots ,  eac h slo t  consistin g o f  5  bits ,  i n whic h 

an y on e o f  8  object s coul d appear .  3  o f  thes e bit s encode d th e object s themselve s an d t w o additiona l  bit s 

code d features .  T h e object s themselve s wer e code d wit h randoml y selecte d -1/ 1 codes ,  whil e emp t y slot s 

we r e filled  wit h nulls .  I n additio n t o th e 3  bit s whic h uniquel y specifie d th e objects ,  t w o additiona l  bit s 

we r e correlate d wit h eac h objec t  i n th e proportion s s h o w n i n Tabl e 1 .  Wh i l e th e probabilisti c  feature s 

wil l  b e m o r e difficul t  t o lear n tha n perfectl y correlate d features ,  the y ar e necessar y t o guarante e tha t  th e 

networ k attend s t o th e microworld .  O n on e hand ,  thes e bit s migh t  b e considere d t o b e a n explici t  featur e 
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suc h a s color .  Fo r  instance ,  i t  woul d b e possibl e t o sa y tha t  object ^  ha d colorj .  Alternatively ,  thes e bit s 

coul d b e though t  o f  a s contex t  bits .  Fo r  instance ,  som e object s ar e highl y correlate d wit h places ,  whil e 

othe r  object s ar e les s likel y t o b e correlated .  Th e additiona l  bit s wer e associate d wit h th e object s i n th e 
followin g proportions : 

objec t 

1 
2 
3 
4 
5 
6 
7 
8 

featur e 
A B 
.9 . 9 
.8 . 9 
.7 . 9 
.6 . 9 
.4 . 1 
.3 . 1 
.2 . 1 
.1 . 1 

Tabl e 1 .  ProbabiUt y o f  objec t  token s havin g feature s A  an d B . 

Question Construction and Sequential Presentation 

The sequential presentation of verbal information is illustrated in Table 2. In the example two objects are 

i n th e perceptua l  field,  object ,  i n slot ,  an d object -  i n slot, .  Acros s th e fou r  intervals ,  th e code d form s o f 

th e word s is ,  this ,  object, ,  an d fA ,  ar e presented .  Becaus e th e inpu t  i s sequential ,  correc t  outpu t 

response s wer e generall y no t  know n unti l  th e questio n wa s complete .  Befor e th e correc t  outpu t  i s  know n 

erro r  value s o f  zer o wer e back-propagated .  ( A simila r  procedur e i n whic h ther e wa s n o back-propagatio n 

on thos e trial s produce d similar ,  bu t  slightl y wors e results. )  Thes e cycle s ar e indicate d b y ** *  i n th e tabl e 

and terme d don' t  car e cycle s afte r  th e don' t  car e unit s o f  Jordan . 

interva l 

1 

2 

3 
4 

perceptua l 

inpu t 

o /̂iA t̂B ^  o,/fA,/CB ,  nul l 

o /̂{A îB ^  o,M,/fB ,  nul l 

02/fA2/fB ,  o,/fA,/fB ,  nul l 

ô /fAy'lB ,  o,/lA,/fB ,  nul l 

verba l 

inpu t 

i s 

thi s 

object , 

lA , 

verba l 

outpu t 

** * 

*+ * 

*+ * 

yes 

Tabl e 2 .  Sequence s o f  code s fo r  typica l  questio n answerin g procediu-e . 

Input/output patterns were prepared from the templates shown in Table 3. With the exception of a few 

ver y simpl e command s (e.g. ,  repeat ,  describe) ,  th e inpu t  pattern s wer e questions .  A  questio n suc h a s 

What  f A i s th e objX .  migh t  b e read ,  wit h noun s inserted ,  a s W h a t  colo r  i s th e car ? Whil e th e answer , 

fAX p migh t  b e rea d blue .  Clearly ,  th e template s ar e somewha t  a d ho c an d stylized .  Th e question s wer e 

associate d wit h appropriat e perceptua l  inputs ;  thus ,  th e 8  object s coul d appea r  i n 3  slot s o f  th e perceptua l 

held .  I n case s wit h tw o object s i n th e perceptua l  field  an d onl y on e o f  the m wa s necessar y t o answe r  th e 

question ,  th e secon d objec t  wa s randoml y selecte d an d it s featiue s wer e constraine d s o a s no t  t o conflic t 

wit h th e question .  W h e n question s coul d b e answere d yes/no ,  equa l  number s o f  ye s an d n o question s 

wer e prepared .  324 2 uniqu e input s wer e generated ,  an d fro m thi s se t  2 5 wer e randoml y chose n fo r 
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transfer . 

Networ k Parameter s 

verba l  inpu t 

objec t  absen t 

repeat  objX , 

repeat  fAX , 

repeat  fBX , 

one objec t  presen t 

repeat  objX , 

repeat  fAX , 

repeat  fBX , 

what  d o yo u se e 

describ e wha t  yo u se e 

i s thi s th e objX , 

do yo u se e th e objX , 

i s thi s objX ,  fAX , 

isthisobjX ,  fBX , 

what  f A i s th e objX , 

what  f B i s th e objX , 

what  i s  th e f A o f  th e objX , 

what  i s th e f B o f  th e objX , 

istheobjX ,  intheslotS l 

tw o object s presen t 

istheobjX ,  fAX , 

istheobjX ,  fBX , 

whic h i s fAX , 

whic h i s fBX , 

what  f A istheobjX , 

what  f B istheobjX , 

what  i s th e f A o f  th e objX , 

what  i s th e f B o f  th e objX , 

i s th e objX ,  i n th e slotS I 

i s th e objX ,  over/unde r  th e objX j 

whic h i s over/unde r  th e objX , 

verba l  outpu t 

objX , 

fAX , 

fBX , 

objX , 

fAX , 

fBX , 

ObjX , 

ObjX , 

yes/n o 

yes/n o 

yes/n o 

yes/n o 

fAX , 

fBX , 

fAX , 

fBX , 

yes/n o 

yes/n o 

yes/n o 

objX , 

ObjX , 

fAX , 

fBX , 

fAX , 

fBX , 

yes/n o 

yes/n o 

objX , 

Tabl e 3 .  Input/outpu t  templates . 

The weight s fro m th e hidde n unit s t o tli e stal e unit s wer e fixed  a t  1. 0 an d th e self-weight s o n th e stat e 

imit s wer e 0.5 .  Al l  o f  th e othe r  weight s wer e adaptiv e wit h t|=0.0 1 an d a=0.9 .  Th e network s describe d 

belo w wer e traine d fo r  200 K patter n presentations .  Excep t  a s note d below ,  th e simpl e network s ha d 1 5 

perceptua l  units ,  6  verba l  inpu t  units ,  5 0 stat e units ,  5 0 hidde n units ,  an d 5  outpu t  imits .  I n addition ,  th e 

hierarchica l  network s ha d 15 ,  6 ,  an d 5 0 unit s i n th e perceptual ,  verbal ,  an d slate-hidde n layer s 

respectively .  A t  th e beginnin g o f  eac h questio n th e stat e unit s wer e rese t  t o zero ;  test s demonstrate d tha t 

learnin g occurre d withou t  reset ,  althoug h i t  wa s faste r  an d bette r  wit h resets . 
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Result s 

The transfer set consisted of 25 questions and because each question required a one word (5 bit) response, 

a tota l  o f  12 5 bit s ha d t o b e generated .  Th e sequentia l  networ k wit h feedbac k take n fro m th e outpu t  (lef t 

sid e o f  Fig .  1 )  mad e error s o n 2 9 bit s (1 2 words) .  Th e hidde n laye r  feedbac k networ k (righ t  sid e o f  Fig . 

1)  performe d somewha t  better ,  wit h 2 3 bi t  error s an d 9  wor d errors .  Indeed ,  mor e comple x network s 

(e.g. ,  th e PVS ,  se e Tabl e 4 )  mad e a s fe w a s 6  bi t  error s an d 2  wor d error s (se e below) .  I t  i s  perhap s 

remarkabl e tha t  thes e network s ca n lear n thi s tas k becaus e the y rarel y ge t  explici t  trainin g fo r  storin g 

word s i n th e earl y par t  o f  th e sentence .  Fo r  instance ,  i n question s suc h a s th e on e show n i n Tabl e 2 ,  th e 

networ k ha s t o remembe r  tha t  th e questio n concern s object, . 

Architecture Manipulation 

The hierarchical-sequential network (Fig. 2) can be thought of as a family of networks which may be 

teste d separately .  Th e error s fo r  th e 8  possibl e network s (forme d b y al l  possibl e combination s o f  th e 

presence/absenc e o f  th e perceptual ,  verbal ,  an d stat e hidde n layers )  i s show n i n Tabl e 4 .  A s a  shor t 

notation ,  thes e network s ma y b e referre d t o wit h three-lette r  code s fo r  instance ,  a  P N S networ k woul d 

hav e a  perceptua l  hidde n layer ,  n o verba l  hidde n layer ,  an d a  state-hidde n layer .  Th e N N N networ k i s th e 

networ k show n a t  th e righ t  sid e o f  Fig .  1 .  Al l  o f  th e othe r  network s perfor m bette r  tha n th e N N N 
network ,  an d tli e bes t  i s th e P V S network . 

N 
V 

N 
N P 

23(9 )  7(4 ) 
18(6 )  14(5 ) 

s 1 
N 

17(8 ) 
14(7 ) 

P 
12(6 ) 
6(2 ) 

Tabl e 4 .  Bi t  error s (wor d errors )  fo r  differen t  networks . 

Additional tests showed that these results replicated, essentially following the pattern in Table 4. 

However ,  wit h othe r  dat a set s th e P V S networ k i s no t  consistentl y foun d t o b e best .  Moreover , 

considerabl e cautio n mus t  b e exercise d i n comparin g th e differen t  architecture s i n Tabl e 4  becaus e the y 

includ e differen t  number s o f  neuron s an d weights .  A s a  contro l  fo r  this ,  severa l  othe r  network s wer e 

tested .  First ,  a n outpu t  feedbac k networ k (lef t  sid e o f  Fig .  1 )  wit h 10 0 hidde n unit s wa s tested ;  thi s 

performe d relativel y poorly ,  26(13) .  A s a  secon d test ,  a  N N N networ k wit h 6 5 unit s i n bot h th e hidde n 

and stat e layer s wa s tested ,  thi s ha d 1 3 bi t  error s an d 9  wor d errors . 

Several other architectures, related to hierarchical-sequential network described above, may also be 

considered .  Fo r  instance ,  a  networ k wa s investigate d i n whic h th e stat e unit s an d a  stat e hidde n laye r 

wer e attache d t o th e verba l  hidde n layer .  Wit h 3 0 hidde n units ,  2 0 verba l  hidde n units ,  2 0 stat e units ,  an d 

20 state-hidde n units ,  thi s networ k performe d th e tas k wit h 1 1 bi t  error s an d 6  wor d errors . 

Semantic Memory and Categorization 

Previous conncclionist research on semantic memory [5, also Runielhart unpublished] may be extended 

by considerin g semanti c memor y i n thi s paradig m wit h explici t  verba l  training .  Thus ,  th e P V S networ k 

traine d abov e wa s presente d wit h th e questio n W h a t  fA/ B i s th e object. ? whe n th e objec t  wa s absen t 

fro m th e perceptua l  field.  Th e decode d response s ar e show n i n Tabl e 5 ,  wher e 1  o r  2  indicate s on e o f  th e 

feature s belongin g t o tha t  featur e type ,  an d X  indicate s a n apparentl y meaningles s answer .  Fo r  7  o f  th e 
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object s th e networ k learne d tli e correc t  value s o f  fB ,  whic h i s mor e consistentl y associate d wit h th e 

object s tha n f  A  (se e Tabl e 1) .  Howeve r  fo r  f  A ,  th e networ k consistentl y assume d tha t  al l  object s ha d on e 
featur e valu e wit h th e exceptio n o f  objectj ,  whic h cause d a n error . 

objec t 

1 
2 
3 
4 
5 
6 
7 
8 

featur e 
A B 
X X 
2 1 
2 1 
2 1 
2 2 
2 2 
2 2 
2 2 

Tabl e 5 .  Response s t o featur e question s wit h th e objec t  absent . 

Additional tests have demonstrated that networks can learn about features although the features are 

neve r  presente d i n th e microworld .  Moreover ,  th e network s hav e bee n foun d t o readil y lear n categor y 

names fo r  groupin g objects .  O n th e othe r  hand ,  a  networ k i n whic h th e microworl d wa s entirel y absen t 

showe d onl y a  smal l  improvemen t  abov e chanc e performance . 

An Extended Generalization Test 

When working with complex stimuh such as the questions and microworlds used here it is possible to 

conside r  generalizatio n a t  man y levels .  Whil e th e transfe r  tes t  describe d abov e consiste d o f  randoml y 

selectin g tes t  case s fro m a  corpu s i n whic h th e sam e questio n wa s ofte n aske d abou t  severa l  differen t 

configuration s o f  th e perceptua l  field,  th e tes t  describe d her e completel y droppe d trainin g o n on e questio n 

and the n teste d tha t  questio n durin g transfer .  Specificall y al l  4 1 question s wer e remove d fro m th e corpu s 

whic h aske d whethe r  object ,  ha d fA. .  Althoug h othe r  question s aske d whethe r  object ,  ha d fB ,  an d 

whethe r  othe r  object s ha d fBj .  A  P V S networ k traine d o n th e pattern s whic h wer e no t  deleted , 

transferre d quit e wel l  wit h 6  bi t  error s an d 4  wor d errors . 

Discussion 

Networks were shown to learn and transfer the ability to answer questions in which coded 'verbal' 

question s an d object s ar e presente d sequentially .  Moreover ,  evidenc e wa s presente d fo r  th e utilit y  o f 

hierarchical-sequentia l  networks .  Naturally ,  thi s researc h ma y b e extende d i n man y ways .  Fo r  instanc e 

i n th e sequentia l  verba l  inpu t  paradigm ,  linguisti c construct s suc h a s plural s o r  negatio n coul d readil y 

incorporated .  Indee d [8 ]  report s th e comprehensio n o f  pronoun s whic h refe r  t o object s i n th e microworld . 

I n addition ,  th e contributio n o f  th e hidde n layer s migh t  b e investigate d throug h eithe r  analysi s o f  th e 

activation s o r  parametri c manipulatio n o f  th e number s o f  units .  Presumabl y th e additiona l  hidde n layer s 

i n th e hierarchica l  networ k transfor m tli e inpu t  encodin g t o a n encodin g whic h i s mor e easil y intergrate d 

wit h th e othe r  source s o f  information .  I n th e cas e o f  th e perceptua l  input s thi s suggest s tha t  languag e ca n 

affec t  perception ,  i n othe r  word s a  typ e o f  linguisti c relativity . 

The research described here has focused on the task of answering questions as a means of generating 

feedbac k fo r  languag e training .  Whil e thi s ma y see m restrictiv e a t  first,  i t  i s  possibl e t o imagin e man y 

variation s i n whic h th e trainin g woul d b e les s explicit .  Fo r  instance ,  th e question s migh t  no t  b e directe d 
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t o th e network .  I f  th e questio n wer e pose d t o a  differen t  agen t  whic h m a d e th e response ,  th e agen t  whic h 

i s acquirin g languag e migh t  lear n pairing s o f  inpu t  an d outpu t  fro m observatio n an d perhap s imitatio n o f 

th e othe r  agent .  Furthermore ,  asid e fro m answer s t o explici t  question s ther e ar e m a n y type s o f  feedbac k 

fo r  languag e us e suc h a s correctl y completin g a  verba l  c o m m a n d o r  instruction . 

Finally, the strategy of developing language users which interact with a microworld may be extended 

beyon d sequentia l  verba l  inputs .  Additiona l  wor k i s underwa y i n whic h verba l  an d microworl d 

informatio n i s combine d t o produc e language-lik e behavior ,  fo r  instanc e network s whic h generat e 

sequentia l  output s an d manipulat e th e microworl d [2 ]  an d multipl e network s whic h communicat e t o 

complet e task s [3] . 
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Th e usefulnes s o f  th e scrip t  concep t  fo r  characterizin g drea m report s 

Daniel Deslauriers & George W. Baylor 

Departement de psychologie, Universite de Montreal 

A drea m i s usuall y define d a s a  menta l  experienc e tha t  i s (1 )  multimoda l  sensor y 

imagination ,  largel y visual ;  (2 )  dramati c i n form ,  an d (3 )  experience d a s realit y rathe r 
tha n imagination ,  i.e. ,  hallucinatory .  Th e drea m itsel f  i s  a  subjectiv e experienc e s o tha t 

what  i s recalle d an d usuall y referre d t o a s a  drea m i s a  drea m report .  Th e highes t 

recal l  o f  complete ,  full-lengt h dream s follow s awakening s fro m R E M (rapi d ey e 

movement )  sleep ,  bu t  dreams ,  a s define d above ,  als o occu r  durin g period s o f  non -

R EM sleep ,  slee p onset ,  an d eve n period s o f  relaxe d wakefulnes s fo r  s o m e subjects , 

leavin g Foulke s (1985 ,  p .  76 )  t o conclud e tha t  "dreamin g i s a  phenomeno n whic h 

occur s i n th e presenc e o f  certai n menta l  conditions :  th e relativ e absenc e o f  sensor y 
stimulatio n an d o f  th e processin g o f  suc h stimulation ,  th e relinquishmen t  o f  a n Active-! , 

an d persisten t  an d relativel y diffus e mnemoni c activation. " 

Dreaming is thus a well-defined and distinct form of human thinking, yet a mode of 

though t  tha t  ha s bee n largel y ignore d b y cognitiv e science .  Fortunately ,  ther e ar e a 
fe w exceptions ,  notabl y Moser ,  Pfeifer ,  Schneide r  &  vo n Zeppelin' s (1983 )  compute r 

simulatio n o f  a  coupl e o f  dreams ;  an d Muelle r  &  Dyer' s (1985 )  computationa l  mode l  o f 

h u m an davdreaming .  Baylo r  &  Deslaurier s (1986-87 ;  1987-88) ,  i n thei r  studie s o f 

mornin g recall s o f  nigh t  dreams ,  lai d ou t  a  programmati c procedur e fo r  facilitatin g 
drea m understandin g b y helpin g user s recove r  aspect s o f  thei r  o w n drea m formatio n 

process .  The y hypothesize d tha t  th e plannin g componen t  o f  drea m generatio n ca n 
bes t  b e characterize d a s a  script :  a  stereotype d sequenc e o f  action s i n a  mor e o r  les s 
well-know n situatio n (Schan k &  Abelson ,  1977 ;  revise d b y Schank ,  1982) .  Script s 

als o contai n informatio n abou t  th e role s an d goal s o f  characters ,  abou t  constraint s o n 
behavior ,  an d abou t  anticipate d outcomes .  I n dreams ,  script s appea r  a s ol d pattern s o f 

behavio r  tha t  instantiat e curren t  concern s i n th e dreamer' s lif e an d prescrib e actions . 

I n actua l  fact ,  o f  course ,  d ream s deviat e i n majo r  way s fro m scripts .  Thus ,  i t  wa s 
hypothesize d tha t  deviation s fro m scrip t  an d th e constraint s the y violat e permi t  th e 

dreame r  t o accomplis h persona l  goal s no t  prescribe d b y th e script ,  whic h ar e ofte n th e 

majo r  m o m e n t s o f  meanin g i n drea m understanding . 

It is, of course, difficult to validate the notion that scripts are the best way of 
characterizin g th e plannin g componen t  o f  drea m constnjction .  However ,  a s a  firs t  ste p 

i t  woul d appea r  usefu l  t o kno w i f  ther e i s agreemen t  betwee n th e dreame r  an d 
independen t  judge s a s t o wha t  script ,  i f  any .  m a y b e underlyin g a  dream .  T o thi s en d 

an experimen t  w a s carrie d ou t  t o asses s th e degre e o f  interjudg e agreement .  Thi s i s 
followe d b y th e detaile d analysi s o f  on e drea m repor t  wher e ther e w a s goo d 

agreement . 

DESCRIPTION OF THE EXPERIMENT 

Deslauriers for his doctoral research collected the laboratory dreams of seven 

voluntee r  mal e universit y student s w h o spen t  tw o consecutiv e night s i n th e slee p 
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laboratory at Carleton University, Ottawa (Note 1). They had been briefed beforehand 

abou t  th e purpos e o f  th e experimen t  an d wer e give n instruction s abou t  script s an d ho w 

t o recogniz e them ,  includin g thre e practic e d ream s followe d b y feedbac k an d 

discussio n wit h E . 

To recognize the stages of sleep, three main electrophysiological signals were used: 

E E G,  E O G,  an d E M G (Arkin ,  Antrobu s &  Ellman ,  1978) .  Befor e retiring ,  electrode s 

wer e attache d t o th e S' s scal p (EEG) ,  eye s ( E O G )  an d chi n ( E M G ) .  Th e signal s wer e 

the n amplified ,  sen t  t o a  digita l  converte r  an d transferre d t o a  vide o monitor .  Followin g 

8-1 2 minute s o f  eac h perio d o f  R E M sleep ,  E  awakene d S  an d aske d him ,  first ,  t o 
repor t  hi s experienc e prio r  t o th e awakenin g an d t o indicat e th e orde r  i n whic h th e 

event s occurred ;  second ,  t o describ e hi s feeling s durin g th e experience ;  third ,  t o 

identif y wha t  well-know n situatio n o r  scrip t  th e drea m reminde d hi m of ,  i f  any ,  a s wel l 

as t o indicat e th e informatio n i n th e drea m h e use d t o identif y suc h a  script ;  fourth ,  t o 
describ e wha t  seeme d unusua l  o r  bizarr e i n th e dream ;  and ,  finally ,  t o repor t  an y 
event s fro m hi s dail y lif e tha t  th e drea m m a y hav e reminde d hi m of .  S  the n returne d t o 
sleep . 

Transcripts of the verbatim dream reports were given to two independent judges (Note 
2) .  The y wer e require d t o perfor m th e s a m e tas k a s th e Ss ,  namely ,  t o identif y a  script , 
if  any ,  an d t o specif y th e criteri a the y use d fo r  identifyin g it .  Th e judge s wer e not ,  o f 

course ,  informe d o f  th e Ss '  scrip t  identifications . 

RESULTS 

For the seven Ss reported here, 48 REM dreams were reported, five of which were 
eliminate d (tw o becaus e a t  leas t  tw o judge s agree d tha t  ther e w a s n o script ;  an d th e 

othe r  thre e becaus e a t  leas t  on e judg e identifie d mor e tha n on e script )  leavin g 4 3 R E M 
dreams .  Th e dreamer' s scrip t  identification s a s wel l  a s th e tw o judges '  wer e the n 
compare d b y pair s t o evaluat e interjudg e agreement ,  representin g 12 9 comparison s 
fo r  th e 4 3 drea m reports .  Th e comparison s wer e categorize d o n th e followin g 5-poin t 
scale : 

0 - Total disagreement: two totally different and unrelated scripts 
1 -  Loos e themati c agreement :  tw o differen t  bu t  onl y loosel y relate d script s 

(e.g. ,  watchin g a n overfe d fro g ge t  smashe d an d trappin g a n animal ) 
2 -  Themati c agreement :  tw o differen t  bu t  relate d script s (e.g. ,  discussio n i n a 

restauran t  an d sittin g i n a  restaurant ) 
3 -  Semanti c agreement :  Essentiall y  th e s a m e scrip t  bu t  expresse d i n differen t  word s 

(e.g. ,  makin g conversatio n an d discussio n wit h a  friend ) 

4 -  Complet e agreement :  th e s a m e scrip t  expresse d i n th e s a m e o r  nearl y th e s a m e 
words . 

The results appear in Table 1. Out of 43 dream reports, there was complete agreement 
by al l  thre e judge s (countin g th e dreame r  a s a  judge )  o n seve n dream s (16.3% )  an d 

complet e agreemen t  b y tw o o f  th e thre e judge s o n 1 2 additiona l  dream s (addin g u p t o 
44.2%) .  Th e drea m script s tha t  al l  thre e judge s agree d o n ar e perhap s wort h listing :  a 
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% 

inn ^ 
1 V  V 

9 0 -

8 0 -

7 0 -

6 0 -

5 0 -

4 0 -

3 0 -

2 0 -

1 0 -

1 6.3 % 

n=7 

44.2 % 

n=12 

53.5 % 

n=4 

79 % 

n=11 

8 6 % 

n=3 

9 3 % 

n=3 

97.7 % 

n=2 

100 % 

n=1 

n=dream s 

43 tota l 

al l  3 

Judge s 

full y 

agre e 

2 
judge s 

full y 

agre e 

al l  3 

judge s 

agre e 

seman-

ticall y 

2 
judge s 

agre e 

seman-

ticall y 

al l  3 

judge s 

agre e 

thema -

ticall y 

2 
judge s 

agre e 

thema -

tjcall y 

judge s 

agre e 

loosel y 

on th e 

them e 

al l  3 

judge s 

disagre e 

totall y 

Tabl e 1 :  Cumulativ e percentag e o f  d r e a m s b y eac h categor y o f  agreemen t 

basketball game, a football game, jogging in the park, fighting, being in a car, shopping 

wit h friends ,  argumen t  wit h a  roommate . 

Relaxing the criterion to include the scripts that were rated semantically similar, there 

wer e fou r  dream s wher e al l  thre e judge s agree d o n essentiall y  th e s a m e scrip t  an d 

anothe r  1 1 wher e tw o o f  th e thre e judge s s o agreed .  Al l  togethe r  thi s account s fo r  3 4 

of  th e 4 3 dreams ,  o r  79.0% . 
D I S C U S S I ON 

To us, 79% appears to be a surprisingly high number, indicating that judges can agree 

on a  scrip t  underlyin g 7  o r  8  R E M drea m report s ou t  o f  10 .  Bu t  jus t  wha t  doe s thi s 

interjudg e agreemen t  reflect ? Woul d S s b e abl e t o generat e an d agre e o n a  cor e se t 
of  action s fo r  eac h drea m script ,  a s i n th e Bower ,  Blac k &  Turne r  (1979 )  experiment ? 

Perhap s thi s i s h o w the y m a d e thei r  scrip t  identification s i n th e firs t  place .  O f  course , 

w h en comparin g th e richnes s o f  th e drea m narrativ e wit h th e script s a s identified ,  th e 
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script virtually never explains all the events in a given dream report. Dreams are 

almos t  neve r  limite d t o simpl y reproducin g typica l  situations .  Thus ,  i t  woul d see m the n 

tha t  th e drea m scripts ,  a s identified ,  provid e a  framewor k o r  skeleta l  structur e fo r 

generatin g th e majo r  drea m scenes ,  bu t  fo r  th e fles h o f  th e drea m narrative ,  w e nee d t o 

loo k mor e closel y a t  on e drea m repor t  i n detail . 

The following dream report, the second REM awakening of the night, was produced by 

a mal e S  i n hi s lat e twentie s who ,  i n additio n t o bein g a  student ,  als o worke d a s a n 

airpor t  securit y guard . 

it started when I was talking to somebody, I guess a fellow worker. I was working some 
kin d o f  patro l  o r  Mounti e o r  Mountai n range r  typ e o f  guard .  W e wer e carryin g thes e 
modifie d shotguns .  I  thin k i t  wa s a  bi g powe r  rifl e wit h a  ful l  stoc k maybe .  I  wa s 
carryin g th e rifl e wit h th e stoc k ope n restin g o n m y belt .  I t  wa s ou t  i n th e country ,  i n 
th e hills ,  i t  seeme d t o b e a  mountainou s area .  I t  wa s summertime ;  i t  wa s war m out . 

I left him and I was walking across the highway on my way to Dunden. It was like six 
lane s o f  highway .  Th e firs t  tw o lane s cam e aroun d th e corner .  I  ha d t o ge t  acros s th e 
highwa y quickly ,  th e firs t  tw o lane s anyhow .  O n th e highway ,  o n th e tw o corner s 
comin g out ,  ther e wa s a  truc k tha t  cam e around .  Ther e wer e quit e a  fe w peopl e i n it . 
Ther e wa s a  bac k sea t  an d I  remembe r  thre e me n i n th e back ,  on e o f  the m ha d a  broke n 
arm.  A s the y wen t  by ,  I  continue d walking . 

I looked behind for traffic but there was no traffic, only this lady coming at me. I went 
t o thi s buildin g an d thi s i s whe n I  me t  thi s lady ,  whe n I  ha d jus t  crosse d th e highway . 
She wa s carryin g a  rifle .  Sh e wa s bitchin g a t  m e tha t  I  wasn' t  carryin g min e properly .  I 
sai d "there' s nothin g wron g wit h th e wa y I' m carryin g mine ;  there' s n o differenc e fro m 
yours. "  I t  seem s t o b e th e argumen t  a s t o whethe r  o r  no t  th e barre l  wa s abov e m y hea d 
or  anybody' s hea d a s w e walke d int o th e office .  Sh e kep t  o n bitching .  I  ignore d her . 

We walked into the building where I worked, like a ranger station. There were three or 
fou r  fello w employees .  Sh e kep t  starin g a t  us .  On e employe e wa s carryin g a  rifle .  H e 
figure d he' s ge t  ri d o f  her ,  s o h e too k he r  rifl e an d stuc k i t  i n hi s mout h an d wa s abl e t o 
hol d i t  jus t  wit h hi s teet h b y th e en d o f  th e barre l  a s t o expres s "i t  doesn' t  matte r  ho w 
yo u carr y a  damne d rifle "  o r  something .  H e wa s tryin g t o shoc k he r  an d t o tel l  he r  t o 
min d he r  ow n business .  Sh e didn' t  fin d i t  funny .  I  wa s standin g t o th e righ t  o f  he r  an d 
I  wa s surprise d ther e wer e n o comment s o n he r  par t  abou t  wha t  h e ha d done . 
Somehow sh e hande d m e a  pistol ,  sh e pointe d i t  a t  me .  I  gues s w e kin d o f  giv e he r 
shi t  fo r  that .  The n I  wok e up . 

W h e n,  afte r  reportin g th e dream ,  E  aske d S  i f  th e drea m reminde d hi m o f  an y event s 
fro m hi s dail y life ,  h e sai d tha t  h e w a s "upset "  abou t  a  teachin g assistant ,  a  w o m a n h e 
strongl y dislike d w h o m h e ha d bee n talkin g abou t  befor e goin g t o sleep .  H e sai d "sh e 
i s prejudice d toward s m e n .. .  i f  somebod y too k a  loo k a t  th e mark s sh e gav e i n th e 
class ,  h e woul d probabl y fin d ou t  tha t  m e n hav e lowe r  tha n women. "  Apparently ,  i n a 
recen t  meetin g wit h th e teachin g assistan t  S  ha d faile d t o hav e hi s mar k changed ,  an d 
he wa s obviousl y angr y a t  her :  " I  thin k she' s a  rea l  bitch. " 

The dreamer identified this script as what was for him "a day at work" where he, in fact, 
carrie d a  shotgun .  O n e judg e calle d i t  "Patro l  guard s talking "  an d th e othe r  "O n range r 

499 



D E S L A U R I E RS &  B A Y L O R 

patrol." This is thus a script where there was semantic agreement among the three 

judges . 

The script does appear to instantiate one of the dreamer's current concerns. The script 

of  " a da y a t  work "  i s fo r  th e dreame r  a  well-know n situatio n wher e hi s competenc e i s 

wel l  established .  Th e goa l  o f  a  range r  patro l  scrip t  i s  t o protec t  a  territor y fro m 

intruders ,  an d th e dreamer ,  b y th e choic e o f  thi s script ,  i s  attempin g i n a  metaphori c 

proble m spac e (Baylo r  &  Deslauriers ,  1986 )  t o solv e th e proble m o f  h o w t o pas s a n 

academi c cours e wher e h e ha s t o dea l  wit h a  hostil e teachin g assistant .  Fo r  example , 

th e lady ,  w h o i n th e drea m ha s th e rol e o f  bot h intrude r  an d critica l  superior ,  remind s 

hi m o f  th e teachin g assistant ;  thi s i s  th e mos t  obviou s metaphori c referent .  Also ,  i n ligh t 

of  S' s statemen t  abou t  h o w h e feel s th e teachin g assistan t  "i s prejudice d toward s 
men, "  crossin g th e highwa y withou t  gettin g ru n d o w n appear s t o conve y 

metaphoricall y h o w th e dreame r  i s tryin g t o ge t  throug h th e cours e withou t  endin g u p 

as a  casualit y lik e on e o f  th e m e n i n th e truck . 

The script also provides the planning mechanism for generating a sequence of scenes, 

comparabl e t o Muelle r  &  Dyer' s (1985 )  scenari o generator .  Specifically ,  th e scene s 
prescribe d b y th e scrip t  ar e (1 )  gettin g read y fo r  patro l  dut y (correspondin g t o th e firs t 

paragrap h o f  th e drea m report) ;  (2 )  walkin g th e patro l  (paragraph s tw o an d three) ;  an d 

(3 )  goin g bac k t o th e statio n afte r  patro l  dut y (paragrap h four) .  Thi s i s th e skeleta l 

structur e o f  th e dream . 

Within each scene, of course, there are many actions: some of them fall within the 
confine s o f  a  typica l  patro l  script :  fo r  example ,  "talkin g t o a  fello w worker, "  "carryin g a 

shotgun, "  leavin g hi m an d "walkin g acros s th e highway, "  etc .  Othe r  activities , 
however ,  ar e no t  predicte d b y th e script :  fo r  example ,  " a truc k . .  c a m e aroun d .. .  wit h 
thre e m e n i n th e back ,  on e o f  the m ha d a  broke n arm, "  "ther e w a s .. .  thi s lad y comin g a t 

me...sh e w a s carryin g a  rifle,"  etc .  Whil e thes e action s ar e no t  prescribe d b y th e script , 

the y ca n b e accommodate d b y (o r  assimilate d to )  it .  Thi s secon d clas s o f  action s wa s 

calle d ta g actions ,  "causall y relate d event s no t  predicte d b y th e script, "  i n memor y 
experiment s b y Reiser ,  Blac k &  Abelso n (1985 ,  p .  92 )  an d Graeser ,  Woll ,  Kowalsk i  & 

Smit h (1980) . 

Finally, the third class of actions are those that are so bizarre that they cannot 

reasonabl y b e assimilate d t o th e script :  wha t  Baylo r  &  Deslaurier s (1986-87 ;  1987-88 ) 
calle d th e devian t  actions .  Indeed ,  the y ar e judge d devian t  o r  bizarr e exactl y becaus e 

of  th e difficult y o f  assimilatin g the m t o th e curren t  drea m context .  Fo r  example ,  "on e 
employe e .. .  too k he r  rifle  an d stuc k i t  i n hi s mout h an d w a s abl e t o hol d i t  jus t  wit h hi s 

teet h b y th e en d o f  th e barrel. "  Take n together ,  thes e thre e classe s o f  action s 
constitut e th e bod y o f  th e drea m narrative . 

Underlying the dream narrative, of course, is a goal structure. For example, the top 

leve l  goa l  appear s t o b e t o restor e th e dreamer' s sens e o f  self-estee m (eg o 
consolidation ,  Dallett ,  1973) ,  whic h ha s bee n seriousl y compromise d b y S' s 
confrontatio n wit h th e femal e teachin g assistant .  Th e strategie s (o r  contro l  goals ,  i n 

Muelle r  &  Dyer' s terminology )  fo r  re-establishin g self-estee m ar e three :  first ,  h e trie s t o 

500 



D E S L A U R I E RS &  B A Y L O R 

prove to the woman rationally that her criticism is unfounded since "there's nothing 

wron g wit h th e w a y I' m carryin g min e [rifle] ;  there' s n o differenc e fro m yours. "  Thi s 

produce s n o results ,  so ,  second ,  h e trie s t o ignor e her ,  bu t  sh e i s persisten t  an d follow s 

hi m t o th e range r  station .  Sinc e neithe r  strateg y ha s bee n effective ,  ther e i s n o w a 

radica l  deviatio n fro m script :  a  secon d m a n ,  perhap s actin g a s a  surrogat e o r 
"dissented "  aspec t  o f  th e dreame r  (Piotrowski ,  1986 )  "figure d he' d ge t  ri d o f  her ,  s o h e 
too k he r  rifl e an d stuc k i t  i n hi s mouth.... "  "H e w a s tryin g t o shoc k he r  an d t o tel l  he r  t o 

min d he r  ow n business. "  Sh e i s unimpressed .  Suddenly ,  however ,  he r  rifl e become s 
smalle r  whe n sh e hand s th e dreame r  a  pistol ,  whic h sh e point s a t  him .  Whil e thi s i s a n 

aggressiv e act ,  stil l  th e dreame r  ha s succeede d i n disarmin g her .  Th e goa l  o f  self -
estee m ha s bee n realize d an d th e dreame r  i s no w i n a  positio n wher e h e i s n o longe r 

threatene d b y th e w o m a n .  I n fact ,  th e m e n no w eve n tak e th e offensiv e an d "giv e he r 
shi t  fo r  [pointin g th e gu n a t  him]. "  Give n th e experimenta l  design ,  w e d o no t  hav e 

enoug h informatio n abou t  S  t o kno w th e natur e o f  th e persona l  goa l  tha t  m a y b e 
underlyin g thi s devian t  action ;  i t  is ,  o f  course ,  temptin g t o postulat e s o m e sor t  o f  sexua l 

motif ,  whic h woul d presumabl y violat e th e constraint s o f  a  range r  patro l  script . 

In conclusion, it might be useful to compare and contrast our analysis of night dreams 

wit h variou s aspect s o f  Muelle r  &  Dyer' s (1985 )  D A Y D R E A M ER model ,  whic h mus t 
serv e a s a  touchston e fo r  an y subsequen t  theor y o f  drea m production .  First ,  nigh t 
dream s usuall y begi n wit h a  mor e elaborat e re-presentatio n o f  th e situationa l 
description ,  often ,  a s i n th e abov e example ,  i n a  metaphori c proble m space .  Second , 
i n D A Y D R E A M E R,  emotion s activat e contro l  goal s whic h result s i n daydreaming . 
Similarly ,  w e foun d anger ,  probabl y als o accompanie d b y humiliation ,  t o activat e th e 
persona l  goa l  o f  restorin g self-esteem ,  whic h result s i n thi s nigh t  dream .  Third ,  i n 
D A Y D R E A M ER ther e ar e bot h contro l  goal s (rationalization ,  revenge ,  failure/succes s 
reversals ,  an d preparation) ,  whic h guid e th e scenari o generator ,  an d conflictin g 
persona l  goal s (health ,  food ,  sex ,  friendship ,  self-esteem ,  love ,  achievement ,  etc.) .  I n 
our  analysis ,  w e foun d tha t  th e persona l  goa l  o f  self-estee m appear s t o functio n a s a 
to p leve l  "contro l  goal "  an d guide s th e scenari o generator ,  wherea s wha t  Muelle r  & 
Dyer  (1985 )  calle d contro l  goal s appea r  t o functio n a s strategie s i n th e servic e o f  th e 

persona l  goa l  o f  restorin g self-esteem .  Fourth ,  i n D A Y D R E A M ER "th e basi c 
mechanis m fo r  scenari o generatio n i s plannin g .. .  i.e. ,  generatin g a  sequenc e o f 

action s necessar y t o achiev e a  goal "  (p .  124) .  Similarly ,  i n ou r  analysis ,  script s 
functio n a s th e skeleta l  structur e o f  th e plannin g mechanism .  Nigh t  dream s do ,  o f 
course ,  diffe r  fro m daydream s i n thei r  hallucinator y quality ,  i n thei r  relativ e absenc e o f 
sensor y stimulatio n an d it s processing ,  an d i n th e relinquishmen t  o f  a n Active-I ,  s o a n 
eventua l  a  mode l  o f  nigh t  dreamin g shoul d b e discriminate d fro m a  mode l  o f 
daydreaming . 
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Relative-Positio n Encodin g fo r  Connectionis t  Dat a Structure s 
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New Mexic o Stat e Universit y 

DATA STRUCTURING IN CONNECTIONIST SYSTEMS 

The challenge presented to connectionism by high-level cognitive processing — which includes 
reasoning ,  planning ,  an d som e aspect s o f  natura l  languag e understandin g — i s gainin g increasin g recog -

nition ,  an d attempt s t o mee t  i t  ar e becomin g mor e common .  Th e mai n technica l  difficultie s ar e liste d i n 

Bamden (1983 ,  1984 ,  1986 ,  1988a) ,  McDermot t  (1986 )  an d Norma n (1986) .  The y includ e th e well -

known variable-bindin g proble m an d th e proble m o f  accountin g fo r  complex ,  temporary ,  nove l  dat a 

structures .  A n exampl e o f  suc h a  dat a structvu- e i s a n interna l  renderin g o f  th e informatio n i n th e sen -

tenc e "Joh n believe s tha t  Pa t  get s angr y wheneve r  T o m talk s abou t  goin g t o Tibet" . 

Tli e thesi s o f  thi s pape r  i s tha t  a  promisin g wa y t o approac h th e mentione d challeng e i s t o encod e 

comple x temporar y dat a structure s b y mean s o f  tw o somewha t  atypica l  techniques ,  whic h I  cal l 

"Relative-Positio n Encoding"(RPE )  an d "Pattern-Similarit y Association "  (PSA) .  Thes e ar e answer s t o 

th e followin g question ,  whic h lie s a t  th e hear t  o f  th e technica l  difficultie s mentione d above : 

The Temporary-Associatio n Questio n 

H ow ar e piece s o f  informatio n pu t  int o temporar y associatio n wit h eac h othe r  i n a  connec -
tionis t  system ? (Fo r  instance ,  ho w ar e th e differen t  part s o f  a  comple x temporar y propositio n 

put  togetlier ? H o w ar e variable s boun d t o values? ) 

A variet y o f  coimectionis t  technique s hav e bee n propose d i n answe r  t o this .  I t  i s  har d t o categoriz e 

the m satisfactorily ,  bu t  th e followin g roug h classificatio n wil l  suffic e fo r  presen t  purposes : 

•  weight-chang e technique s 

•  binde r  technique s 

•  pattern-relationshi p technique s (includin g PSA ) 

•  positiona l  technique s (includin g RPE) . 

Thes e classe s shoul d b e though t  o f  a s possibly-overlappin g region s withi n a  comple x spac e o f  possibili -

ties ,  rathe r  tha n a s bein g rigidl y delineated . 

Weight-chang e technique s involv e temporar y weigh t  change s o n comiectio n path s betwee n node s 

or  subnetwork s representin g th e infoiTnatio n item s t o b e pu t  int o association .  A n (excessively )  simpl e 

exampl e woul d b e a  temporar y weigh t  increas e o n a  singl e connectio n betwee n tw o networ k nodes ,  o f 
whic h on e represent s th e ide a o f  bein g hungr y an d th e othe r  a  particula r  person ,  John :  th e inten t  bein g 

t o temporaril y  represen t  th e propositio n tha t  Joh n i s hungry .  Mor e comple x example s woul d involv e 

weigh t  change s o n group s o f  connection s o r  connectio n chain s joinin g larg e an d possibl y distribute d 

set s o f  nodes ,  hnportan t  recen t  example s o f  weight-chang e teclmique s ar e provide d b y system s usin g 
multiplicativ e connection s [Pollac k 1987 ]  o r  programmabl e network s [McClellan d 1986] . 

The simple r  form s o f  binde r  techniqu e involv e a  temporar y activatio n chang e o n a  "binder "  nod e 

dedicate d t o th e particula r  combinatio n o f  node s o r  subnetwork s representin g th e informatio n item s t o 
be pu t  int o association .  Mor e comple x form s o f  binde r  techniqu e allo w th e binde r  t o b e a  subnetwor k 

rathe r  tha n a  singl e node ,  and/o r  allo w differen t  activatio n stale s o f  th e binde r  t o indicat e differen t  bind -

ings .  Smolensk y (1987 )  ha s provide d a  genera l  framewor k encompassin g binders .  Binder s appea r  i n th e 

system s o f  Cottrel l  (1985) ,  Derthic k (1987) ,  Touretzk y &  Hinto n (1985) ,  an d others . 

The binde r  i s usuall y cormecte d i n a  straightforwar d wa y t o th e nodes/subnetwork s i t  ca n bind ,  an d 

i n tha t  cas e a n unusua l  activatio n leve l  o n tli e binde r  ca n b e construe d a s a  temporar y markin g o f  a  con -

nectio n chai n joinin g thos e node s (cf .  Feldman' s (1982 )  dynami c connections) .  Th e binde r  techniqu e i s 
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thereb y closel y relate d t o weight-chang e techniques . 

I n patteni-relationshi p techniques ,  th e temporar y associatio n consist s o f  th e exploitatio n o f  som e 

give n relatio n o n activatio n patterns .  A n exampl e i s provide d b y th e "reduce d descriptions "  techniqu e 

IHinto n 1987 ,  Touretzk y &  Gev a 1987J .  However ,  wha t  i s mor e relevan t  t o th e presen t  pape r  i s a  spe -

cia l  typ e o f  pattern-relationshi p technique ,  calle d "Pattern-Similarit y Associatio n (PSA) "  tecliniques .  A 

(over)simpl e exampl e o f  th e ide a i s a s follows .  Imagin e tw o subnetwork s h  an d j ,  eac h divide d int o tw o 

part s calle d th e Informatio n Par t  an d th e Associato r  Part .  Th e temporar y propositio n tha t  Joh n i s 

hungr y coul d b e encode d b y lettin g th e Informatio n Part s o f  j  an d h  contai n activit y pattern s represent -

in g Joh n an d th e ide a o f  bein g hungry ,  respectively ,  an d lettin g th e Associato r  Part s o f  h  an d j  contai n 

th e sam e activit y patter n X .  Th e subnetwork s h  an d j  ar e deeme d t o b e temporaril y  associate d b y virtu e 

of  thi s equalit y o f  thei r  "associator "  pattern s (X) .  I n mor e sophisticate d version s o f  th e ide a th e 

require d similarit y o f  pattern s nee d no t  b e equality ,  and ,  i n principl e a t  least ,  ther e nee d b e n o separat e 

Associato r  subnetwork s — associato r  pattern s coul d b e mixe d i n wit h informatio n patterns . 

Ther e i s a  sens e i n whic h P S A technique s ar e reall y binde r  technique s o f  a n advance d sort .  I n th e 

simpl e exampl e above ,  i f  severa l  Associato r  Part s contai n th e sam e activit y patter n X ,  the n th e unio n Of 

llies e subnetwork s ca n b e construe d a s a  binde r  containin g a  specifi c  activatio n patter n indicatin g th e 

bindin g togethe r  o f  th e subnetworks .  Th e binder s thu s defined ,  bein g union s o f  Associato r  Parts ,  ar e 

liighl y distributed ,  overlappin g subnetworks .  The y ar e s o differen t  fro m th e binder s usuall y entertaine d 

i n connectionis t  model s tha t  i t  i s  wort h isolatin g P S A technique s a s a  specia l  class . 

Limite d form s o f  positiona l  techniqu e cro p u p i n man y connectionis t  systems ,  especiall y thos e 

concerne d wit h visua l  perception .  Th e ide a i s bes t  approache d b y mean s o f  a  simpl e prototypica l  exam -

ple .  Conside r  a  word-perceptio n syste m tha t  ha s a  separat e register-lik e subnetwor k fo r  eac h lette r  posi -

tio n i n words .  A  particula r  patter n o f  activatio n distribute d ove r  th e it h subnetwor k woul d represen t  th e 

presenc e o f  a  particula r  lette r  a t  positio n i .  Implicitly ,  therefore ,  th e pattern s o f  activatio n i n th e subnet -

work s encod e temporar y association s — relativ e position s — o f  letter s i n a  word .  Thus ,  th e teclmiqu e 

i s terme d "positional "  becaus e temporar y associatio n i s achieve d merel y b y placin g suitabl e activatio n 

patterns ,  encodin g th e informatio n item s t o b e associated ,  i n suitabl e "positions "  i n th e tota l  netM'ork . 

Tlier e i s n o weigh t  change ,  activatio n o f  binders ,  o r  us e o f  specia l  associato r  patterns .  (Th e nam e o f  th e 

positiona l  techniqu e doe s no t  deriv e fro m th e fac t  tha t  wha t  i s Qnco^e d i n man y application s i s positio n 

i n word s o r  som e othe r  typ e o f  space. ) 

The (quasi-)cormectionis t  sentence-parsin g syste m o f  Chamia k &  Santo s (1987 )  use s a  mor e 

interestin g an d advance d positiona l  techniqu e tha t  i s highl y german e t o thi s paper .  Th e mode l  i s cen -

tere d o n a  tw o dimensiona l  arra y o f  registers ,  whic h coul d i n principl e b e implemente d a s connectionis t 

subnetworks .  B y puttin g th e register s int o suitabl e state s representin g syntactica l  categories ,  th e arra y 

can hol d pars e trees .  Th e tre e structur e i s encode d t o a  significan t  exten t  b y th e relativ e positionin g o f 

state s i n registers .  W e therefor e cal l  th e techniqu e a  for m o f  "Relative-Positio n Encodin g (RPE)" . 

The workin g hypothesi s that ,  t o addres s tJi e abovementione d "challenge "  adequately ,  wha t  i s 

neede d i s a n advance d for m o f  R P E ,  ha s underlai n m y o w n developmen t  o f  connectionis t  model s 

[Banide n 1985 ,  1986 ,  1987 ,  1988a,bJ ,  whic h ha s proceede d independentl y fro m th e wor k o f  Chamia k 

and Santos .  Th e nex t  sectio n wil l  sketc h m y presen t  model ,  calle d "Conposit" ,  whic h relie s o n a n 

R PE techniqu e broadl y simila r  t o tha t  o f  Chamia k &  Santos ,  bu t  mor e genera l  an d thorough-goin g 

tha n theirs .  Conposi t  make s crucia l  use ,  too ,  o f  a  P S A technique . 

SKETCH OF CONPOSIT 

This section is of necessity highly simplified, and concentrates on Conposit's representational tools 

rathe r  tha n it s processin g methods .  Representatio n an d processin g detail s ca n b e foun d i n Bamde n 

(1986 )  supplemente d b y Bamde n (1987 ,  1988a,b) . 
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Conposi t  i s  currentl y onl y "quasi-conncctionisl" .  i n th e sens e o f  bein g a  computationa l  architec -

tur e whos e component s ca n b e straightforwardl y implemente d i n connectionis t  term s [se e Barnde n 198 6 

fo r  som e suggestions] .  A  detaile d coimcctionis l  implementatio n wil l  b e simulate d i n futur e research . 

Tli e two-stag e strateg y adopte d — mappin g informatio n processin g t o a n intermediate-leve l  model ,  an d 

late r  mappin g tJii s  t o tli c  detaile d coimeclionis t  leve l  — i s don e i n a  spiri t  analogou s t o goo d desig n 

practic e i n compute r  science .  Th e intermediat e leve l  ha s al l  alon g bee n constraine d b y th e nee d fo r  late r 

connectionis t  implementation . 

The version s o f  Conposi t  simulate d t o dat e ar e centere d o n a  32x3 2 arra y o f  registers ,  calle d th e 

"configuratio n matri x  ( C M ) " .  (Th e small ,  2 D natur e o f  th e C M i s motivate d b y th e fac t  tha t  Conposi t 

i s  intende d t o b e a  rough ,  preliminar y mode l  o f  high-leve l  processin g i n brai n cortex ,  an d th e C M i s 

take n t o b e implemente d a s a  smal l  regio n o f  th e cortica l  shee t  Individua l  register s ar e take n t o b e 

implemente d a s cortica l  columns. )  Th e purpos e o f  th e C M i s t o hol d temporar y dat a structure s bein g 

manipulate d i n reasonin g an d othe r  high-leve l  cognitiv e tasks .  Conposi t  a s currentl y simulate d ha s n o 

long-ter m memor y fo r  dat a structures ,  bu t  se e Banide n (1986 )  fo r  a n L T M proposal . 

The conten t  o f  th e C M a t  an y moment  i s give n b y a  functio n o  fro m th e C M register s t o a  stat e 

set  B .  Eac h member  o f  B  i s a n ordere d pai r  (s ,  h) ,  wher e ̂  i s  a  "symbol "  an d h  i s a  vecto r  o f  O N / O F F 

value s fo r  a  fixed  se t  o f  "highlightin g flags".  Bot h s  an d h  fo r  a  give n registe r  i n th e C M ar e assume d 

t o b e implemente d a s activatio n pattern s ove r  par t  o f  th e smal l  neural/coimectionis t  subnetwor k formin g 

th e implementatio n o f  th e register .  An y symbo l  ca n b e place d i n an y register .  A  symbo l  ma y hav e a 

specifi c  representationa l  function ,  suc h a s denotin g a  particula r  perso n o r  a  particula r  typ e o f  relation -

shi p amon g people .  Th e significanc e o f  highlightin g wil l  becom e apparent . 

Tli e association s betwee n th e part s o f  a  temporar y dat a structur e ar e encode d b y (a )  adjacenc y 

relationship s amon g value s i n C M registers ,  ofte n supplemente d b y (b )  sharin g o f  symbol s b y severa l 

registers .  Th e R P E an d P S A aspect s o f  Conposi t  resid e i n (a )  an d (b )  respectively .  Th e encodin g i s 

exemplifie d b y th e Figur e below ,  whic h show s a  possibl e stat e o f  a  regio n withi n th e C M . 
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TIli s  regio n contain s a  representatio n o f  th e propositio n tha t  Bil l  believe s tha t  Joh n love s Mary .  Eac h 

squar e show s a  register .  Tli e word s an d capita l  lette r  X  indiact e specifi c  symbol s s .  Absenc e o f  symbo l 

wor d indicate s a n occurrenc e o f  a  specia l  "null "  symbol .  Th e spade ,  heart ,  "r '  an d 'g '  symbol s indi -

cat e ONnes s o f  fou r  specifi c  highlightin g flags,  calle d black ,  white ,  re d an d gree n respectively .  Th e 
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symbol  L O V E permanentl y denote s th e clas s o f  al l  possibl e situation s i n whic h on e perso n love s 
another .  An y registe r  containin g thi s symbo l  als o temporaril y  denote s tha t  class .  An y white -
highlighte d registe r  adjacen t  t o a  LOVE-containing ,  black-highlighte d registe r  i s deeme d t o denote , 
temporarily ,  a  member  o f  th e clas s — tha t  is ,  a  lovin g situation .  Suc h a  registe r  appear s nea r  th e mid -
dl e o f  th e Figure .  An y red-highlighte d registe r  adjacen t  t o a  registe r  denotin g a  lovin g situatio n i s 
deemed t o denot e th e agen t  o f  th e loving ;  similarl y fo r  gree n highlightin g an d th e objec t  o f  th e loving . 
Tlius ,  th e uppe r  "subconfiguralion "  o f  registe r  state s show n i n th e Figur e encode s th e propositio n tha t 
Jol m love s Mary . 

So far ,  then ,  temporar y associatio n i s a  matte r  o f  exploitin g th e permanent ,  2 D strucbir e o f  th e 
C M,  b y havin g symbo l  occurrence s an d highlightin g i n suitabl e relativ e positions .  I n fact ,  th e encodin g 
relie s onl y o n th e undirecte d adjacenc y relationship s i n th e CM.  Way s o f  usin g th e C M tha t  mak e 
broade r  appea l  t o th e permanen t  structur e i n th e C M — notabl y b y usin g th e C M a s a  ma p o f  som e 
regio n o f  spac e i n certai n simpl e type s o f  spatia l  reasonin g — ar e discusse d elsewher e [Barade n 1986 , 
1987] . 

The symbo l  X  i n th e Figur e i s on e o f  a  specia l  clas s o f  "unassigned "  symbols ,  tha t  d o no t  per -
manent y denot e anythin g an d ar e aki n t o variable s i n a  logic .  However ,  b y virtu e o f  it s positio n i n th e 
head registe r  (i.e .  th e white-highlighte d one )  i n th e John-loves-Mar y subconfiguratio n i n th e Figure ,  X  i s 
deemed t o temporaril y  denot e th e lovin g situatio n denote d b y tha t  register .  Bu t  X  als o appear s i n 
anothe r  registe r  i n th e Figure ,  an d make s tha t  registe r  als o denot e th e lovin g situation .  Thus ,  symbol -
sharin g i s bein g use d t o temporaril y  associat e register s i n th e sens e o f  makin g the m temporaril y  denot e 
th e sam e thing .  Thi s i s a n instanc e o f  Conposit' s  us e o f  PS A (Pattern-Similarit y  Association) .  Becaus e 
th e lowe r  X-containin g registe r  i n th e Figur e denote s th e situatio n o f  Joh n lovin g Mary ,  th e lowe r 
subconfiguratio n i n th e Figur e encode s th e to p leve l  o f  th e propositio n tha t  Bil l  believe s tha t  Joh n love s 
Mary .  (PS A ca n als o b e use d t o spli t  u p proposition s lik e John-loves-Mar y int o severa l  pieces. ) 

Tli e processin g o f  th e short-ter m dat a structure s i n th e C M i s performe d b y interna l  an d externa l 
"circuitry "  — syste m component s tha t  wil l  b e mappe d straightforwardl y int o a  connectionis t  imple -
mentation .  Th e interna l  circuitr y mediate s mainl y neighbor-neighbo r  interactio n amon g register s i n th e 
C M,  wherea s th e externa l  circuitr y embodie s hardwire d condition-actio n processin g rules .  Rule s ca n 
detec t  particula r  configuration s o f  symbol s an d highlightin g state s i n th e C M,  b y mean s o f  highl y paral -
le l  detectio n circuitr y tha t  involve s furthe r  two-dimensiona l  registe r  array s calle d locatio n matrice s (se e 
below) .  Th e respons e o f  a  rul e i s t o sen d a  comple x sequenc e o f  " C M signals "  t o th e CM.  Th e gen -
eratio n o f  th e sequenc e ca n involv e conditional s (testin g th e C M state) ,  loops ,  an d a  simpl e for m o f 
non-recursiv e routin e calling .  A  C M signa l  affect s th e C M i n a  highl y SIMD-like ,  register-local ,  paral -
le l  fashion :  th e signa l  i s  distribute d identicall y t o eac h C M register ,  whereupo n differen t  register s 
chang e stat e differently ,  accordin g t o thei r  ow n curren t  state s an d thos e o f  thei r  immediat e neighbors . 

A C M signa l  ca n hav e on e o f  a  numbe r  o f  effects ,  suc h as :  changin g th e state s o f  som e highlight -
in g flags  i n eac h registe r  tha t  i s  highlighte d i n som e specifie d wa y an d tha t  ha s a t  leas t  on e neighbo r 
highlighte d i n som e othe r  specifie d way .  I t  i s als o possibl e fo r  a  signa l  onl y t o hav e a n effec t  o n a  ran -
doml y chose n registe r  satisfyin g th e highUghtin g conditions ,  rathe r  tha n o n eac h suc h register .  Bamde n 
[1986 ]  detail s ho w th e signal s ca n b e use d t o proces s dat a structures ,  and ,  i n particular ,  t o fm d fre e 
spac e for ,  an d the n create ,  ne w dat a su-ucture s i n CMs .  Specifi c  informatio n processin g task s ar e 
reporte d o n i n th e nex t  section . 

Althoug h tlier e i s n o spac e her e fo r  a  detaile d account ,  tlier e i s a  sens e i n whic h th e binde r  tech -
niqu e fo r  temporar y associatio n i s use d behin d tli e scenes .  Th e binder s ar e th e element s o f  som e o f  th e 
"locatio n matrices"(LMs )  allude d t o earlier .  A n L M i s a  32x3 2 matri x o f  registers ,  eac h containin g a n 
ON o r  OF F value .  Suppos e fo r  instanc e tha t  th e syste m contain s a  hardwire d rul e triggere d b y th e pres -
ence i n th e C M o f  a  lovin g situation .  Tlie n th e syste m mus t  contai n a  certai n L M wit h th e followin g 
property :  a n O N valu e a t  an y positio n (x.y )  i n th e L M indicate s tha t  registe r  (.x,y )  o f  th e C M currentl y 
denote s a  lovin g situation .  Mor e precisely ,  suc h a  C M registe r  i s whit e highUghtc d an d ha s a  black -
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highlighte d neighbo r  containin g (h e L O V E symbo l  (recal l  th e Figure) .  T o cu t  a  lon g stor y short ,  th e 

(x,y )  registe r  i n th e L M receive s a  connectio n pat h fro m th e CM' s (x,y )  registe r  an d eac h neighborin g 

C M register .  A s a  result ,  ONnes s a t  (x,y )  i n th e L M ca n b e viewe d a s indicatin g th e temporar y associa -

tio n o f  th e C M (x,y )  registe r  an d it s black-highlighte d neighbor .  Therefore ,  th e L M (x,y )  register , 

whic h i s implemente d a s a  connectionis t  subnetwork ,  i s  actin g a s a  binder . 

But  i t  i s  essentia l  t o realiz e tha t  Conposit' s  R P E i s independen t  o f  suc h binders ,  i n th e sens e tha t 

the y serv e onl y th e subconfiguration-̂ erecr/o/ i  need s o f  hardwire d rules :  the y ar e no t  brough t  i n b y th e 

shee r  requiremen t  o f  representation .  Thi s i s underscore d b y tw o observations .  (1 )  Rule s ca n analyz e 

dat a structure s b y traversin g them ,  throug h th e us e o f  highlightin g movement s i n th e C M ,  withou t  hav -

in g first  detecte d the m b y mean s o f  th e binder s i n L M s .  (2 )  Late r  version s o f  Conposi t  wil l  contai n 

secondar y C M s use d fo r  short-ter m storag e purpose s only ,  an d havin g n o attache d LMs . 

On th e othe r  hand ,  Conposit' s  P S A ca n b e construe d a s bein g base d o n binder s — o f  a  highl y 

atypica l  natur e — i n th e wa y describe d i n th e firs t  section . 

S I M U L A T I O NS O F C O N P O S IT 

The simulations (performed on NASA's Massively Parallel Processor) incorporate timing delays 

base d o n crud e bu t  reasonabl e neura l  implementatio n assumption s [Bamde n 1986] .  E.g. :  2  millisecond s 

i s allowe d fo r  eac h logica l  gatin g operatio n i n th e neura l  "loca l  circuits "  hypothesize d t o exis t  i n C M 

register s [Barnde n 1986] ;  speed s o f  1  an d 1 0 meters/secon d ar e assume d fo r  shor t  an d lon g neura l  signa l 

trave l  respectively ;  an d hardwire d rul e circuitr y i s generousl y assimie d t o b e 5c m awa y fro m th e C M . 

Tlierefore ,  ther e i s a  significan t  transmissio n dela y ( 5 milliseconds )  ove r  lon g distances . 

Barnde n (1988a )  report s experiment s wit h tw o version s o f  Conposit .  Th e firs t  incorporate s pro -

ductio n rule s fo r  commonsens e reasoning ,  on e o f  whic h ca n b e paraphrase d as :  i f  a  perso n X  love s a 

perso n Y  wh o love s a  perso n Z  (differen t  from  X) ,  the n X  i s jealou s o f  Z .  Suc h rule s exercis e 
Conposit' s  handlin g o f  variabl e bindings .  Th e rul e execute s i n 51 5 millisecond s o f  simulatio n time . 

The rul e deal s wit h an y situatio n satisfyin g th e rul e conditio n (an d se t  u p a s th e initia l  stat e o f  th e C M ) , 

withou t  massiv e duplicatio n o f  circuitr y fo r  differen t  binding s o f  th e variables . 

The secon d Conposi t  versio n i n Bamde n (1988a )  convert s a  simplifie d for m o f  pars e tre e fo r  a n 

activ e sentenc e int o th e pars e tre e fo r  th e correspondin g passiv e sentence ,  i n 106 3 millisecond s o f  simu -

latio n time .  Th e conversio n parallel s a  tas k performe d b y th e connectionis t  productio n syste m o f 

Touretzk y (1986) .  Th e initia l  tre e i s give n a s th e initia l  stat e o f  th e C M ,  an d Conposi t  replace s i t  b y th e 

new tree .  Th e rul e ha s n o massiv e duplicatio n o f  circuitr y fo r  differen t  choice s o f  wor d i n th e sentence . 

The Conposi t  versio n describe d i n Bamde n (1988b )  engage s i n syllogisti c reasoning ,  b y embody -

in g som e cor e aspect s o f  tli e Johnson-Laird' s "menta l  model "  theor y [se e e.g .  Johnson-Lair d &  Bar a 
1984] .  (Conposi t  coul d als o accommodat e mor e conventiona l  logica l  processin g o f  syllogisms. )  A n 

exampl e syllogis m is :  "Som e athlete s ar e beekeepers ;  al l  beekeeper s ar e chemists :  therefore ,  som e ath -

lete s ar e chemists" .  Thi s i s represente d i n th e C M b y propositiona l  subconfiguralion s analogou s t o 
(hos e i n th e Figur e above .  Conposit' s  syllogism-processin g rule s (whic h involv e n o massiv e duplicatio n 

of  circuitr y fo r  differen t  choice s o f  objec t  categorie s i n syllogisms )  us e th e syllogis m premise s t o con -

struc t  a  rando m Jolmson-Lair d menta l  mode l  — a  sor t  o f  exampl e situatio n involvin g severa l  athclete , 

beekeepe r  an d chemis t  "tokens" .  A  ml e the n check s whethe r  th e syllogis m conlcusio n i s consisten t 

wit h th e menta l  model .  Conposi t  ca n ru n throug h a  syllogis m (whic h involve s 6  rul e firings,  an d th e 

creatio n o f  1 5 token s o n average )  ii i  abou t  2. 5 second s o f  simulatio n time .  Thi s appear s t o b e fas t 

enoug h fo r  psychologica l  plausibility ,  judgin g b y th e time s allowe d t o huma n subject s i n Jolmson -
Laird' s experiments . 
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C O N C L U S I ON 

In response to Uie "challenge" mentioned in tlie first section, McDermott (1986) has advocated 

system s tha t  contai n symbol s — reproducibl e pattern s o f  network-nod e activit y tha t  ca n hav e distinc t 

simultaneou s occurrences .  Conposi t  i s  base d o n jus t  suc h symbols .  Thei r  us e i n a  Relative-Positio n 

Encodin g technique ,  combine d wit h Pattern-Similarit y Association ,  lead s t o a  (quasi-)connectionis t  sys -

te m capabl e o f  comple x high-leve l  symboli c informatio n processing . 

Tli e temporary-associatio n method s use d b y Conposi t  ar e particula r  point s i n a  ric h spac e o f  tech -

nique s fo r  th e analysi s o f  whic h a  genera l  unifyin g framewor k woul d b e beneficial .  Th e followin g 

comment s explai n th e intuitiv e basi s o f  a  genera l  framewor k tha t  I  a m ciurentl y devising ,  t o accommo -

dat e th e classe s o f  techniqu e discusse d i n th e first  section ,  an d thereb y t o illuminat e thei r  relationships . 

I n particular ,  th e relationshi p o f  binde r  technique s an d P S A technique s need s furtJie r  claiification . 

The variou s technique s discusse d embod y way s o f  T E M P O R A R I LY exploitin g P E R M A N E NT 

structur e t o achiev e T E M P O R A RY association .  I n th e weight-chang e cas e th e permanen t  stnictur e i s 

some se t  o f  connectio n chain s i n th e tota l  network ,  an d th e associatio n i s achieve d b y temporaril y 

exploitin g connectio n chain s i n th e sens e o f  puttin g the m int o particula r  temporar y states .  Th e binde r 

cas e i s similar ,  bu t  th e exploitatio n consist s o f  changin g th e activatio n o f  intermediat e node s i n connec -

tio n chains .  I n th e pattern-relationshi p case ,  a t  leas t  i n th e specia l  cas e o f  PSA ,  th e permanen t  structur e 

exploite d i s th e appropriat e type(s )  o f  similarit y amon g activatio n patterns ,  an d th e exploitatio n i s th e 

placin g o f  simila r  pattern s i n suitabl e networ k regions .  I n th e positiona l  case ,  tli e permanen t  structur e 

exploite d i s th e wa y som e register-lik e subnetwork s ar e arrange d i n th e tota l  syste m architecture ,  an d th e 

exploitatio n consist s o f  th e placin g o f  suitabl e activatio n pattern s i n th e registers . 

I t  i s  illuminatin g t o appl y thi s unifyin g vie w o f  temporar y associatio n (a s temporar y exploitatio n 

of  permanen t  structure )  t o th e wa y i t  i s  achieve d i n primar y storag e i n ordinar y computers .  Th e associa -

tion s ar e achieve d i n temporar y state s o f  th e stor e tha t  exploi t  variou s type s o f  permanen t  structiû e . 

The sequentia l  allocatio n techniqu e fo r  dat a structuring ,  wher e fo r  instanc e tfi e item s i n a n arra y ar e 

place d i n sequenc e i n som e se t  o f  consecutiv e locations ,  exploit s th e tota l  orde r  o n th e se t  o f  storag e 

locations .  Th e pointe r  o r  linkin g techniqu e fo r  achievin g dat a structurin g exploit s th e (partial )  functio n 

fro m bit-strings ,  construe d a s addresses ,  t o locations .  A  simpl e fon n o f  conten t  addressing ,  i n whic h 

tw o location s containin g th e sam e (sub)strin g o f  bit s ma y b e considere d t o b e currentl y associated , 

exploit s similarit y relationship s amon g bit-strings .  I n sum ,  sequentia l  allocation ,  conten t  addressin g 

and Unkin g temporaril y  exploi t  permanen t  strucmr e define d ove r  th e se t  o f  locations ,  lli e se t  o f  possibl e 

bit-stiings ,  an d th e mappin g fro m bit-string s t o locations ,  respectively . 

I t  shoul d b e obviou s ho w thi s vie w o f  computer s ca n b e modifie d t o cove r  R P E an d P S A i n Con -

posit ,  takin g th e C M t o pla y th e rol e o f  th e stor e an d ignorin g th e linkin g technique .  I  a m hopin g t o 

exten d th e vie w t o cove r  positiona l  an d pattem-relaticmshi p technique s mor e generally ,  an d t o encom -

pas s als o th e binde r  an d weight-chang e classe s o f  technique .  Particula r  task s t o b e face d i n constructin g 

suc h a  genera l  framewor k wil l  b e t o relat e i t  t o certai n othe r  genera l  frameworks ,  suc h a s Smolensky' s 

(1987 )  accoun t  o f  roles ,  fillers,  an d variables ,  an d Wallers '  (1987 )  accoun t  o f  coimeclionis t  infonnatio u 

encoding . 
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A b s t r a c t 

People can learn simply from observation, without ex-
plici t  feedback .  Natura l  languag e acquisitio n i s  per -
hap s th e mos t  spectacula r  example ,  bu t  unsupervise d 
learnin g occur s i n man y domains .  W e presen t  1 )  a 
tas k analysi s o f  a  broa d clas s o f  unsupervise d learn -
in g problem s an d 2 )  a n initic d simulatio n base d o n 
th e tas k analysi s whic h successfull y learn s al l  th e rul e 
type s identifie d i n th e analysis .  Ou r  tas k anjilysi s 
characterize s system s o f  interpredictiv e correlationa l 
rule s whic h coul d b e th e basi s fo r  categor y formatio n 
i n unsupervise d learning .  Fo r  example ,  observatio n 
of  variou s animal s coul d lea d t o abstractin g covaria -
tio n rule s amon g wings ,  feathers ,  an d flight,  an d als o 
among fins,  scales ,  an d swimming .  Thes e rule s i n tur n 
coul d for m th e basi s fo r  th e categorie s bir d an d fish . 
Our  analysi s identifie s thre e type s o f  predictiv e fea -
ture s an d thre e type s o f  rule s whic h ma y b e avsiilabl e 
i n input :  universal ,  contrastive ,  an d exception-base d 
rules .  Thi s analysi s guide d desig n o f  ou r  learnin g pro -
cedures .  Ou r  simulatio n succeed s i n learnin g Jil l  thre e 
rul e types .  Thi s i s difficul t  becaus e procedure s whic h 
facilitat e learnin g on e rul e typ e ma y inhibi t  learn -
in g another .  Further ,  ou r  simulatio n i s  restricte d i n 
psychologicall y motivate d way s an d succeed s despit e 
thes e requirements .  W e kno w o f  n o othe r  simulatio n 
or  modelin g projec t  whic h addresse s exactl y thi s clcis s 
of  learnin g problems .  Ou r  result s demonstrat e th e ex -
istenc e o f  successfu l  procedures .  However ,  w e believ e 
our  mos t  valuabl e contribution s ar e ou r  tas k analy -
si s an d framewor k fo r  testin g th e powe r  an d limit s o f 
domain-genera l  learnin g procedure s applie d t o unsu -
pervise d learnin g problems . 

In t roduc t io n 

What procedures allow learners to discover cate-

gorie s fro m observatio n o f  instances ? W h e n con -

trastiv e feedbac k i s provide d peopl e (an d comput -

ers )  ca n us e thi s t o guid e learning .  W h e n discrimi -
nativ e feedbac k abou t  categor y membershi p i s no t 

*  W e than k Richar d Billingto n an d Lyl e Ungso -  fo r  valu -
abl e inpu t  an d discussio n abou t  thi s research . 

provided ,  a  greate r  burde n i s place d o n th e learne r 

t o discove r  structur e i n inpu t  an d se t  u p sensibl e 

categories .  O u r  projec t  investigate s wha t  learn -

in g procedure s ar e sufficien t  fo r  successfu l  learnin g 

unde r  thes e conditions .  O n e goa l  o f  th e projec t 

i s t o develo p a  successfu l  learnin g program ;  th e 

mor e fundamenta l  goa l  i s  t o develo p a  mode l  o f 

th e learnin g tas k whic h wil l  allo w u s t o investi -

gat e th e effect s o f  componen t  learnin g procedure s 
on differen t  aspect s o f  th e learnin g problem . 

O ur  cor e principl e fo r  explainin g observationa l 

learnin g i s  internall y generate d feedback :  learn -

er s compar e predicte d an d observe d propertie s 

an d us e th e matc h o r  mismatc h t o guid e learn -

ing .  W h e n inpu t  provide s interpredictiv e relation s 

a m o ng featur e values ,  thi s structur e ca n b e dis -
covere d usin g interna l  feedback .  Prio r  wor k be -

ga n exploratio n o f  learnin g unde r  thes e constraint s 

[Billm87b] .  Thi s pape r  present s a  mor e sophisti -

cate d model . 

System s o f  correlation s ar e centra l  t o learnin g 

categorie s fro m observation .  Furthermore ,  repre -

sentatio n o f  correlationa l  structur e i s  intimatel y 

linke d t o categor y use :  T h e primar y purpos e o f 

categorie s i s t o organiz e knowledg e t o allo w sensi -

bl e inferences .  Give n enoug h informatio n t o clas -

sif y somethin g a s a  bird ,  thi s license s additiona l  in -
ferences :  fo r  example ,  i t  hatche d fro m a n eg g an d 

wil l  la y egg s i f  female .  I f  w e observ e a  ne w prop -

ert y fo r  som e particula r  bird ,  say ,  eatin g worms , 

we m a y generaliz e tha t  propert y t o othe r  member s 

of  th e sam e category .  Whil e thes e inference s ar e 

certainl y no t  correc t  al l  th e time ,  the y provid e u s 

wit h a  valuabl e wa y o f  extendin g ou r  knowledge . 

Rosc h [Rosch78 ]  ha s pointe d t o th e importanc e o f 

correlation s i n definin g categor y structure .  Sh e 

argued ,  however ,  tha t  correlation s ar e importan t 

i n leadin g a  cultura l  grou p t o discove r  o r  rel y o n 

a category ,  bu t  no t  tha t  individual s us e thi s cor -

relationa l  structur e i n categor y learning .  W e ar e 

intereste d i n h o w a n individua l  migh t  us e discov -
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er y o f  correlation s a s th e basi s fo r  categor y learn -

ing .  Prio r  wor k ha s foun d tha t  individual s d o 

use correlationa l  structur e i n learnin g categorie s 

[Garne74 ,  Billm87b ,  Billm87c] . 

I n unsupervise d learning ,  correlationa l  struc -

tur e i s eve n mor e importan t  tha n whe n categorie s 

ar e designate d fo r  th e learne r  an d explici t  feed -

bac k abou t  membershi p i s provided .  I n learnin g t o 

distinguis h categorie s A  an d B  wit h explici t  feed -

back ,  finding  an y attribut e whic h predict s cate -

gor y membershi p i s  sufficient .  Th e learne r  ha s 

no nee d t o notic e whethe r  variou s predicto r  fea -
ture s covar y wit h on e another .  W h e n n o feed -

bac k i s specifie d externally ,  concep t  learnin g wil l 

be largel y drive n b y discover y o f  interpredictiv e 

relation s amon g featur e values .  Tha t  is ,  subject' s 

m ay discove r  coheren t  pattern s i n th e observe d ex -

ample s an d us e thi s t o se t  u p categories . 

We ca n understan d th e learnin g proble m bet -

te r  b y analyzin g th e structur e whic h i s potentiall y 

availabl e i n input .  Specifically ,  w e ca n identif y 

thre e type s o f  predictiv e rule s an d thre e classe s o f 
features .  T h e thre e type s o f  predictiv e rule s ar e 

universal ,  contrastive ,  an d exception-based .  Uni -
versa l  Tu\e s appl y t o al l  instance s i n th e domain ;  i f 

th e domai n o f  learnin g i s animals ,  the n th e syste m 

shoul d discove r  tha t  al l  animal s ea t  an d breathe . 

Contrastiv e rule s coul d b e use d t o divid e th e do -
mai n int o major ,  contrastin g classes .  I n learnin g 
abou t  a  wid e rang e o f  animals ,  w e wan t  th e sys -

te m t o discove r  tha t  fins,  scales ,  an d swimmin g al l 
go together ,  a s d o wings ,  feathers ,  an d flying.  Dis -

cover y o f  thes e rule s wa s th e initia l  goa l  i n design -

in g th e system .  Cluster s o f  suc h rule s ca n the n 
for m th e basi s fo r  contrastin g categorie s suc h a s 

fish  an d birds .  W e woul d lik e th e syste m t o lear n 

thes e regularitie s eve n whe n exception s occur .  Fi -
nally ,  exception-base d rule s represen t  informatio n 

abou t  th e exception s themselves ;  i f  a n anima l  ha s 

wings ,  bu t  look s lik e i t  i s  dresse d i n a  tuxedo ,  i t 
wil l  no t  fly.  T h e syste m shoul d b e abl e t o lear n 

abou t  bats ,  whales ,  an d penguins . 

Procedure s whic h facilitat e discover y o f  on e 

clas s o f  thes e rule s m a y ofte n inhibi t  learnin g rule s 

of  anothe r  class .  Learnin g universa l  rule s require s 
goo d sensitivit y t o ver y genera l  patterns .  Learn -
in g rule s abou t  exception s require s goo d sensitiv -
it y t o quit e specifi c  patterns .  Learnin g rule s whic h 

woul d for m th e basi s o f  maximall y coheren t  cate -

gorie s require s goo d sensitivit y t o feature s whic h 

ar e relate d t o m a n y othe r  features .  Thu s designin g 
a syste m capabl e o f  learnin g al l  thre e classe s re -

quire s accommodatin g conflictin g demands .  Thi s 

proble m ha s no t  bee n highlighte d i n prio r  work , 

becaus e th e issu e i s m u c h les s importan t  i n learn -

in g wit h feedback .  Specifically ,  ther e i s n o pressur e 

t o lear n universa l  propertie s whe n learnin g cate -

gorie s fro m contrastiv e feedback .  However ,  whe n 

a syste m i s  designe d t o see k goo d predictions ,  i t 

must  b e prevente d fro m focusin g to o m u c h o n vac -

uou s prediction s o f  universa l  properties . 

Paralle l  t o th e thre e type s o f  rule s ar e thre e 

type s o f  features .  Universa l  feature s d o no t  var y 

acros s th e entir e se t  o f  object s i n th e proble m do -

main .  Contrastin g feature s ar e thos e whic h bot h 
var y acros s th e domai n an d covar y wit h othe r  fea -

tures .  Thes e ar e th e feature s whic h w e intuitivel y 

thin k o f  a  definin g separat e classes .  Feature s suc h 

as m o d e o f  locomotion ,  typ e o f  bod y covering ,  typ e 

of  h m b ,  an d distinctiv e locatio n o r  habita t  divid e 

up majo r  classe s o f  animals .  Idiosyncrati c feature s 

ar e highl y variabl e acros s th e domain ,  bu t  d o no t 

generall y covar y wit h othe r  features .  Thei r  predic -

tiv e valu e i s primaril y i n conjunctio n wit h severa l 

othe r  features ,  t o identif y a n individua l  o r  excep -

tion .  Learnin g abou t  penguin s m a y requir e at -
tentio n t o distinctiv e coloring ,  eve n thoug h colo r 

m ay no t  b e widel y predictive .  Ou r  learnin g mode l 

use s thi s analysi s o f  universal ,  contrasting ,  an d id -

iosyncrati c feature s i n th e procedure s whic h con -

tro l  learning . 

P r o b l e m De f i n i t i o n 

Our modeling begins with three fundamental as-
sumption s abou t  learnin g correlationa l  patterns . 
First ,  peopl e an d othe r  cognitiv e system s d o lear n 
abou t  pattern s o f  featur e correlations ,  eve n i n un -

supervise d learning .  Second ,  thi s informatio n i s 

represente d directl y an d locally ,  a s i n classifie r 

[HollaTS ,  Holla86 ]  an d productio n [AKB79 ]  sys -

tems ,  no t  indirectl y i n a  se t  o f  weight s distribute d 

acros s a  syste m [Rumel86] .  Direc t  representa -
tio n o f  rule s allo w othe r  menta l  procedures ,  a s 

i n inferenc e an d transfer ,  t o selectivel y operat e 

on representation s o f  differen t  regularities .  Third , 
al l  thre e type s o f  rules ,  universal ,  contrasting , 
and exception-base d ar e importan t  component s o f 

learnin g abou t  th e correlationa l  structur e i n in -
put .  I n addition ,  w e plac e severa l  constraint s o n 

th e availabl e informatio n an d resources . 

1. The information available to the learner is 

limited .  N o feedbac k i s provide d an d learnin g 
take s plac e fro m unsupervise d observatio n o f 

examples .  M u c h natura l  learnin g i s informa l 

and untutored .  Feedbac k i s  ofte n sporadic . 
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unreliable ,  o r  unavailable .  B y modelin g learn -

in g wit h n o designate d feedbac k w e investi -

gat e th e mos t  difficul t  case ;  model s fo r  learn -

in g wit h feedbac k ca n b e se t  u p a s a n easier , 

specia l  cas e [Billm87c] .  Mos t  researcher s hav e 

addresse d leanin g wit h feedback .  Whethe r 
th e learnin g criteri a i s  predictin g categor y 

membershi p [AKB79 ]  o r  earnin g a s muc h o f 

a targe t  resourc e a s possibl e [Holla86] ,  i t  i s 

directl y specifie d fo r  th e learner .  I n ou r  task , 

th e learne r  mus t  discove r  whic h feature s ar e 

predictabl e a s wel l  ei s whic h feature s ar e pre -

dictive . 

2. Memory, either storage or retrieval, is limited. 

S o me specifi c  informatio n m a y b e preserved . 

However ,  w e d o no t  allo w learnin g procedure s 
whic h operat e ove r  th e se t  o f  previousl y see n 

objects .  Rather ,  a n observatio n affect s th e 

learner' s stat e o f  knowledg e bu t  n o represen -

tatio n o f  th e objec t  a s a n individua l  nee d b e 

retained . 

3. The learner's initial knowledge is limited. 

Learnin g shoul d no t  depen d heavil y o n th e 

initia l  stat e o f  th e learner .  First ,  th e learn -

in g procedur e shoul d b e sufficientl y robus t 
so tha t  th e orde r  o f  presentatio n o f  exam -

ple s doe s no t  profoundl y chang e th e cours e o f 

learning .  Second ,  learnin g shoul d no t  depen d 

on extensiv e prio r  knowledg e o f  th e domain . 

We ar e intereste d i n specifyin g genera l  learn -

in g procedure s whic h ca n appl y eve n wher e 
th e learne r  lack s muc h knowledg e initially . 

4. In general, we want our learning procedures 

t o appl y homogeneousl y acros s rule s withou t 

referenc e t o rul e content .  Thi s approac h con -

trast s wit h thos e wher e th e strengt h o f  th e 

learnin g procedure s depend s o n th e conten t 

of  ol d knowledge . 

There are undoubtedly many circumstances 

wher e th e condition s o f  learnin g ar e no t  s o aus -

tere .  W e ar e intereste d i n investigatin g thi s diffi -
cul t  clas s o f  learnin g problem s becaus e w e believ e 

tha t  thes e circumstance s wil l  tel l  u s mos t  abou t 

th e strength s an d limit s o f  general ,  data-drive n 

learnin g procedures .  W e investigat e learnin g o f 

system s o f  structure d representations ,  give n mini -

mal  initia l  knowledg e an d minima l  informatio n i n 

input .  Ou r  simulatio n operate s unde r  thes e con -

straints . 

Represen ta t i o n 

The representation format is described here. This, 

togethe r  wit h th e procedur e descriptio n t o follow , 

specifie s al l  th e aprior i  informatio n buil t  int o th e 

system .  Th e learnin g mode l  i s independen t  o f  th e 

particula r  domain .  However ,  fo r  a  learne r  t o suc -

ceed ,  inpu t  mus t  provid e a t  leas t  som e contrastiv e 

or  universa l  feature s an d th e learne r  mus t  repre -

sen t  these .  Fo r  thi s implementation ,  th e domai n 
consist s o f  birds ,  fish,  manunaJs ,  whales ,  penguin s 

and bats .  Inpu t  object s ar e represente d a s vector s 

of  featur e values ,  wher e al l  feature s mus t  b e spec -

ified .  Thu s a  typica l  objec t  migh t  b e a  red ,  furr y 

lan d anima l  wit h leg s whic h weigh s 20 0 lbs. ,  an d 

eat s an d breathes . 

Representation of Features 

Both observed objects and internal rules are rep-

resente d i n term s o f  th e sam e se t  o f  features .  Thi s 

featur e se t  i s  no t  currentl y altere d b y learning . 

Th e simulatio n run s reporte d her e use d seve n fea -

tures :  breathe s ( t  o r  f) ,  eat s ( t  o r  f) ,  colo r  (blue , 

yellow ,  red ,  white ,  black ,  green ,  tuxedo ,  brown , 

pink) ,  weigh t  (code d int o 7  distinc t  ranges),  lo -

comotio n mechanis m (legs ,  wings ,  fins),  habita t 

(land ,  air ,  water) ,  an d bod y coverin g (hair ,  feath -
ers ,  scales) .  Eac h featur e ha s tw o associate d pa -
rameters ,  salienc e an d variability .  Featur e salienc e 

i s a  functio n o f  predictiv e succes s acros s al l  th e 

rule s i n whic h th e featur e participate s a s a  pre -

dictor .  Th e featur e variabilit y i s  estimate d fro m 

storin g th e se t  o f  recentl y observe d value s o f  tha t 
feature .  Thi s require s maintainin g minima l  in -

formatio n abou t  th e distribution s o f  featur e val -

ues .  Contrastiv e feature s ar e variabl e an d salient . 

Universa l  feature s ar e homogeneous .  Idiosyncrati c 

feature s ar e variabl e an d hav e lo w salience .  Thi s 

informatio n abou t  feature s i s use d i n th e learnin g 

procedure . 

Representation of Rules 

Knowledge of regularities is represented in con-

ditiona l  rules .  Eac h conditiona l  rul e consist s o f 

a conditio n an d a n impHcation .  Th e conditio n 

specifie s th e value s o f  a  prope r  subse t  o f  th e ob -

servabl e features .  Th e implicatio n specifie s th e 

valu e o f  on e predicte d feature .  A  conditiona l  rul e 

migh t  specif y that ,  i f  somethin g ha s scale s an d 

fins,  the n i t  travel s aroun d i n th e water .  Eac h 

conditiona l  rul e ha s a n associate d strengt h esti -

mate .  Rul e strengt h i s a  functio n o f  th e rule' s 
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predictiv e validity ,  th e salienc e o f  th e feature s i n 

it s condition ,  an d th e variablit y o f  it s predicte d 

feature .  Th e presen t  wor k differ s fro m a n earlie r 

projec t  [Billm87 ]  i n tha t  w e no w allo w multipl e 

feature s i n th e condition .  Thi s i s  a  fundamenta l 

change .  First ,  whe n onl y singl e featur e condition s 

ar e specified ,  i t  i s  feasibl e t o enumerat e al l  th e 

representabl e rules .  The n th e learnin g procedur e 

need onl y selec t  goo d rule s fro m amon g a n ini -

tiall y  instantiate d set .  W h e n multipl e feature s ar e 

allowed ,  th e combinatoria l  explosio n mean s tha t 

th e learne r  mus t  no t  onl y decid e whic h o f  a  num -

ber  o f  rule s i s th e best ,  bu t  i t  mus t  als o gener -

at e thes e rules .  Second ,  i t  change s th e representa -

tiona l  powe r  o f  th e system .  Learnin g highe r  orde r 

regularities ,  subpatterns ,  an d exception s require s 
use o f  multipl e features . 

Procedure 

The learning procedure consists of major and mi-

nor  cycles .  I n th e mino r  cycle ,  object s ar e pre -
sente d t o th e learne r  an d tested .  Th e majo r  cycl e 

remove s wea k rule s an d replace s the m wit h new , 

potentiall y  stronge r  rules .  T h e rule s compet e wit h 

one another ,  wit h thei r  leve l  o f  succes s base d o n 
thei r  abilit y t o explai n th e domain .  Th e rule s 
whic h provid e th e bes t  mode l  wil l  surviv e whil e 
th e other s wil l  b e removed . 

The Minor Cycle 

The learner first picks a random object to exam-

ine ,  sample s a  se t  o f  feature s fro m th e object ,  an d 

the n pick s a  rul e t o tes t  give n th e sample d featur e 
set .  Focuse d samplin g alter s selectio n probabilit y 

of  th e feature s sample d i n observin g a n object . 
I t  direct s attentio n t o feature s whic h hav e prove d 
predictiv e i n th e past .  W h e n a  featur e i s sampled , 

it s variabilit y  i s  updated . 
Wit h multipl e feature s i n th e condition ,  i t  i s 

unlikel y tha t  a  particula r  se t  o f  featur e value s wil l 

find  a n exac t  matc h i n th e conditio n o f  som e rule . 

Thus ,  w e nee d a  partia l  matc h value .  Th e valu e 

i s a  functio n o f  1 )  th e numbe r  o f  conflict s betwee n 
th e rul e an d th e se t  o f  sample d features ,  2 )  th e 

number  o f  matches ,  an d 3 )  th e variabilit y o f  th e 
actio n featur e o f  th e rul e (thi s help s avoi d mak -

in g vacuou s predictions) .  A  rul e i s  the n picke d 

probabilisticall y a s a  functio n o f  it s  matc h score . 

Afte r  a  singl e rul e i s  picke d i t  ca n eithe r  b e 
teste d o r  generalized .  A  rul e i s generalize d i f  som e 
par t  o f  th e rule' s conditio n conflict s wit h som e fea -

tur e value s o f  th e object .  T o generalize ,  w e remov e 

th e conflict s an d ad d th e generalize d rul e bac k int o 

th e rul e base .  Th e generalize d rul e i s no w fre e t o 

compet e wit h th e paren t  rule .  Onl y a  limite d ex -

pansio n o f  th e rul e bas e i s allowe d i n on e majo r  cy -

cle .  I f  a  generalize d rul e i s formed ,  it s predictio n i s 

tested ;  i f  not ,  th e orgina l  rul e i s tested .  I f  th e pre -

dictio n i s correct ,  th e rule' s predictiv e vahdit y an d 

th e salienc e o f  th e feature s i n th e conditio n ar e in -

creased .  I f  unsuccessful ,  the y ar e decreased .  T h e 

modificatio n i s  don e i n accor d wit h a  delt a rule . 

Th e delt a rul e revise s a  paramete r  b y movin g it s 

curren t  valu e a  certai n percentag e close r  t o min -

i m u m o r  m a x i m u m value ,  dependin g o n whethe r 

th e rul e o r  featur e i s bein g increase d o r  decreased . 

The Major Cycle 

A major cycle follows a block of many minor cy-

cles .  Weak rule s ar e droppe d fro m th e rul e bas e 
an d ne w one s inserte d fo r  testing .  N e w rule s ar e 

generate d b y samplin g rando m object s an d creat -

in g rule s wit h condition s containin g value s fo r  al l 

but  on e o f  th e feature s wit h th e remainin g featur e 

i n th e implicatio n par t  o f  th e rule .  Thu s th e ne w 
rule s ar e maximall y specific .  Th e siz e o f  th e rul e 

bas e i s  expande d b y th e numbe r  o f  stron g rule s 
foun d i n th e prio r  bloc k o f  learnin g cycles .  Thi s 
expansio n allow s ne w rule s t o compet e mor e suc -

cessfully .  Finally ,  eac h rule' s predictiv e validit y i s 
decremente d a  fixed  percentage .  Thi s ta x help s 

weake n an d eliminat e irrelevan t  rules . 

Simulation Evaluation 

The primary goal for the initial development phase 
of  th e syste m wa s a  sufficienc y demonstratio n fo r 

a tes t  problem .  W e wante d t o find  a  se t  o f  pro -
cedure s an d paramete r  value s withi n ou r  specifie d 
constraint s whic h succeede d i n learnin g a  substan -

tia l  amoun t  o f  th e structur e availabl e i n th e in -
put .  Give n thi s referenc e point ,  w e coul d the n us e 
th e syste m t o explor e th e effect s o f  varyin g th e 

learnin g parameters .  Thi s repor t  summarize s ou r 
succes s i n constructin g a  syste m whic h meet s thi s 
initia l  desig n goal .  Ou r  primar y succes s criteri a i s 

th e numbe r  o f  targe t  rule s th e syste m ha s learne d 
ove r  a  give n tim e period .  I n addition ,  w e ar e in -

tereste d i n attentiona l  learning ,  tha t  is ,  discover y 

of  th e predictiv e features . 

Descriptive Analysis 

The first method of evaluating rule learning is ex-

aminatio n o f  th e se t  o f  rule s discovere d afte r  a  sig -
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nifican t  learnin g exposure .  W e ca n as k ho w man y 

universal ,  contrastive ,  an d exception-base d rule s 

wer e discovere d an d wha t  th e numbe r  an d natur e 

of  other ,  non-targe t  rule s were .  Below ,  w e describ e 

result s fro m on e simulatio n run .  I t  ha d 4 0 % ex -

ceptiona l  object s i n th e objec t  bas e an d a  mino r 

cycl e o f  40 0 iterations .  W e repor t  th e stron g rule s 

foun d b y th e syste m during  learning ,  fro m amon g 

th e 2 0 rule s stored . 

Afte r  2 0 cycles ,  th e syste m ha d alread y learne d 

rule s abou t  birds ,  fish  an d whales .  I t  ha d als o 

learne d tha t  al l  thing s breathe .  O f  th e nin e rule s 

then ,  on e i s universal ,  five  ar e contrastive ,  an d 

thre e ar e exceptional .  Ther e ar e n o overl y specifi c 

rule s i n th e to p set . 

(Wing s Air )  = > Feather s 
(Fins )  = > Wate r 

Good mastery of exceptions and contrasting 

classe s wa s widesprea d acros s run s wit h differ -

ent  level s o f  exception s an d variou s parameters . 

Withi n th e presen t  syste m configuration ,  univer -

sal  rule s wer e onl y learne d wit h 4 0 % exception s 

i n input .  Exception s ar e importan t  fo r  success -

fu l  generalizatio n sinc e ou r  conservativ e general -

izatio n mechanis m i s drive n b y droppin g conflict -

in g features ,  an d conflict s ar e onl y foun d i n excep -

tions .  Thi s conservatis m als o mean s tha t  incorrec t 

generalization s ar e neve r  found . 

(Feathers )  = > Wing s 

(Water )  = > Fin s 
(Scale s Water )  = > Fin s 

Fins )  = > Wate r 
(Fu r  Fin s Wate r  1000 )  = > Whit e 

(Whit e Fu r  Wate r  1000 )  ̂  Fin s 

(Feather s Wings )  = > Ai r 
(Whit e Fu r  Fin s Water )  = > 100 0 

Ni l  = > Breathe s 

After 40 major cycles, the system learned 

abou t  penguins .  Whil e th e syste m ha d previousl y 

learne d tha t  feather s an d wing s impl y air ,  i t  no w 

know s tha t  i f  th e anima l  i s dresse d i n wha t  ap -

pear s t o b e a  tuxedo ,  w e ca n expec t  t o find  i t  o n 

land .  Als o notic e tha t  ther e i s no w a n extraneou s 
piec e o f  informatio n — (blu e color )  — i n th e sec -

on d ne w rule .  T h e frequenc y o f  blu e fish  hasn' t 

changed ,  bu t  th e salienc e o f  colo r  hci s increased , 

givin g strengt h t o overl y specifi c  rule s suc h a s thi s 

one . 

(Tuxedo Feathers Wings) => Land 

(Scale s Wate r  Blue )  = > Fin s 

By 50 cycles, the system had learned about re-

lation s amon g al l  th e contrastiv e features ,  ha d pre -

dictiv e rule s fo r  eac h typ e o f  exception ,  an d kne w 

th e universa l  propert y o f  breathing .  Thoug h th e 
syste m ha d no t  learne d al l  possibl e predicitivel y 

vali d rules ,  i t  ha d learne d universal ,  contrastive , 

and exception-base d rules . 

(Legs Land) => Fur 

(Brow n Wing s Land )  = > Fu r 

Two new rules were added at 100 cycles. 

P e r f o r m a n c e Statistic s 

During the course of each learning experiment we 

collecte d dat a o n ho w man y o f  th e contrastiv e an d 

universa l  rule s th e syste m ha s learned .  W e d o no t 
includ e exception-base d rule s her e becaus e th e se t 

of  possibl e exception-base d rule s i s s o large .  Ther e 

ar e a  tota l  o f  2 7 contrastiv e an d 2  universa l  rules . 

Th e 2 7 contrastiv e rule s includ e al l  combination s 
of  predictiv e relation s amon g bod y covering ,  habi -

tat ,  an d lim b type .  Thes e for m a n interlockin g an d 

redundan t  se t  o f  predictions ,  fo r  example ,  predic -

tion s tha t  wing s an d feather s impl y flying;  wing s 

impl y flying;  an d feather s implie s flying.  Thus , 
percen t  o f  rule s learne d provide s a  quit e conserva -

tiv e measure ;  wit h respec t  t o th e trainin g domain , 

predictiv e succes s coul d b e perfec t  wit h 9  o f  th e 

27 rules . 

Figur e 1  show s th e result s o f  thi s dat a collec -

tio n fro m run s wit h 0% ,  2 0 % ,  3 0 % ,  an d 4 0 % ex -

ceptions .  Eac h lin e her e i s th e averag e o f  tw o 

run s wit h identica l  parameter s bu t  differen t  ran -
d o m factor s i n selectio n o f  object s t o observ e an d 

rule s t o test .  Give n tha t  ther e ar e exception s a t 
all ,  learnin g i s slowe d wit h a  highe r  proportio n 

of  exceptions .  However ,  a  differen t  patter n hold s 

i n th e run s wit h n o exceptions .  I n thes e runs ,  th e 

syste m ca n onl y lear n a  thir d o f  th e rules ,  an d per -

formanc e quickl y move s t o thi s level .  Ou r  general -

izatio n mechanis m i s ver y conservative .  General -

ization s ar e onl y introduce d whe n a  mor e specifi c 

rul e i s wrong .  W h e n ther e ar e n o exceptions ,  rule s 

abou t  a  pai r  o f  features ,  suc h a s wing s an d feather s 

implyin g air ,  ar e neve r  generalize d further ;  wing s 

implyin g ai r  i s  neve r  produced .  Thus ,  withou t  ex -

ceptions ,  th e syste m quickl y learn s eac h o f  thes e 

nin e predictiv e contrastin g rules .  Thi s i s sufficien t 

t o correctl y predic t  al l  th e contrastiv e regularitie s 
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Figure 2: 20% Exceptions 
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Figure 3: 30% Exceptions 

foun d i n th e learnin g se t  an d i s anothe r  indicato r 

of  th e conservativ e natur e o f  ou r  scorin g rul e a s 

percen t  o f  al l  contreistiv e rules . 

A t t e n t i o n a l  l e a r n i n g 

In addition to learning about predictive rules, the 
syste m als o learn s wha t  feature s ar e predictive . 

Thi s informatio n i s a n importan t  par t  o f  makin g 

knowledg e abou t  th e structur e o f  th e observe d ob -
ject s explicit .  I t  i s  importan t  informatio n t o us e i n 

explainin g transfe r  (negativ e o r  positive )  i n learn -
in g ne w problem s an d m a y als o facilitat e learnin g 
withi n on e problem .  Figur e 2  an d Figur e 3  sho w 

th e salienc e o f  feature s i n th e 2 0 % an d 3 0 % ex -
ceptio n condition s whos e rul e learnin g curve s ap -
pear  i n Figur e 1 .  Th e constan t  (low )  salienc e o f 

th e tw o universa l  feature s i s no t  shown .  Atten -
tiona l  learnin g i s fas t  an d produce s shar p separa -

tio n o f  th e contrastiv e an d idiosyncrati c feature s 

wit h 0 % (no t  shown )  an d wit h 2 0 % exceptions . 
Th e syste m quickl y learn s whic h feature s ar e th e 
bes t  predictors .  A s th e exceptio n leve l  increases , 

th e contrastiv e rule s ar e les s an d les s reliabl e an d 

th e exceptiona l  rule s becom e th e bes t  predictors . 
Sinc e colo r  i s a  distinctiv e featur e fo r  eac h excep -

tio n an d i s require d (i n combinatio n wit h othe r 

features )  fo r  predictiv e success ,  colo r  salienc e rise s 
ove r  th e cours e o f  learning .  Wit h 4 0 % exception s 

(no t  shown )  colo r  rank s ei s th e bes t  predicto r  afte r 

abou t  4 0 learnin g cycles . 

S u m m a r y 

We summarize first the most important weak-
nesse s an d the n th e strength s o f  th e curren t 

project .  O u r  syste m require s tha t  al l  object s b e 

representabl e i n th e sam e se t  o f  features .  How -

ever ,  i n m a n y learnin g problem s th e feature s rele -

van t  t o object s i n on e subdomai n ar e no t  relevan t 
i n another .  Hence ,  th e syste m canno t  lear n do -

main s wher e features ,  no t  jus t  featur e values ,  vary . 

Mor e fundamentally ,  ther e ar e Umit s t o a  represen -
tatio n base d solel y o n conjunction s o f  observabl e 

featur e values ;  whil e set s o f  conditiona l  rule s us -

in g suc h featur e vector s ar e a  fairl y  powerfu l  for m 
of  representation ,  w e d o no t  believ e i t  i s  sufficien t 
t o accoun t  fo r  inductio n an d inferenc e usin g cat -

egor y knowledge .  W e nee d t o ad d explici t  repre -
sentation s o f  categories ,  no t  jus t  th e correspond -

in g predictiv e rules .  Ou r  curren t  wor k include s 
some procedure s fo r  gatherin g th e informatio n col -

lecte d i n set s o f  contrastiv e rule s an d buildin g a 

semanti c networ k o f  explicitl y  represente d cate -

gories .  Thes e procedure s fo r  addin g categorie s ar e 
ver y a d ho c an d wil l  requir e m u c h mor e rigorou s 
development .  Th e mos t  seriou s flaw  i n th e presen t 
syste m i n achievin g it s initia l  goal s i s ou r  general -

izatio n mechanism .  T h e syste m relie s heavil y o n 

exception s fo r  learnin g genera l  rule s — thi s result s 

i n overl y conservativ e learning .  Stronge r  general -
izatio n procedure s wil l  b e particularl y importan t 

i n learnin g a  syste m o f  hierarchica l  categorie s wit h 

mor e tha n on e leve l  o f  contrastiv e categories . 

O ne majo r  strengt h o f  th e curren t  projec t  i s  th e 

proble m analysis :  system s o f  predictiv e rule s an d 

categorie s ca n b e learne d fro m observatio n o f  ex -
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Figur e 1 :  Rul e Learnin g Curve s wit h Focuse d Samplin g 

ample s b y comparin g predicte d an d expecte d fea -

tur e values .  W e identifie d thre e type s o f  predic -

tiv e rule s an d thre e possibl e way s tha t  feature s 
ca n covary .  W e us e ou r  classificatio n o f  feature s 

int o universal ,  contrastive ,  an d idiosyncrati c cat -

egorie s t o guid e th e desig n o f  ou r  learnin g pro -

cedure .  Specifically ,  w e us e featur e salienc e an d 

vciriabilit y  a s wel l  a s predictiv e succes s an d speci -

ficity  t o guid e learning .  Second ,  i n applyin g thi s 

tas k analysi s i n th e curren t  simulations ,  w e hav e 

a learnin g syste m whic h meet s th e desig n crite -
ri a specifie d initiall y  an d whic h successfull y learn s 

contrastive ,  exception-based ,  an d universa l  rules . 

Finally ,  ou r  simulatio n provide s a  flexible  too l  fo r 
furthe r  research .  I t  allow s u s t o modif y compo -

nent s o f  th e learnin g syste m an d tes t  thei r  effect s 

on differen t  aspect s o f  learning . 
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ON T H E A P P U C A T I O N O F M E D I C A L BASIC-SCffiNC E K N O W L E D GE I N CLINICA L 
R E A S O N I N G:  I M P U C A T I O N S F O R S T R U C T U R AL K N O W L E D GE D I F F E R E N C ES 

B E T W E EN E X P E R TS A N D N O V I C E S i 

Henny P.A. Boshuizen, H.G. Schmidt & Lorence D. Coughlin®, 

University of Limburg, Maastricht, The Netherlands and 
"McGil l  University ,  Montreal ,  Canad a 

Knowledg e structure s i n memor y an d knowledg e applicatio n ar e concept s whic h ar e closel y related 
i n theorie s o n expertis e i n semanticall y ric h domains .  Glase r  (1986 )  t^e s a n extrem e positio n b y 
hypothesizin g tha t  novices '  failur e t o solv e a  proble m ca n b e attribute d solel y t o structura l  aspect s 

of  thei r  knowledg e whic h prohibi t  activation .  Thi s clai m i s supporte d b y research findings  o f 

Allwoo d &  Montgomer y (1981) ,  w h o showe d tha t  novices ,  whil e solvin g problems ,  hav e 

difficultie s i n activatin g relevant  knowledge ,  an d eve n see m unawar e o f  thei r  possessin g tha t 

knowledge .  I n orde r  t o becom e applicabl e i n problem-solvin g situations ,  knowledg e mus t  b e 

conditiona l  ized . 

Lesgold (1984), jqjplying Anderson's (1982) theory on learning of cognitive skills to medicine 

propose d tha t  medica l  basic-scienc e knowledge ,  initiall y  declarativ e i n nature ,  become s tie d t o th e 

condition s unde r  whic h i t  ca n b e applied ,  i s  compile d an d tune d t o medica l  practice . 

Feltovic h an d Barrows '  (1984 )  mode l  o f  medica l  exper t  knowledg e ca n b e perceive d a s th e fina l 

stag e i n thi s developmenta l  process .  The y propos e a  multi-laye r  mode l  i n whic h medica l  basic -

scienc e knowledg e become s integrate d int o wha t  the y cal l  "illnes s scripts" .  I n thei r  view ,  a 

physicia n w h o i s confronte d wit h a  patien t  attempt s t o generat e a  descriptio n o f  th e patient' s majo r 
malfunction s (th e Fault) ,  th e sign s an d symptom s whic h (s)h e suffer s from  (th e Consequence s o f 

th e Fault )  an d h o w th e patient' s conditio n cam e t o b e (th e Condition s tha t  Enable d th e Fault) .  Fo r 

instance ,  sex ,  ag e an d weigh t  ar e condition s i n th e patient ,  associate d wit h severa l  kind s o f 

diseases .  Increasin g ag e i s associate d wit h a  highe r  incidenc e o f  cancer ,  wherea s cardiovascula r 

disease s ar e mor e commonl y foun d i n male s an d i n peopl e sufferin g from  obesity .  Bein g 

overweight ,  ove r  4 5 year s o f  ag e an d a  femal e ar e associate d wit h bil e stones .  Enablin g condition s 

as define d b y Feltovic h &  Barrow s (1984) ,  impos e constraint s o n th e se t  o f  plausibl e hypothese s 

abou t  th e Faul t  causin g th e patient' s sign s an d symptoms .  Tha t  i s w h y bil e stone s wil l  mor e easil y 

be expecte d i n a  5 5 yea r  ol d lad y w h o i s 1 5 k g overweight ,  tha n i n a  thi n youn g m a n ,  althoug h 

bot h m a y presen t  sufferin g from  a n attac k o f  abdomina l  pain .  Th e knowledg e applie d i n 

identifyin g Enablin g Conditions ,  Fault s an d Consequences ,  m a y b e par t  o f  severa l  medica l 
subdomain s an d specialtie s lik e epidemiology ,  microbiolog y an d intema l  medicine .  Feltovic h an d 
Barrow s clai m tha t  i n suc h a n illnes s script ,  basic-scienc e knowledg e play s a  importan t  an d 

integratin g role .  It s causa l  natur e determine s h o w variation s i n patien t  finding s ca n b e accounted 

for . 

Evidence for this proposition is provided by Lesgold, Feltovich, Glaser & Wang (1981) in the 

domai n o f  radiology .  The y foun d tha t  knowledg e become s mor e an d mor e accurat e i n th e cours e 

of  developmen t  towar d expertise ,  an d tha t  knowledg e applie d b y expert s i n characterizin g ches t  X -

ray s wa s fa r  mor e extensive ,  detailed ,  relevant  an d goal-oriente d a s compare d wit h intermediates ' 

and novices '  knowledge .  Othe r  authors ,  however ,  notabl y Boshuizen ,  Schmid t  &  Coughli n 

P̂reparatio n o f  thi s pape r  wa s mad e possibl e b y a  gran t  (#6266 )  o f  th e Dutc h Foundatio n fo r  Educationa l  Researc h 
(SVO)  t o H.G .  Schmid t  an d H.P.A .  Boshuizen . 

517 



B O S H U I Z E N,  S C H M I D T &  C O U G H L I N 

(1987) and Patel, Evans & Grocn (1988), suggest that basic-science knowledge plays a less 

dominatin g rol e i n exper t  performanc e i n medicine ,  whil e i t  doe s pla y a  rol e i n th e earher , 

intennediat e stages .  Thei r  suggestio n i s base d o n th e relativ e absenc e o f  reference s t o basi c scienc e 

concept s i n explanation s provide d b y expert s whe n aske d t o describ e th e pathophysiologica l 

processe s underlyin g sign s an d symptom s displaye d i n a  clinica l  case .  Thus ,  tw o conflictin g 

hypothese s abou t  th e rol e o f  basic-scienc e knowledg e i n exper t  performanc e ca n b e identifie d i n th e 

literature . 

In this p^>er, research on the role of basic-science knowledge in clinical reasoning will be 

reported.  Th e questio n o f  interes t  i s  whethe r  o r  no t  basic-scienc e knowledg e play s a n increasin g 

rol e i n th e developmen t  o f  expertise .  I n additio n a n attenp t  wil l  b e m a d e t o determin e a t  whic h 

stag e i n th e developmen t  toward s expertis e illnes s script s emerg e a s organizer s o f  patien t 

information .  I n orde r  t o investigat e thes e issue s tw o experiment s wer e carrie d out .  I n Experimen t 

1 a n explorative ,  qualitativ e approac h wa s taken ,  utilizin g fou r  subject s wit h differen t  degree s o f 

expertise .  Thes e subject s wer e aske d t o thin k alou d whil e processin g sequentiall y  presente d 

patien t  information .  I n Experimen t  2 ,  results  o f  Experimen t  1  wer e verifie d i n a  sampl e o f  2 4 

subjects ,  usin g bot h qualitativ e an d quantitativ e procedures . 

EXPERIMENT 1 

Experimenta l  Metho d 

Subject s 

Fou r  subject s a t  differen t  level s o f  medica l  expertis e participate d i n thi s study :  on e novic e ( a secon d 

yea r  medica l  student) ;  tw o intermediate s ("I-l" ,  a  fourt h yea r  studen t  nearl y finishe d preclinica l 

training ;  an d "1-2" ,  a  fift h yea r  studen t  w h o ha d finished  bot h primar y car e an d interna l  medicin e 

clerkships )  an d on e exper t  ( a famil y physicia n wit h fou r  year s o f  experience) . 

Procedure 

Th e subject s wer e presente d wit h a  cas e o f  chroni c relapsing  alcohol-induce d pancreatiti s  wit h 

mino r  pancreati c insufficiency .  Th e cas e describe s a  3 8 yea r  old ,  unemploye d mal e wit h a  histor y 

of  neuroti c depression s an d alcoho l  abuse .  O n e yea r  earlier ,  h e ha d a n attac k o f  pancreatitis ,  an d 

n o w call s th e famil y physicia n wit h a  complain t  o f  severe ,  borin g pai n i n th e uppe r  par t  o f  th e 

abdomen . 

Th e cas e wa s presente d o n 4 8 type d cards ,  eac h containin g on e o r  mor e item s o f  informatio n 

characterizin g th e patient ,  th e presen t  history ,  physica l  finding s o r  la b findings . 

Th e subject s wer e aske d t o thin k alou d whil e bein g presente d wit h th e card s i n a  sequentia l  fashio n 

and t o provid e a  differentia l  diagnosi s a t  th e end .  Session s wer e recorded  o n tap e an d verbati m 

transcript s wer e produced . 

Analyses 

Th e Feltovic h &  Barrow s mode l  wa s use d a s a n analyti c  tool .  First ,  th e origina l  case ,  a s presente d 

t o th e subjects ,  wa s analyze d usin g th e Feltovic h an d Barrow s categories .  Fo r  eac h cas e item ,  i t 

was decide d whethe r  o r  no t  i t  fit  wit h th e pancreatiti s  script .  Next ,  eac h scrip t  ite m wa s assigne d 

t o on e o f  th e model' s categories .  Subsequently ,  th e fou r  think-alou d protocol s wer e analyze d 

countin g th e numbe r  o f  link s i n reasoning  chain s in-whic h cas e item s wer e clustere d together ,  an d 

th e numbe r  o f  mle s connectin g concept s i n a  chain .  A  lin k i n a  chai n i s define d her e a s th e 

associatio n betwee n tw o cas e item s constructe d b y th e subject .  Thes e link s wer e classifie d 

utilizin g th e Feltovic h an d Barrow s model . 

For  instance ,  w h e n th e exper t  i s  confronte d wit h th e first  Consequenc e ite m (#8) : 

Complain t  :  "contiDuou s pai n i n tb e uppe r  pai t  o f  th e abdomen ,  radiatin g t o th e back " 
He responds : 
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O)  3 0 
•  fromEtoE/ C 
•  fromCtoE/ C 
0 non-scrip t 

relation s 

E - Enabling Condition 

C-  Consequenc e 

novic e 1- 1 1- 2 

Leve l  o f  Expertis e 

exper t 

figure 1. Percentage of links between case items 

"Well ,  whe n I  visi t  a  perso n (7 )  wit h a n acute ,  continuou s pai n i n hi s abdomen ,  radiatin g t o th e bac k (8) ,  wh o 
suffere d fro m pancreatiti s  a  yea r  befor e (5) ,  wher e I  don' t  kno w fo r  sur e whethe r  o r  no t  h e i s stil l  drinkin g afte r 
th e Refusa l  cur e (6) ,  bu t  I  d o kno w tha t  hi s menta l  proble m stil l  exist s  (2) ,  wel l  I  thin k tha t  I'l l  thin k first:  ho w 
i s hi s pancreas ? ho w i s hi s liver ? an d dia t  -becaus e o f  hi s ag e (1) -  othe r  malignan t  processe s i n th e abdome n ar e 
les s probable. "  (relevan t  item # ar e betwee n brackets. ) 

Here ,  th e exper t  i s  linkin g a n Enablin g Conditio n (#7) ,  Consequenc e (#8 )  an d fou r  othe r  Enablin g 

Condition s (#1,2,5&6 )  int o a  chain .  Thu s five  link s emerg e from  thi s excerpt :  E  # 7 -  C  #8 ,  C  # 8 -

E #1 ,  E  # 1 -  E  #2 ,  E  # 2 -  E  # 5 an d E  # 5 -  E  #6 .  Thes e link s ar e classifie d a s E-to-C ,  C-to- E an d 3 

E-to- E links . 

I n orde r  t o investigat e th e typ e o f  knowledg e subject s wer e usin g i n chainin g th e cas e items ,  rule s 
wer e abstracte d from  th e protocols .  Rule s wer e indicate d i n th e protocol s b y expression s like : 
"<. .  . > indicate s <. .  .>" ,  "<. .  . > make s m e thin k o f  <. .  .>" .  o r  "i f  yo u thin k o f  <. .  .> ,  yo u alway s 

hav e t o thin k o f  <. .  . > a s well" .  Th e abstracte d rule s wer e represente d a s I F - T H E N statements .  I n 

th e exampl e above ,  tha t  wa s derive d from  th e expert' s  protocol ,  tw o comple x rule s ca n b e 

identified : 
I F (bous e cal l  &  acute ,  continuou s pai n i n uppe r  abdome n 

& pancreatiti s  y r  befor e &  ma y drin k alcoho l 
& menta l  problems )  THE N (pancrea s o r  liver ) 

I F (hous e cal l  &  acute ,  continuou s pai n i n up^ r  abdome n 
& pancreatiti s  y r  befor e &  ma y drin k alcoho l 
& menta l  problem s &  hi s ag e (38) ) THEN (les s probable )  (malignanc y i n 

abdomen) 

Result s an d Discussio n 

Figur e 1  summarize s th e result s o f  th e analysi s o f  th e natur e o f  th e chain s betwee n cas e item s 

foun d i n eac h o f  th e fou r  protocol s (E-to- E an d C-to- E chain s wer e tak e togethe r  a s wer e C-t o E 

and C-to- C chains. )  Th e dat a sho w tha t  non-scrip t  chain s decreas e fro m th e intermediat e t o th e 

exper t  levels ,  suggestin g a n increasin g skil l  i n decidin g whic h patien t  findings  ar e importan t  i n th e 

final  diagnosis .  Furthermore ,  the y sho w tha t  reasonin g chains ,  startin g fro m a  Consequenc e ( a 

sig n o r  a  symptom )  decreas e wit h increasin g expertise ,  wherea s reasonin g from  Enablin g 

Condition s t o othe r  Enablin g Condition s o r  t o Consequence s (denote d E ^  i n figure  1 )  increase s 

wit h experience .  Thes e dat a sugges t  a n increasin g us e o f  thi s kin d o f  knowledg e i n clinica l 

reasoning . 
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novic e 1- 1 1- 2 exper t 

leve l  o f  expertis e 

flgure 2. Percentage of basic science concepts identified in the rules 

In all subjects, in most niles that are abstracted from the protocols, case items are linked to a 

hypothesi s abou t  th e patient' s Fault .  Al l  subject s use d Consequence s t o generat e a n underlyin g 

Fault ,  bu t  th e exper t  an d subjec t  1- 2 i n addition ,  displaye d mle s concernin g relations  betwee n 

Enablin g Condition s an d a  possibl e Fault .  Again ,  indicatin g a n increasin g us e o f  thi s kin d o f 

knowledge . 

I n summary ,  thes e results  sugges t  tha t  al l  subject s appl y illness-scrip t  knowledg e t o interpre t  th e 

natur e o f  a  patient' s diseas e a s i s suggeste d b y Feltovic h an d Barrows '  mode l  o f  medica l 

expertise .  Wit h th e developmen t  o f  expertis e a  shif t  ca n b e observe d from reasoning from 

Consequence s t o reasoning  fro m Enablin g Condition s i n orde r  t o m a k e sens e ou t  o f  a  problem .  I t 

i s  particularl y interestin g t o not e tha t  novice s alread y appl y illness-scrip t  knowledg e befor e al l 

relevant  basic-scienc e Imowledg e i s acquired . 

Figur e 2  contain s percentage s o f  basi c scienc e concept s extracte d from  th e mle s applie d b y th e fou r 

subjects .  Th e dat a sugges t  tha t  th e applicatio n o f  basic-scienc e knowledg e i s primaril y 

characteristi c o f  lowe r  level s o f  expertis e (th e novic e an d subjec t  I-l) .  I n th e exper t  protocol , 

hardl y an y references  t o basi c scienc e ar e made ,  indicatin g tha t  basic-scienc e knowledg e doe s no t 

pla y a n over t  rol e i n exper t  clinica l  reasoning. A  straightforwar d interpretatio n o f  thi s findin g 

migh t  b e tha t  th e ̂ jplicatio n o f  basic-scienc e knowledg e i s characteristi c o f  novic e proble m 

solving .  Th e dat a sugges t  tha t  th e natur e o f  th e knowledg e use d b y th e exper t  i n diagnosin g a  cas e 

i s essentiall y  illness-scrip t  related  knowledge ,  wherea s hi s basic-scienc e knowledg e ha s becom e 

iner t  (Bransford ,  Sherwood ,  V y e &  Rieser ,  1986 )  o r  eve n rudimentary . 

However ,  a n altemativ e interpretatio n i s possible .  Lesgold' s (1984 )  theor y suggest s exper t  basic -

scienc e knowledg e t o b e compile d an d integrated .  A n d sinc e Ericsso n &  Simo n (1984 )  assum e 

tha t  th e applicatio n o f  compile d knowledg e leave s n o trace s i n think-alou d protocols ,  i t  m a y b e 

possibl e tha t  i n expert s basic-scienc e knowledg e play s it s centra l  an d integratin g rol e i n a  taci t  way . 

Thi s assumptio n however ,  woul d b e a t  varianc e wit h dat a provide d b y bot h Lesgold ,  Feltovich , 

Glase r  &  W a n g (1981 )  usin g th e sam e thinking-alou d methodology ,  whic h suggest s a n explici t 

us e o f  basic-scienc e knowledg e i n clinica l  problem-solving . 

I n orde r  t o furthe r  investigat e thes e altemativ e hypothese s o n th e rol e o f  basic-scienc e knowledg e 

i n clinica l  reasoning,  a  secon d experimen t  wa s carrie d out .  Th e knowledg e actuall y applie d i n 

clinica l  reasonin g wa s investigate d utilizin g th e sam e on-lin e methodolog y a s i n Experimen t  1 .  I n 

additio n however ,  th e basic-scienc e knowledg e apphcabl e t o th e cas e wa s ehcite d afterward s 

throug h a  direc t  prob e techniqu e (Pate l  &  Groen ,  1986) .  I t  wa s expecte d tha t  matchin g 
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-D-  n-node s 

-• -  n-link s 

novice s 1-1' s l-2' s 

level of expertise 

expert s 

Figur e 3 .  Averag e value s o f  feature s o f  th e semanti c net s derive d fro m th e pathophysiologica l 
explanation s o f  th e cas e 

information from these two sources would provide evidence as to whether expert basic-science 

knowledg e i s essentiall y  mdimentar y o r  inert ,  o r  whethe r  i t  i s  compile d an d integrate d int o illness -

scrip t  knowledge . 

EXPERIMENT 2 
Experimenta l  Metho d 
Subject s 
I n Experimen t  2 ,  2 0 subject s ( 6 novices ,  4  fourt h yea r  an d 5  fift h students ,  an d 5  experts ) 

partiĉ jated .  The y wer e o f  th e sam e level s o f  expertis e a s th e subject s w h o participate d i n 

Experimen t  1 . 

Procedure 
Subject s wer e presente d wit h th e sam e cas e o f  pancreatiti s  usin g th e sam e methodolog y a s i n 

Experimen t  1 .  Th e subject s wer e aske d t o thin k alou d an d t o provid e a  differentia l  diagnosis . 

Subsequently ,  the y wer e aske d t o describ e th e pathophysiologica l  proces s which ,  i n thei r  view , 

woul d explai n th e case . 

Analysis 
The think-alou d protocol s wer e analyze d wit h respec t  t o th e typ e o f  knowledg e tha t  wa s applie d i n 

clinica l  reasoning .  Thi s wa s don e i n th e sam e wa y a s i n Experimen t  1 .  Th e pathophysiologica l 

protocol s wer e analyze d usin g a  methodolog y describe d b y Pate l  &  Groe n (1986) .  Essentially , 

thi s procedur e consist s o f  a  prepositiona l  analysi s o f  th e generate d text .  Th e resultin g proposition s 

ar e graphicall y presente d i n a  semanti c network ,  displayin g th e concept s an d thei r  relation s 

appearin g i n th e propositiona l  analysis .  Th e numbe r  o f  concept s an d thei r  connectin g link s wer e 

determined .  Subsequently ,  th e semanti c network s wer e matche d agains t  th e subjects '  ml e set s 

derive d fro m th e think-alou d protocols .  Th e numbe r  o f  share d concept s wa s use d a s a  measur e fo r 

th e overla p betwee n semanti c network s an d rul e sets . 

Results and Discussion 
Thre e alternativ e hypothese s emerge d from  Experimen t  1 . 

1.  Exper t  basic-scienc e knowledg e ha s becom e rudimentary .  I f  thi s i s th e case ,  th e experts ' 
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pathophysiological protocols will be less elaborate than the intermediates', expressed in a smaller 
number  o f  concepts . 
2.  Exper t  basic-scienc e knowledg e ha s becom e inert .  I f  thi s  i s th e case ,  n o overla p wil l  b e foun d 
betwee n exper t  basic-scienc e an d illness-scrip t  knowledge . 
3.  Exper t  basic-scienc e knowledg e ha s becom e integrate d int o illness-scrip t  knowledge .  I f  thi s i s 
th e case ,  a n increasin g overla p betwee n basi c scienc e an d iUness-scrip t  knowledg e i s expected . 
Thes e hypothese s ar e teste d i n a  two-ste p qjproach .  First ,  th e exten t  o f  basic-scienc e knowledg e 
i s investigate d i n orde r  t o tes t  hypothesi s 1 .  I n figur e 3 ,  th e rcsuhs  o f  thi s analysi s ar e shown . 
Bot h analyze d ne t  features :  numbe r  o f  node s ( F (3,I6) = 3.811 ,  p = .031 )  an d numbe r  o f  link s ( F 
(3,16) = 3.567 ,  p = .0379 )  var y monotonousl y wit h increasin g expertise .  Thi s indicate s a n eve r 
increasin g amoun t  o f  basic-scienc e knowledg e abou t  pancreatiti s  instea d o f  a  knowledg e bas e tha t 
has becom e rudimentary . 
As hypothesi s 2  an d 3  ar e mutuall y exclusive ,  the y wer e joind y teste d i n th e nex t  step .  I t  wa s 
foun d tha t  th e overl<q )  betwee n th e semanti c network s an d rul e set s increase s monotonousl y from 
.14 9 i n th e novice s t o .56 2 i n th e expert s ( F (3,15) = 19.854 ,  p < .0001) .  Thi s finding 
demonstrate s tha t  i n th e mor e experience d an d knowledgeabl e subject s basic-scienc e knowledg e i s 
bette r  integrate d int o th e knowledg e tha t  i s applie d i n clinica l  reasoning. 
I n summary ,  th e results  o f  Experimen t  2  sho w tha t  exper t  basic-scienc e knowledg e i s mor e 
extensiv e tha n intermediat e o r  novic e knowledge .  Th e increasin g overla p betwee n semanti c 
network s an d ml e set s indicat e tha t  exper t  basic-scienc e knowledg e i s neithe r  iner t  no r 
radimentary,  bu t  rathe r  i s integrate d int o illness-scrip t  knowledge .  Th e result s o f  Experimen t  1 , 
demonstratin g th e absenc e o f  thi s typ e o f  knowledg e i n clinica l  reasoning  ma y b e attribute d t o it s 
compile d an d integrate d character . 

GE>fERAL DISCUSSION 
The result s o f  Experimen t  1  an d 2 ,  take n together ,  sho w tw o remarkable  trend s i n th e developmen t 
of  medica l  exper t  knowledge .  Th e firs t  experimen t  focusse d o n th e applicatio n o f  illness-scrip t 
knowledge ,  an d th e results  sugges t  a  fundamenta l  restructuring  o f  medica l  knowledg e originatin g 
from  variou s domain s an d subjec t  matter .  I n clinica l  reasoning ,  thi s  restructuring  i s eviden t  i n th e 
increasin g us e o f  Enablin g Condition s i n th e cas e description ,  an d i n a  decreasin g dependenc y o n 
sign s an d symptoms .  I n addition ,  i t  wa s foun d tha t  i t  wa s particularl y th e novic e subjec t  an d no t 
th e expert ,  wh o overtl y applie d basic-scienc e knowledg e whil e reasonin g abou t  th e case .  Sinc e 
Feltovic h &  Barrow s (1984 )  assum e tha t  basic-scienc e knowledg e ha s a n integratin g rol e i n exper t 
clinica l  reasoning,  thi s finding  wa s unexpected .  Th e secon d experimen t  showe d tha t  th e absenc e 
of  basi c scienc e concept s i n exper t  clinica l  reasonin g wa s no t  th e resul t  o f  a  basic-scienc e 
knowledg e bas e whic h ha d becom e mdimentary .  O n th e contrary ,  exper t  basic-scienc e knowledg e 
i s mor e elaborate ,  bu t  th e concept s i n th e mle s ihe y actuall y appl y i n clinica l  reasoning  coincid e 
more ofte n wit h pathophysiologica l  knowledg e suggestin g tha t  experts '  basic-scienc e knowledg e 
can b e m n i n compile d mod e an d i s integrate d int o illness-scrip t  knowledge . 
However ,  th e finding  tha t  i n th e reasonin g o f  al l  subjects ,  eve n th e mos t  novice ,  th e applicatio n o f 
illness-scrip t  knowledg e i s prominent ,  doe s no t  suppor t  Lesgold' s theor y (1984 )  o f  a  compilatio n 
proces s startin g from  basic-scienc e knowledg e an d resultin g i n illness-scrip t  knowledge .  Th e 
results  o f  th e presen t  experiment s sugges t  tha t  initiall y  bot h knowledg e layer s ar e buil t  u p 
separately ,  an d graduall y becom e integrate d durin g th e developmienta l  proces s towar d expertise . 
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Woo-Kyoung Ahn and William F Brewer 

Department of Psychology & Center for the study of Reading 

Universit y o f  Illinoi s a t  Urbana-Champaig n 

ABSTRACT 

We sugges t  tha t  huma n learner s emplo y bot h similarity-base d learnin g (SBL )  an d 

explanation-base d learnin g (EBL )  procedure s an d tha t  th e successfu l  us e o f  thes e procedure s i s 

determine d b y th e characteristic s o f  th e informatio n t o b e learned .  I n a  domai n withou t  underlyin g 

causa l  structure ,  multipl e example s ca n lea d t o successfu l  SBL ,  bu t  no t  t o successfu l  EBL .  I n a 

domai n wit h underlyin g causa l  structure ,  th e us e o f  appropriat e backgroun d knowledg e ca n lea d 

t o successfu l  EBL ,  bu t  no t  t o SBL .  A  serie s o f  experiment s wa s carrie d ou t  i n whic h a  commo n 

initia l  passag e wa s followe d wit h a  variet y o f  differen t  type s o f  informatio n ( a secon d simila r 

instance ,  a  secon d contrastin g instance ,  frequenc y data ,  o r  explanations) .  EB L occurre d onl y 

when subject s ha d sufficien t  backgroun d knowledg e an d whe n th e informatio n t o b e learne d 

coul d b e causall y structured .  SB L occurre d whe n ther e wer e multipl e examples ,  eve n i n domain s 

withou t  causa l  stmcture . 

INTRODUCTION 

Studie s o n concep t  formatio n an d schem a acquisitio n i n Psycholog y hav e typicall y assume d tha t 

multipl e example s ar e require d fo r  knowledg e acquisition .  Thes e studie s assum e tha t  knowledg e 

acquisitio n i s base d o n similarity-base d learnin g (SBL) ,  i n whic h learner s loo k fo r  communalitie s an d 

difference s amon g example s an d generaliz e th e communalitie s an d variabiliz e th e difference s (Anderson , 

Kline ,  &  Beasley ,  1979 ;  Hayes-Rot h &  Hayes-Roth ,  1977) . 

On th e othe r  hand ,  recen t  machin e learnin g model s o f  explanation-base d learnin g (EBL) ,  requir e 

onl y a  singl e exampl e fo r  schem a acquisitio n becaus e th e system s ca n analyz e th e causa l  stmctur e o f  a n 

exampl e an d generaliz e th e explanatio n par t  o f  th e exampl e (Moone y &  DeJong ,  1985 ;  f̂ itchell ,  Keller ,  & 

Kedar-Cabelli ,  1986) .  Ahn ,  Mooney ,  DeJong ,  an d Brewe r  (1987 )  presente d psychologica l  evidenc e tha t 

peopl e ca n acquir e a  schem a fro m a  singl e exampl e i f  the y hav e sufficien t  domai n knowledg e o r  i f  th e 

schem a t o b e acquire d ha s a  causa l  structure .  Ahn ,  Mooney ,  Brewer ,  an d DeJon g (submitted )  als o 

showe d tha t  EB L fail s whe n peopl e d o no t  hav e sufficien t  domai n knowledg e o r  whe n th e structur e o f  a 

schem a canno t  b e causall y connected .  Thes e studie s focu s o n EB L an d d o no t  sho w ho w thi s typ e o f 

learnin g mechanis m i s relate d t o SBL . 
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Recently, several researchers in the area of machine learning have attempted to integrate SBL and 

EBL (Danyluk ,  1987 ;  Kodratof i  &  Tecuci ,  1987 ;  Lebowitz .  1983 ,  1986 ;  Pazzani ,  1985 ;  Pazzani ,  Dyer ,  & 

Flowers ,  1986) .  Thes e model s mak e us e o f  SB L o r  EB L i n somewha t  differen t  ways .  Fo r  example , 

Lebowitz' s iP P look s fo r  communalitie s o f  example s firs t  an d the n trie s t o explai n th e communalities . 

Similarly ,  Pazzani' s  UNII^EI ^  use s correlatio n first ,  sinc e explanatio n i s a n expensiv e process .  O n th e 

othe r  hand ,  Pazzan i  e t  al.' s  O C C AM use s prio r  causa l  theorie s i n preferenc e t o correlationa l  data . 

I n th e presen t  study ,  w e outlin e a  psychologica l  theor y o f  knowledg e acquisitio n tha t  use s bot h 

similarity-base d learnin g an d explanation-base d learnin g procedure s an d carr y ou t  learnin g experiment s 

designe d t o explor e thi s hybri d approach . 

EXAI^PL E 

The exampl e use d fo r  thi s experimen t  wa s a  descriptio n o f  a  potlatc h ceremony .  Thi s ceremon y 

occurre d amon g India n group s o f  Northwester n Nort h America ;  durin g th e ceremon y th e hos t  chie f  gav e 

away valuable s i n orde r  t o improv e hi s status .  Th e followin g passag e i s a  specifi c  instanc e whic h include s 

th e backgroun d knowledg e necessar y t o understan d th e potlatc h ceremony .  Th e require d backgroun d 

knowledg e i s give n i n brackets . 

Guetel a i s a  Kwakiut I  chie f  an d a  descenden t  o f  Mamaleleqala .  O n Jul y 13th ,  1745 ,  Chie f  Guetel a 

invite d fou r  chiefs :  Chie f  Namqic ,  a  descenden t  o f  Dentalayo ,  Chie f  Qomoyue ,  a  descenden t  o f 

f̂ amaleleqala .  Chie f  Laokoatx ,  a  descenden t  o f  Wina ,  an d Chie f  Tsamas ,  a  descenden t  o f  Wina . 

[Th e purpos e o f  thi s ceremon y wa s t o increas e Chie f  Guetela' s statu s wit h respec t  t o Chie f  Qomoyu e 

who ha d th e sam e ancestor .  Bot h chief s claime d th e sam e famil y titl e becaus e the y bot h wer e 

descendent s o f  IVIamaleleqala .  S o Chie f  Qomoyu e wa s entitle d t o compet e wit h Chie f  Guetel a fo r  th e 

statu s conferre d b y possessin g th e famil y title. ] 

[T o b e witnes s t o th e ceremony ,  chie f  Nemqic ,  Chie f  Laokoatx ,  an d Chie f  Tsama s wer e als o invited . 

Thes e chief s wer e invite d becaus e the y wer e member s o f  th e sam e "moiety "  a s Chie f  Guetela' s wife . 

Moietie s ar e twofol d division s o f  a  triba l  group .  Ever y individua l  i s  assigne d t o on e o f  tw o moietie s a t  birth , 

on th e basi s o f  th e affilatio n o f  hi s o r  he r  mother .  Thi s mean s tha t  Chie f  Guetel a an d hi s childre n wer e i n 

opposit e moieties. ] 

Befor e th e ceremony .  Chie f  Guetel a an d hi s trib e prepare d fo r  th e ceremon y b y collectin g a s man y 

blanket s an d canoe s a s the y coul d afford .  [Blanket s an d canoe s wer e highl y value d i n thi s society .  Chie f 

Guetel a wante d t o giv e awa y thes e item s becaus e th e mor e valuable s Chie f  Guetel a gav e awa y durin g th e 

ceremony ,  th e highe r  hi s statu s became. ]  The y als o prepare d smoke d salnrro n an d berries .  Chie f  Guetel a 

put  o n hi s bes t  blu e shir t  wit h a  rave n o n it .  Dancer s fo r  th e ceremon y too k rave n an d eagl e mask s fro m a 

coppe r  box . 

The guest s arrive d throug h th e nort h gat e o f  th e village .  Chie f  Namqic' s shir t  wa s orange ,  an d Chie f 

Laokoat x an d Chie f  Tsamas' s shirt s wer e yellow .  O n thes e thre e people' s shirts ,  a n eagl e wa s drawn . 

Chie f  Qomoyu e wa s wearin g a  blu e shir t  wit h a  rave n printe d o n it .  Chie f  Guetela' s wif e wa s wearin g a n 
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orange dress with an eagle printed on it and also a seashell necklace, [there are 4 additional paragraphs in 

th e experimenta l  passage ] 

Explanator y an d Nonexplanator y Constraint s an d Variable s 

Thi s passag e wa s designe d t o contai n fou r  basi c form s o f  information :  constraint s tha t  ar e eithe r 

explanator y o r  nonexplanator y an d variable s tha t  ar e eithe r  explanator y o r  nonexplanatory .  I n a  comple x 

knowledg e structur e variable s ar e slot s whic h ca n b e fille d b y differen t  object s o r  agents .  Constraint s 

specif y necessar y propertie s o f  variable s an d necessar y relationship s betwee n variables .  S o m e 

constraint s an d variable s hav e underlyin g explanations .  Fo r  example ,  i n th e passag e above ,  th e 

informatio n tha t  th e hos t  chief' s statu s improve s afte r  th e ceremon y i s a n exampl e o f  a n explanator y 

constrain t  becaus e i t  provide s a n explanatio n fo r  th e purpos e o f  th e ceremony .  Th e item s give n awa y b y 

th e hos t  chie f  ar e example s o f  a n explanator y variabl e becaus e the y pla y a  rol e i n th e underlyin g causa l 

structure ,  bu t  th e specifi c  typ e o f  valuabl e objec t  i s  no t  crucial .  O n th e othe r  hand ,  som e constraint s an d 

variable s ar e nonexplanatory .  Th e informatio n tha t  th e hos t  chie f  look s a t  th e guest s befor e th e dancin g 

start s i s a  nonexplanator y constraint .  Ther e i s n o causa l  accoun t  o f  thi s actio n i n ou r  passage ;  i t  i s  simpl y a 

conventiona l  behavior .  Th e informatio n tha t  th e gues t  chief s arriv e throug h th e nort h gat e i s a 

nonexplanator y variabl e becaus e i t  i s  no t  connecte d t o th e explanator y staictur e o f  th e ceremon y 

ACQUISITION CONDITIONS 

If  a n individua l  read s a  singl e descriptio n o f  a  specifi c  instanc e o f  a  potlatc h cererrxjn y tha t  contain s 

no explanator y information ,  ou r  theor y suggest s tha t  th e learne r  wil l  acquir e littl e correc t  informatio n fro m 

th e passag e sinc e neithe r  SB L o r  EB L processe s wil l  b e possible .  However ,  ther e ar e a  variet y o f 

differen t  form s o f  informatio n tha t  th e learne r  ca n b e give n i n a  secon d passage ,  an d ou r  hybri d mode l  o f 

learnin g ca n b e use d t o mak e a  numbe r  o f  differentia l  prediction s i n thes e cases . 

S B L:  Singl e Simila r  Instanc e 

If  a  learne r  i s give n a  secon d instanc e tha t  i s  ver y simila r  t o th e origina l  instanc e (i.e. ,  ha s th e sam e 

variable s a s th e firs t  one) ,  the n th e learne r  shoul d attemp t  t o carr y ou t  SBL .  Wit h tw o instance s o f  thi s typ e 

th e learne r  wil l  correctl y assum e tha t  th e repeate d constraint s are ,  i n fact ,  constraints ,  bu t  wil l  incorrectl y 

assum e tha t  th e repeate d variable s ar e als o constraints .  Fo r  example ,  i f  th e colo r  o f  th e hos t  chief' s 

clothin g wa s actuall y a  variable ,  bu t  th e sam e colo r  occurre d i n bot h examples ,  the n th e learne r  wil l  ten d t o 

thin k tha t  thi s colo r  i s  a  requiremen t  fo r  a  potlatc h ceremony . 

S B L:  Singl e Contrastin g Instanc e 

If  a  learne r  i s give n a  secon d instanc e tha t  ha s eac h variabl e changed ,  the n th e learne r  shoul d b e 

abl e t o carr y ou t  SB L fo r  nonexplanator y constraint s an d variables .  Fo r  example ,  i f  th e colo r  o f  th e hos t 

chief' s shir t  wa s blu e i n th e firs t  exampl e an d i t  wa s re d i n th e secon d example ,  th e learne r  ca n infe r  tha t 

th e colo r  o f  shirt s i s  a  variabl e i n a  potlatc h ceremony .  Fo r  repeate d constraint s SB L wil l  als o succeed .  Fo r 
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example, if in both examples the host chief faces the guests before the dancing starts, the readers should 

us e SB L t o infe r  tha t  thi s i s a  constrain t  i n th e ceremony . 

SBL:  Multipl e Contrastin g Instance s 

if  a  learne r  i s give n a  serie s o f  instance s tha t  contai n change d variables.the n th e learne r  shoul d b e 

abl e t o us e SB L t o lear n whic h aspect s o f  th e text s ar e variable s an d whic h ar e constraints .  Thi s conditio n 

i s simila r  t o th e cas e o f  a  singl e contrastin g example ,  excep t  tha t  th e large r  numbe r  o f  case s shoul d lea d 

th e learne r  t o b e mor e confiden t  abou t  th e outcome . 

EBL 

If  a  piec e o f  informatio n i s par t  o f  a  causa l  structur e an d th e learne r  i s give n th e appropriat e 

backgroun d knowledge ,  the n th e learne r  ca n us e EB L t o giv e a n accoun t  o f  explanator y constraint s an d 

variable s (Ahn ,  Mooney ,  DeJong ,  &  Brewer ,  1987) . 

METHOD 

Procedur e 

Subject s rea d a  firs t  passag e (i.e. ,  th e passag e describin g a  singl e instanc e o f  a  potlatc h withou t  an y 

backgroun d knowledge) .  The n the y answere d al l  1 6 yes/n o questions ,  wrot e justification s fo r  thei r 

answers ,  an d rate d thei r  confidenc e o n a  5-poin t  scale .  Afte r  the y finishe d answerin g al l  th e questions , 

th e subject s rea d on e o f  th e fou r  follow-u p passage s an d answere d th e yes/n o question s a  secon d time . 

Subject s wer e no t  allowe d t o chang e thei r  answer s fo r  th e firs t  se t  o f  question s afte r  the y rea d thei r 

secon d passage . 

Material s 

The basi c material s fo r  thi s experimen t  consiste d o f  a n initia l  passage ,  fou r  follow-u p passages ,  an d a 

serie s o f  yes/n o question s designe d t o tes t  wha t  ha d bee n learne d fro m th e texts . 

Yes/N o Question s 

We develope d fou r  type s o f  yes/n o question s Ther e wer e question s base d o n th e explanator y 

constraint s an d variable s an d o n th e nonexplanator y constraint s an d variables .  On e o f  th e question s fo r 

explanator y constraint s was ,  "Afte r  th e ceremon y wil l  peopl e thin k tha t  th e hos t  chie f  ha s highe r  statu s 

tha n before? "  On e o f  th e question s fo r  explanator y variable s was ,  "Wil l  th e wif e o f  a  hos t  chie f  b e happ y i t 

her  husban d give s awa y th e family' s drums? "  On e o f  th e question s fo r  nonexplanator y constraint s was , 

"I n thi s kin d o f  ceremony ,  woul d i t  matte r  i f  th e hos t  chie f  di d no t  loo k a t  th e guest s befor e th e dancing? " 

One o f  th e question s fo r  nonexplanator y variable s was ,  "I n thi s kin d o f  ceremony ,  i s i t  necessar y tha t  th e 

gues t  chief s ente r  th e villag e throug h th e nort h gate? "  Ther e wer e fou r  question s fo r  eac h type ,  resultin g 

i n a  tota l  o f  1 6 questions . 

Initia l  Instanc e Passag e 
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On the first trial, all the subjects received a passage which described a single instance of a potlatch 

ceremon y withou t  an y adde d backgroun d knowledge .  Thi s passag e correspond s t o th e exampl e 

passag e give n earlie r  wit h th e informatio n i n bracket s omitte d 

Follow-u p Passage s 

Simila r  instanc e passage .  I n thi s passag e bot h th e constraint s an d variable s i n th e firs t  initia l  passag e 

wer e kep t  constant .  Fo r  example ,  th e gues t  chief s lef t  th e villag e throug h th e sout h gat e i n bot h 

passages . 

Dissimila r  instanc e passage .  I n thi s passag e th e constraint s fro m th e initia l  passag e wer e repeated , 

but  th e value s o f  th e variable s wer e changed .  Fo r  example ,  th e gues t  chief s lef t  th e villag e throug h th e 

nort h gat e i n thi s passage ,  whil e the y lef t  throug h th e sout h gat e i n th e initia l  passage . 

Dissimila r  instanc e wit h knowledge .  I n thi s passag e th e constraint s fro m th e initia l  passag e wer e 

repeated ,  th e value s o f  th e variable s wer e changed ,  an d th e neede d backgroun d knowledg e wa s 

included . 

Generi c informatio n wit h knowledge .  Thi s passag e wa s writte n i n generi c for m s o tha t  i t  gav e roughl y 

th e frequenc y informatio n tha t  a  learne r  woul d obtai n afte r  havin g rea d a  ver y larg e numbe r  o f  individua l 

passages .  Th e passag e bega n "Th e America n Indian s wh o live d i n th e Northwes t  par t  o f  th e countr y 

frequentl y carrie d o t  a n interestin g ceremony. "  Fo r  a  nonexplanator y constrain t  i t  state d tha t  "th e hos t 

chie f  stoo d u p an d the n dancer s starte d entertainin g th e people, "  an d fo r  a  nonexplanator y variabl e i t 

state d that ,  "Th e shirt s wer e al l  i n variou s colors. "  Thi s passag e als o include d th e relevan t  backgroun d 

knowledge . 

Des ig n 

Fifty-tw o undergraduat e student s participate d i n thi s experimen t  i n partia l  fulfillmen t  o f  a  cours e 

requiremen t  fo r  introductor y psychology .  Ther e wer e fou r  experimenta l  condition s wit h 1 3 subject s i n 

eac h condition .  Th e subject s i n th e Simila r  Instanc e Conditio n receive d th e initia l  instanc e passag e an d 

the n th e simila r  instanc e passage .  Th e subject s i n th e Dissimila r  Instanc e Conditio n receive d th e initia l 

instanc e passag e an d the n th e dissimila r  instanc e passage .  Th e subject s i n th e Dissimila r  wit h Knowledg e 

Conditio n receive d th e initia l  instanc e passag e an d the n th e dissimila r  wit h knowledg e passage .  Th e 

subject s i n th e Generi c wit h Knowledg e Conditio n receive d th e initia l  instanc e passag e an d the n th e 

generi c informatio n wit h knowledg e passage . 

RESULTS 

Tabl e 1  show s th e averag e percen t  correc t  fo r  th e fou r  differen t  type s o f  question s i n eac h condition . 

(E C refer s t o explanator y constraints ,  E V t o explanator y variables ,  N C t o nonexplanator y constraints ,  an d 

NV t o nonexplanator y variables) .  Th e number s reporte d ar e th e percen t  correc t  i n eac h conditio n o n th e 

firs t  tria l  an d o n th e secon d trial . 
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TABLE 1. THE PERCENT CORRECT FOR EACH CONDITION ON EACH TRIAL 

Condition s 

EC 

EV 

NC 

NV 

Simila r 

Instanc e 

1st 

54 

44 

77 

29 

2nd 

54 

46 

81 

27 

Dissimila r 

Instanc e 

1st 

44 

48 

75 

29 

2nd 

54 

48 

69 

81 

Dissimila r  wit h 

Knowledg e 

1st 

54 

54 

73 

33 

2nd 

77 

81 

65 

58 

Generi c wit h 

Knowledg e 

1st  2n d 

5 2 8 7 

5 0 7 7 

8 8 6 5 

13 3 9 

The dat a provid e considerabl e suppor t  fo r  ou r  dual-proces s theor y o f  learning .  W e predicte d tha t 

th e subject s i n th e Simila r  Instanc e Conditio n woul d no t  b e abl e t o us e SB L o r  EB L successfull y an d th e 

dat a sho w littl e learnin g fro m th e secon d example . 

We predicte d tha t  th e subject s i n th e Dissimila r  Instanc e Conditio n woul d no t  b e abl e t o appl y EBL , 

but  woul d sho w SB L fo r  th e tw o nonexplanator y conditions .  Th e subject s wit h dissimila r  instanc e 

passage s showe d littl e learnin g i n th e explanator y condition s a s predicted .  Th e subject s showe d 

considerabl e learnin g i n th e nonexplanator y variabl e condition ,  bu t  the y showe d n o learnin g i n th e 

nonexplanator y constrain t  conditio n Thi s i s no t  i n keepin g wit h ou r  predictions .  W e ar e no t  sur e wha t  i s 

goin g o n i n thi s condition ,  bu t  perhap s th e exposur e t o explanator y informatio n temporaril y  change s thei r 

estimate s o f  th e likelhoo d tha t  a  nonexplanator y constrain t  i s  a  tru e constriant .  I t  i s  als o possibl e tha t  th e 

subject s ma y b e operatin g unde r  a  Gricea n discours e rul e (Grice ,  1975 )  whic h lead s the m t o believ e tha t  i f 

an autho r  choose s t o mentio n somethin g i n th e tex t  i t  mus t  b e importan t  an d perhap s i t  i s  a  constraint . 

We predicte d tha t  th e Dissimila r  wit h Knowledg e Conditio n woul d lea d t o successfu l  SB L an d EBL . 

Al l  o f  thes e prediction s ar e supporte d excep t  tha t  th e nonexplanator y constrain t  informatio n onc e agai n 

di d no t  sho w th e predicte d learning . 

We predicte d tha t  th e Generi c wit h Knowledg e Conditio n woul d als o lea d t o successfu l  SB L an d 

EBL.  Th e result s suppor t  th e prediction s excep t  i n th e nonexplanator y constrain t  condition . 

CONCLUSION 

I n thi s pape r  w e propos e tha t  differen t  learnin g mechanism s ar e successfu l  dependin g o n whethe r 

th e learne r  ha s appropriat e backgroun d knowledg e o r  no t  an d o n whethe r  th e informatio n t o b e learne d i s 

explanator y o r  not .  Ou r  dat a sho w tha t  backgroun d knowledg e i s require d t o carr y ou t  EB L an d t o lear n 
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explanatory information. Repetition is required to carry out SBL and to learn nonexplanatory items, but 

doe s no t  lea d t o th e understandin g an d learnin g o f  explanator y information .  Thi s findin g require s th e 

developmen t  o f  theorie s whic h relat e learnin g mechanism s t o th e characte r  o f  th e informatio n t o b e 

learned . 
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Acquiring expertise in medicine involves the mastery of a wide repertoire of cognitive skills 

and an d th e accumulatio n an d integratio n o f  a  vas t  stor e o f  knowledge .  I t  i s  generall y 

agree d tha t  i n medicine ,  ther e ar e tw o distinc t  domain s o f  knowledge ;  clinica l  knowledg e 

and basi c scienc e knowledge .  Clinica l  knowledg e i s primaril y categorica l  an d include s a 

classificator y schem e fo r  diseas e entitie s an d associate d clinica l  findings.  Basi c scienc e 

knowledg e i n medicin e involve s th e organizatio n o f  biomedica l  model s a t  differen t  level s o f 

abstraction ,  (e.g. ,  fro m th e biochemica l  leve l  t o th e orga n system s level) .  M u c h o f  ou r 

researc h ha s addresse d th e issu e o f  th e o f  basi c scienc e i n a  clinica l  problem-solvin g 

context .  W e hav e foun d certai n anomalies ,  namel y tha t  basi c scienc e knowledg e doe s no t 

necessaril y  suppor t  th e diagnosti c reasonin g proces s (studie s summarize d i n Patel ,  Evan s 

& Groen ,  i n press) .  Student s us e o f  basi c scienc e concept s frequentl y resulte d i n 

inconsisten t  clinica l  inference s tha t  wer e actuall y counter-productive .  I n fact ,  th e us e o f 

basi c scienc e i n th e causa l  explanation s o f  exper t  physician s di d no t  see m t o improv e th e 

accurac y o f  diagnosti c performance .  Thi s motivate d u s t o examin e i n greate r  detai l  th e 

proces s o f  h o w thes e basi c scienc e concept s ar e acquire d an d utilized .  I n thi s pape r  w e 
investigat e th e applicatio n o f  comple x concept s i n th e domai n o f  pulmonar y physiology . 

Recently, a great deal of research has focused on the acquisition of scientific concepts 
(e.g. .  Pine s &  West ,  1986) .  M a n y o f  th e finding s sugges t  tha t  scientifi c  concept s ar e 
inherentl y difficul t  t o maste r  becaus e the y typicall y requir e rathe r  abstrac t  forma l 

representation s tha t  ar e no t  easil y amenabl e fo r  applicatio n i n a  particula r  domai n (Whit e & 

Frederiksen ,  1987) .  Th e quantitativ e forma l  instantiatio n o f  thes e concept s i s no t  generall y 

consisten t  wit h students '  naiv e intuition s abou t  th e phenomen a tha t  the y purpor t  t o explai n 

(diSessa ,  1983) .  Th e evidenc e fro m m a n y investigation s clearl y sugges t  tha t  m a n y 

student s w h o hav e complete d scienc e course s acquir e a  knowledg e o f  scientifi c  concept s 
tha t  canno t  b e use d flexibly  t o interpre t  causa l  event s an d resul t  i n th e acquisitio n o f 

significan t  scientifi c  misconception s (Reif ,  1987) . 

Feltovich et al. (1988) investigated medical students understanding of complex concepts in 

th e domai n o f  cardia c physiology .  Thes e studie s documen t  widesprea d misconception s i n 

th e structur e an d functio n o f  a  disease d heart .  Thes e misconception s ar e develope d earl y 

on i n th e learnin g proces s an d becom e stabilize d an d entrenche d i n a  student' s diagnosti c 

thinking .  Th e author s argu e tha t  difficult y i n attainin g a  dee p leve l  o f  understandin g i s ofte n 

a resul t  o f  reductionisti c approache s t o impartin g th e knowledg e t o th e learner .  Complexit y 

i s progressivel y introduce d t o earl y "scaffold "  models ,  i n orde r  t o facilitat e a n orderl y 

acquisitio n o f  simplifie d model s o f  comple x biomedica l  phenomena .  Thi s 

oversimplificatio n result s i n a n i n a n inabilit y  t o appl y thes e concept s i n "real-world " 

phenomena . 

In this experiment, we continue on this trend towards investigating the nature of reasoning 

i n biomedicine .  W e deviat e sUghti y fro m ou r  previou s wor k i n tha t  w e loo k a t  a  proble m 

which ,  althoug h couche d i n a  clinica l  setting ,  remain s a  proble m o f  causa l  reasonin g abou t 

531 



C H A W L A / P A T EL 

a mechanis m an d therefor e fairl y  close d withi n th e basi c scientifi c  sub-domai n o f 
physiology .  A s a  resul t  w e propos e tha t  reasonin g i n th e domai n o f  physiolog y wil l  hav e a 
certai n correspondenc e t o reasonin g i n physica l  system s domain s suc h a s physic s 
(Mcloskey ,  1983 )  an d electronic s (Whit e an d Frederiksen,1987) ,  i n th e sens e tha t  ther e i s a 
need fo r  a  qualitativ e causa l  understandin g t o enabl e th e problem-solve r  t o characteriz e a 
proces s an d predic t  futur e state s o f  a  system .  On e importan t  differenc e i s that ,  lik e al l 
biomedica l  sciences ,  pulmonar y physiolog y i s no t  a  forma l  domain ,  i n th e sens e tha t  i t  i s 
not  possibl e t o unambiguousl y stat e a  se t  o f  principle s tha t  ar e sufficien t  t o solv e al l 
clinicall y relate d problem s (Larkin ,  1981) .  Th e applicatio n o f  thes e concept s t o clinica l 
problem s ar e therefor e b y abstractio n an d analog y (Patel ,  Evan s &  Groen ,  i n press) . 

The Instructional Setting 
The topi c o f  pulmonar y physiolog y i s typicall y introduce d t o second-yea r  medica l  students . 
The structura l  component s tha t  constitut e th e gas-exchang e syste m are—ai r  spaces -  uppe r 
airway ,  bronchi ,  bronchiole ,  alveola r  units ,  etc .  Th e focu s the n shift s t o th e topi c o f 
pulmonar y mechanics ,  i n whic h th e syste m i s reduce d t o a  physica l  devic e ,  an d th e 
behavio r  i s  explaine d i n term s o f  th e scientifi c  law s governin g flui d an d ga s mechanics -  A 
differenc e i n pressure s drive s a  ga s throug h a  membrane .  Thi s progresse s t o identifyin g 
th e constraint s o f  gas-exchang e throug h a  membrane ,  ga s exchang e throug h a  lun g unit , 
and exchang e throug h th e lun g a s a  whole .  Th e precis e interrelationship s ar e explicate d 
throug h identifyin g th e algebrai c relation s tha t  hold .  Thi s i s ofte n withou t  a n alternat e 
qualitativ e perspective .  Class-lecture s includ e a n introductio n t o clinica l  cases ; 
specifically ,  th e measurabl e symptom s an d th e respectiv e causa l  agent s (th e influence) ,  an d 
an identificatio n o f  exactl y wha t  i s  happenin g a t  a  a  dee p leve l  b y characterizatio n i n som e 
physiologica l  interpretation .  Towar d thi s end ,  man y abstrac t  concept s ar e introduced .  Fo r 
example ,  understandin g th e pathophysiologica l  stat e o f  righ t  hear t  failur e ma y requir e a n 
understandin g o f  th e relationshi p betwee n pressur e an d flo w an d thei r  relatio n t o resistanc e 
i n a  complian t  se t  o f  vessels . 

METHOD 

The subject pool consisted of 160 second year medical students at McGill University ,who 
wer e attendin g a  serie s o f  lecture s o n cardio-pulmonar y physiology .  Followin g th e 
lectures ,  th e student s wer e examine d usin g a  conventiona l  multipl e choic e format .  Th e 
lecture s wer e monitore d b y ou r  researcher s an d a n additiona l  essa y questio n fo r  th e 
examinatio n wa s devise d i n consultatio n wit h th e instructor .  Th e questio n wa s designe d t o 
asses s th e students '  abilit y  t o comprehen d selecte d concept s an d us e the m i n applie d 
context .  4 0 o f  th e students '  essa y question s wer e randoml y sample d fo r  ou r  analysis .  Th e 
stimulu s tex t  an d questio n ar e presente d below . 

Table 1: Stimulus Text and Question Presented to Students. 

A 30 year-old previously well non-smoker has a large pulmonary embolus which blocks 
th e righ t  pulmonar y arter y an d hal f  th e vasculatur e o f  th e lef t  pulmonar y artery .  W h e n h e 
present s t o th e emergenc y department ,  h e i s ver y shor t  o f  breath .  Hi s p 0 2 i s 4 8 tor r 
(N=100) ,  an d hi s p C 0 2 i s 3 0 tor r  ( N =  4 0 torr) .  A  cathete r  wa s place d i n hi s pulmonar y 
arter y an d th e pressur e wa s 50/1 5 m m Hg (N=25/8) .  Th e pressur e i n th e righ t  atriu m wa s 
12 m m Hg ( N <  8 )  an d th e cardia c outpu t  wa s 3. 5 L/min .  ( N =  5- 6 L/min. ) 
Discus s th e factor s whic h coul d hav e produce d th e hypoxi a b y predictin g wha t  woul d 

happe n t o dea d spac e an d ventilation-perfusio n matching . 
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Cognitiv e Tas k Analysi s 

The tas k require s tha t  subject s initiall y  for m a  situationa l  representatio n o f  th e proble m 
statement .  Th e given s consis t  o f  a  quasi-anatomica l  descriptio n o f  th e patient' s stat e an d a 

set  o f  value s whic h represen t  deviation s from  th e norma l  value s (i n brackets) ,  reflectin g th e 

underlying  pathophysiologica l  perturbations .  Th e firs t  par t  o f  th e tas k require s tha t 

subject s identif y th e proces s b y whic h hypoxi a (lo w concentratio n o f  Oxyge n i n th e blood ) 

results .  The y ar e prime d t o interpre t  th e scenari o throug h th e concept s o f  dea d space , 

whic h characterize s th e stat e an d ventilation-perfusio n matchin g which ,  additionally , 

identifie s a  proces s o f  inadequat e oxygenatio n o f  blood .  Th e tas k i s essentially ,  t o buil d a 

causa l  chai n fro m th e give n representatio n t o th e en d stat e o f  hypoxia .  Thes e latte r  tw o 

concept s loo k a t  th e relationshi p betwee n ventilatio n an d perfusio n an d therefor e ca n b e 

applie d t o variou s representation s o f  th e pulmonar y uni t  fo r  exampl e th e lun g a s a  whole , 

th e lef t  an d righ t  lung s respectively ,  specifi c  lun g units ,  etc . 

Data Analysis 

A reference model was devised in consultation with three expert physicians and textual 

material s o n th e subjec t  matter .  Th e subjects '  protocol s wer e compare d t o a  referenc e 

model  b y identifying ;  1 )  th e variou s concept s i n th e respectiv e se t  o f  protocols ;  2 )  th e 

representatio n o n whic h thes e ar e applied ,  b y identifyin g locationa l  cue s i n th e text-- "  O n 

th e lef t  sid e yo u hav e decrease d perfusion ,  an d norma l  ventilation... "  whic h contrast s wit h 

a descriptio n suc h a s -  "perfusio n i n th e entir e lun g ha s decreased..." ;  an d 3 )  concept s 

wit h a  quantitativ e attribute ,  th e specifi c  valu e o r  directio n o f  change — "  Th e V / Q rati o i n 

th e lef t  lun g ha s increased... " 

The following represents a list of concepts that they may choose to bring to bear to the 
problem : 

diffusion of gases through a membrane 

shun t 
oxyhemoglobi n curv e 

0 2 - C 0 2 relationshi p 

(inverse )  relationshi p betwee n C 0 2 an d ventilatio n 

compartmenta l  mode l 

dea d spac e 
relationshi p betwee n ventilatio n an d perfusion-V/ Q 

V / Q distributio n 

anatomica l  feature s o f  th e respirator y system . 

Table 2: Reference Model 

There are four factors which produce hypoxia: 
l)hypoventiIatio n 
2)shun t 
3)ventilation-perfusio n mismatchin g 
4)diffusio n problem s 

Hypoxia is present here as reflected in the low po2 value which is indicative of the concentration of oxygen 
i n th e bloo d a s bein g lo w (no t  meetin g demand s o f  th e tissues) . 

An embolu s block s al l  th e flow  t o th e righ t  lun g an d hal f  th e left .  Thi s bloo d mus t  the n b e 
accommodate d b y th e 1/ 2 functionin g lef t  lung .  Tha t  is ,  i t  get s force d ove r  here .  S o i n othe r  word s 1/ 4 o f 
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th e entir e lun g i s receivin g al l  th e blood .  Th e 3/ 4 o f  th e lun g whic h i s no w no t  receivin g bloo d bu t  i s  stil l 
bein g ventilate d therefor e represent s physiologi c dea d space . 
Normall y th e bloo d receive d i n th e stil l  functionin g lun g i s on e quarte r  th e cardia c output--1. 5 L/min( 6 

L/tnin .  divide d 4  sinc e i t  i s  on e fourt h th e lung) .  I n thi s cas e i t  i s  3. 5 L/min .  s o ther e i s definitel y increase d 
perfusion .  H e i s blowin g of f  mor e C 0 2 a s wel l  whic h i s reflecte d i n hi s C 0 2 bein g belo w normal .  S o h e 
i s blowin g i t  of f  faste r  tha n i t  i s  bein g delivered .  An d sinc e i t  i s  onl y i n th e workin g regio n o f  th e lun g 
throug h whic h th e gase s ca n diffus e i n o r  ou t  (sinc e thi s i s th e onl y plac e wher e ai r  an d bloo d meet) ,  i t 
seems tha t  ventilatio n ha s increase d a s well.sinc e ventilatio n i s linearl y relate d t o co2 .  S o v/ q i s normall y 
1-  sam e flo w o f  bloo d a s ai r  i n tha t  regio n fo r  whic h thi s v/ q i s applied ;  an d i n thi s cas e i t  i s  nea r  that .  S o 
th e v/ q o f  thi s workin g lun g i s o k i n th e sens e o f  measurin g flo w o f  ai r  an d bloo d throug h thi s regio n a t  a 
gros s level . 

Diffusio n problems :  l)Bloo d ma y b e goin g throug h a t  suc h a  fas t  velocit y no w tha t  b y th e tim e 

i t  reache s th e end-capillar y (ther e i s a  certai n distanc e throug h whic h th e bloo d an d ga s meet )  th e 
hemoglobi n i n th e bloo d doesn' t  hav e tim e t o pic k u p th e oxyge n diffusin g throug h th e membrane ? Tha t  is , 
ther e i s no t  ful l  equilibration .  Thi s ma y b e possibl e i n case s wher e ther e i s a  massiv e amoun t  o f 
overperfusion .  2 )  Anothe r  secondar y facto r  ma y b e tha t  th e increase d pulmonar y pressur e ma y caus e edem a 
leadin g t o impaire d diffusion .  Shunt :  I f  th e increase d volum e o f  bloo d O P E N ED U P som e bloo d path s 

whic h allo w bloo d t o flo w fro m th e venou s sid e t o th e arteria l  sid e withou t  i t  comin g i n contac t  wit h ai r  (i n 
alveoli )  the n thi s bloo d woul d no t  b e oxygenated .  Thi s woul d b e physiologi c shunt .  V/ O mismatch :  Ther e 

i s a  distributio n o f  lun g unit s wit h respec t  t o th e ventilatio n perfusio n ratio s i.e., .  Tak e an y lun g uni t  an d 
see ventilatio n /perfusion .  Mos t  linit s i n a  norma l  lun g hav e a  rati o o f  one .  I n ou r  case ,  ther e i s a 
redistributio n suc h tha t  a  lo t  mor e hav e a  v/ q rati o o f  <  1  wit h th e increase d perfusio n an d a  lo t  les s hav e a 
v/ q o f  >  1  an d o f  cours e ther e ar e les s wit h v/ q =  1  whic h i s optima l  fo r  ga s exchange .  S o th e distributio n 
i s suc h tha t  C 0 2 ca n stil l  escap e enoug h bu t  no t  suc h tha t  0 2 ca n com e in .  C 0 2 an d 0 2 behav e differentl y 
fro m eac h othe r  becaus e hemoglobi n hol d oxyge n an d no t  C02 .  Ther e ar e differen t  affinitie s fo r  bot h o f 
thes e b y th e bloo d a s illustrate d b y th e oxyhemoglobi n curve . 

Increase d perfusio n cause s lo w p0 2 i.e.,.-wit h norma l  perfusion ,  i t  happen s t o equilibrat e a t  th e 
poin t  o f  10 0 tor r  (mmHg) .  A s yo u increas e th e perfusio n yo u decreas e th e poin t  o f  equilibration . 

RESULTS and DISCUSSION 

Out of 40 students, nineteen made the incorrect inference of 1/2 blockage in the left lung 
leadin g t o decrease d perfusio n i n th e perfuse d portio n o f  th e lef t  lung .  O f  relate d concepts , 

i.e. ,  concept s apar t  from  v/ q mismatc h an d dea d space ,  fo r  whic h th e student s wer e prime d 

for ,  1 2 o f  4 0 discusse d th e relationshi p betwee n C 0 2 an d ventilation ,  5  o f  4 0 discusse d v/ q 

distribution ,  1 1 o f  4 0 discusse d th e relationshi p betwee n 0 2 an d C 0 2 (ofte n implicitl y 

throug h mentionin g th e relationshi p betwee n o 2 an d hemoglobi n whic h make s i t  ac t 

differentl y tha n C 0 2 ) . 

With respect to other mechanisms being offered as an explanation to hypoxia, 17 of 40 

attribute d th e hypoxi a t o edem a resultin g fro m increase d pulmonar y pressure ;  2  o f  4 0 

mentione d th e increase d transi t  tim e (failur e o f  complet e equilibration- a diffusio n problem) , 

an d 7  o f  4 0 mentione d shun t  a s th e significan t  factor . 

Specific to the application of V/Q, some students chose to apply V/Q to the right and left 

lun g respectively .  Tha t  is ,  lookin g a t  th e amoun t  o f  ventilatio n i n th e righ t  an d th e amoun t 

of  perfusion .  Sinc e ther e i s n o mentio n i n th e stimulu s tex t  o f  a  chang e i n ventilatio n bu t 

th e blockag e infer s zer o perfusion ,  th e tw o ar e combine d t o giv e a  V / Q o f  infinit y fo r  thi s 

lun g (som e valu e /  0) .  The n lookin g a t  th e lef t  lung ,  som e chos e t o appl y i t  t o th e whol e 

lef t  lun g whil e other s partitione d thi s lun g int o th e perfuse d an d nonperfuse d portions . 

Other s applie d th e concep t  a t  a  globa l  leve l  t o giv e a  V / Q >  1 -  reduce d perfusio n t o 

ventilation. — 

"The obstruction greatly decreases the blood perfusion, therefore resulting in 

mismatchin g o f  ventilation-perfusio n ratio.. "  (S78 ) 
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The us e o f  dea d spac e wa s simila r  althoug h man y student s limite d th e dea d spac e t o th e 
right  lung ,  failin g t o conside r  th e nonperfuse d hal f  o f  th e lef t  lung .  Som e student s wer e 
globa l  i n thei r  applicatio n b y merel y statin g tha t  overal l  dea d spac e ha d increased . 

In identifying the process of Ventilation-perfusion mismatch as the causal factor, it is 
essentia l  tha t  th e reasone r  determin e tha t  ther e ar e region s o f  overperfusio n .  W e postulat e 
tha t  incorrec t  inference--parria /  blockag e i n th e lef t  lun g cause s decrease d perfusio n arise s 
fo r  tw o distinc t  reasons : 

1) There is a failure to consider that the blood normally going to the right lung must be 
accommodate d b y th e unblocke d lef t  lung ,  illustrate d b y th e followin g studen t  protocol s : 

"The pressure in the pulmonary artery is increased since normal blood flow is 
impeded :  bloo d i s stuc k there..."(S53) . 

"The embolus in the artery means that less blood is getting to the lung where it is 
needed...Thi s [compensator y mechanis m o f  hyperventilation ]  doe s nothin g fo r  th e bloo d 
tha t  i s  no t  reachin g alveoli ,  sinc e i n thi s cas e mos t  o f  th e flo w i s i n thi s positio n (i.e. ,  no t 
reachin g ai r  flui d spaces)... "  (S82 ) 

These excerpts illustrate that students often are incapable of maintaining the concept of 
circulatio n a s a  close d system ,  tha t  i s  ther e i s i n som e sense ,  n o choic e bu t  fo r  th e entir e 
bloo d flo w t o b e route d t o th e unblocke d pulmonar y vessels .  Al l  th e necessar y 
informatio n i s no t  represente d (carrie d over )  whe n th e focu s o f  attentio n shift s t o th e lef t 
lung .  I n fact ,  thi s i s  largel y presen t  i n protocol s tha t  partitione d th e initia l  proble m int o a 
right/left  scenari o a s oppose d t o a  functional/non-functiona l  distinction .  Th e proble m then , 
result s fro m th e stati c interpretatio n o f  concept s an d th e problemati c us e o f  oversimplifie d 
representation s identifie d b y Feltovic h et .  al .  (1988 ) 

2) If there are features in a sub-problem that have similar components to a previously 
solve d sub-problem ,  the n heuristic s ar e use d t o infe r  relationship s base d o n th e respectiv e 
chang e i n values : 

"The pulmonary embolus blocking the R.(right) pulmonary artery would cause an 
increas e i n physiologica l  dea d spac e an d a  ventilation/perfusio n imbalanc e wher e essentiall y 
V/ Q =  infinity .  Thi s lun g become s non-functiona l  i n it s  capacit y o f  eventua l  oxygenatio n 
of  tissues .  O n th e lef t  side ,  ther e i s als o a n increas e i n physiologica l  dea d spac e an d a n 
imbalance d V/ Q ratio .  Ther e i s les s perfusio n du e t o th e embolu s an d s o th e V/ Q rati o 
woul d increase .  Assumin g tha t  yo u ge t  hal f  th e perfusio n expecte d initially ,  thi s woul d 
giveaV/Qratioof2."(S97 ) 

A surface similarity mapping is used in examination of different representations with 
overlappin g set s o f  variables-I n th e right  lun g ther e i s tota l  blockag e an d zer o perfusion . 
therefor e sinc e ther e i s hal f  blockag e i n th e lef t  lung ,  ther e i s hal f  perfusion . 

In consideration of the variability in descriptions of causal relations that were identified, we 
postulat e tha t  explanatio n take s plac e b y characterizin g th e proble m stat e i n term s o f 
modification s t o quantitativ e parameter s i n a  piecemea l  manner .  Thes e modification s ar e 
incorporate d int o discret e algebrai c constraint s wit h som e apparen t  gap s betwee n specifi c 
relationship s i n attemptin g t o construc t  a  coheren t  explanation .  Th e solutio n i s t o us e a 
heuristi c t o infe r  wea k relation s betwee n thes e gaps ,  b y observin g th e mutua l  deviation s 
fro m th e assume d "ideal "  value s amon g parameter s i n a  system ,  i n a  normall y functionin g 
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state .  Thes e relation s tha t  ar e draw n suppor t  causa l  attribution ,  bu t  fai l  t o trul y identif y th e 
pathophysiologica l  proces s a t  th e leve l  o f  mechanism .  Thi s i s a  necessar y conditio n fo r 
discriminatin g betwee n differen t  possibl e pathophysiologica l  outcome s whic h i s critica l  fo r 
practica l  implication s suc h a s therapy .  Suc h mode s o f  reasonin g superced e mor e basi c 
method s o f  envisionin g a  process ,  a  for m tha t  bette r  characterize s exper t  reasonin g i n suc h 
physica l  syste m domain s (Kuipers ,  1985 ;  DeKlee r  an d Brown ,  1985) . 

In physiology, concepts such as ventilation-perfusion matching and dead space act 
primaril y o n anatomicall y base d representations .  Fo r  example ,  an y attemp t  t o determin e 
dead spac e ventilatio n require s tha t  on e firs t  identif y th e locatio n o f  th e lun g bein g perfuse d 
and ventilated .  This ,  w e feel ,  i s anatomica l  becaus e i t  hold s i n th e mos t  efficien t  manner , 
th e require d informatio n t o reaso n abou t  functio n an d behaviour .  Schemati c 
representation s serv e a  purpos e i n thi s respec t  (Larki n an d Simon ,  1987) .  Ther e is , 
however ,  mor e tha n on e suc h representatio n tha t  mus t  b e invoke d t o understan d a  typica l 
physiologica l  phenomenon .  H o w abstrac t  concept s suc h a s V/ Q ac t  o n thes e represen t  th e 
procedura l  componen t  o f  th e knowledg e require d t o reaso n abou t  a  system .  Wha t  i s the n 
neede d i s a n explici t  identificatio n o f  ho w the y relat e t o suc h representation s apar t  fro m th e 
model s o f  dysfunction . 

CONCLUSION 

We have attempted to investigate reasoning about complex concepts in the domain of 
pulmonar y physiology .  Wit h respec t  t o instructiona l  implications ,  ou r  finding s sugges t 
tha t  wha t  i s neede d i s a n explici t  identificatio n o f  ho w a  piec e o f  knowledg e contribute s t o 
comprehendin g th e underlyin g pathophysiologica l  state ,  a s wel l  a s a  specificatio n o f  th e 
cognitiv e natur e o f  th e representation s tha t  ar e use d i n reasonin g abou t  a  problem .  W e 
argu e tha t  withou t  a  prope r  schem e fo r  impartin g thi s knowledge ,  reasonin g proceed s i n a 
non-optima l  manner .  Causa l  reasonin g tha t  employ s model s o f  mechanis m i s displace d b y 
strategie s tha t  lin k knowledg e component s throug h mor e genera l  heuristic s i n th e proces s 
of  constructin g a n explanation . 

An effort must be made to identify the principles/attributes around which the concepts are 
most  effectivel y organize d i n thi s domain .  W e speculat e tha t  mos t  ca n b e anchore d i n a n 
idea l  anatomica l  representation .  Suc h a  representatio n i s mor e concret e an d a t  th e sam e 
tim e make s th e relevan t  constraint s explici t  (fo r  a  larg e subse t  o f  problems )  suc h tha t 
operation s tha t  requir e les s cognitiv e effort ,  bu t  conced e t o varyin g interpretation s ar e 
avoided .  The y als o serv e a s anchorin g fo r  othe r  relate d concepts ,  whic h ma y rel y o n 
differen t  anatomica l  representation s bu t  becaus e i t  i s th e anatomica l  relationship s tha t  ar e 
linked ,  mor e abstrac t  relationship s ar e muc h mor e accessibl e an d easil y maintained . 
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A C o m p a r i s o n o f  Contex t  Effect s fo r  Typicalit y an d 

Categor y M e m b e r s h i p Rating s 

Lesli e J .  Capla n Robi n A .  Bar r 
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Introductio n 

I n th e las t  fe w years ,  th e demonstratio n o f  contex t  effect s o n 

people' s judgment s o f  categor y typicalit y (Barsalou ,  1987 ;  Rot h &  Shoben , 

1983 )  ha s pose d a  majo r  challeng e t o bot h classica l  featur e an d prototyp e 

theorie s o f  categor y representation .  I n thes e recen t  studies ,  th e degre e t o 

whic h a n ite m i s considere d t o b e a  goo d exampl e o f  a  categor y depend s o n 

th e contex t  i n whic h i t  i s  presented .  Thi s resul t  ha s bee n take n t o impl y 

tha t  categor y structur e d e p e n d s o n situationa l  factor s an d is ,  therefore , 

not  th e stabl e p h e n o m e n o n whic h featur e theorie s an d prototyp e theorie s 

clai m (Rot h &  Shoben ,  1983) .  O n e possibl e conclusio n whic h m a y b e draw n 

fro m thes e apparen t  c h a n g e s i n categor y structur e i s tha t  categor y 

representation s ar e themselve s unstabl e (Barsalou ,  1987) .  Contex t  effect s 

have ,  however ,  provide d suppor t  fo r  exemplar-base d account s o f  categor y 

representatio n (Medi n &  Schaffer ,  1978) .  Accordin g t o thes e theories , 

categor y m e m b e r s h i p o r  goodness-of-exampl e i s determine d b y comparin g 

item s t o categor y m e m b e r s i n m e m o r y tha t  ar e retrieve d i n respons e t o 

th e context .  B e c a u s e differen t  context s lea d t o th e retrieva l  o f  differen t 

exemplars ,  a n ite m tha t  i s encountere d i n differen t  context s wil l  receiv e 

differen t  goodness-o f -exampl e ratings . 

H o w e v e r ,  s o m e investigator s h a v e quest ione d w h e t h e r 

goodness-of-exampl e m e a s u r e s d o indee d asses s gradednes s i n categor y 

structur e (Armstrong ,  Gleitman ,  &  Gleitman ,  1983 ;  Bar r  &  Caplan ,  1985 , 

1 9 8 7 ;  Lakoff ,  1987) .  Accordin g t o thes e authors ,  gradient s i n typicalit y 

j udgmen t s d o no t  necessaril y  reflec t  gradient s i n categor y structur e o r 

m e m b e r s h i p .  T h e y argu e tha t  i t  i s  eas y t o generat e examp le s i n whic h 

item s ar e clearl y m e m b e r s o f  categories ,  bu t  ar e poo r  examp le s o f  th e 

category .  Thus ,  a  pengui n migh t  b e identifie d a s clearl y a  m e m b e r  o f  th e 

categor y Bird ,  bu t  a s a  poo r  examp l e o f  th e category .  I f  thi s i s true ,  the n 

contex t  effect s m a y onl y reflec t  difference s i n exemp la r  typicality , 

rathe r  tha n difference s i n th e degre e t o whic h a n exempla r  i s viewe d a s a 

categor y m e m b e r .  Fo r  example ,  a  chang e i n contex t  (e.g. ,  fro m Montrea l  t o 

th e Antarctic )  migh t  chang e a  pengui n fro m a  poo r  examp l e o f  a  bir d t o a 
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goo d example .  I n bot h cases ,  though ,  i t  remain s clearl y a  bird .  Therefore , 

contex t  effects ,  a s assesse d b y goodness-of-exampl e ratings ,  m a y no t 

reflec t  tru e c h a n g e s i n categor y structure . 

I n thi s experiment ,  w e compare d th e contex t  effect s obtaine d fo r 

g o o d n e s s - o f - e x a m p l e rating s wit h thos e obtaine d fo r  ca tegor y 

membersh i p ratings .  I f  context s trul y chang e th e structur e o f  a  category , 

the n contex t  effect s shoul d b e equall y apparen t  fo r  bot h type s o f  ratings . 

However ,  i f  the y affec t  onl y a n item' s perceive d typicality ,  bu t  no t  it s 

categor y membersh ip ,  the n contex t  effect s shoul d b e m o r e apparen t  i n 

goodness-of-exampl e judgment s tha n i n categor y membersh i p judgments . 

We presente d categor y m e m b e r s t o subject s i n tw o widel y 

varyin g contexts .  Fo r  instance ,  "ferry "  an d "raft "  we r e eac h presente d i n 

th e followin g sentenc e frames :  1 )  "Th e boy s spen t  Saturda y explorin g th e 

strea m o n the" ,  an d 2 )  "Th e car s ha d t o reac h th e islan d by" .  T h e dependen t 

measur e w e examine d w a s th e proportio n o f  subject s w h o assigne d highe r 

rating s t o exempla r  A  tha n t o exempla r  B  i n o n e context ,  an d w h o 

reverse d th e directio n o f  thes e rating s i n th e secon d context ,  suc h tha t 

exempla r  B  w a s assigne d a  highe r  ratin g tha n exempla r  A .  T h e existenc e 

of  a  reversa l  minimall y implie s a  re-orderin g o f  item s alon g a  scal e -  and , 

hence ,  a  restructurin g o f  th e category . 

Metho d 

Subject s 

Thirty-on e adult s serve d a s subjects .  Al l  we r e betwee n th e age s 

of  1 8 an d 4 5 years ,  ha d complete d a t  leas t  on e quarte r  o r  semeste r  o f 

college ,  an d we r e nativ e Englis h speakers .  The y w e r e pai d fo r  thei r 

participation . 

Apparatu s an d stimul i 

Stimulu s presentatio n an d respons e recordin g we r e handle d b y a 

Macintos h microcomputer .  T e n categorie s w e r e used :  Birds ,  D o g s , 

Flowers ,  Animals ,  Furniture ,  Boats ,  Vehicles ,  W e a p o n s ,  Tools ,  an d Toys . 

For  eac h category ,  tw o exemplar s wer e chosen .  Thre e sentenc e context s 

wer e presente d wit h eac h o f  th e exemplar s i n eac h category .  O n e o f  th e 

contexts ,  "The y s a w the" ,  w a s use d a s a  neutra l  context ,  bu t  wil l  no t  b e 

discusse d further .  E a c h o f  th e othe r  tw o context s w a s writte n t o 

encourag e th e subject s t o vie w on e o f  th e exemplar s a s a  typica l  categor y 

member.  Therefore ,  fo r  eac h category ,  eac h exempla r  w a s presente d onc e 

wit h a  congruen t  context ,  onc e wit h a n incongruen t  context ,  an d onc e wit h 

a neutra l  context .  T h e orde r  i n whic h th e 6 0 category-context-exempla r 
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combination s w e r e presente d w a s randomize d differentl y fo r  eac h o f  th e 

tw o type s o f  judgment . 

On eac h trial ,  th e followin g informatio n w a s presente d o n th e 

compute r  screen .  T h e seven-poin t  ratin g scal e w a s presente d a t  th e top . 

I n th e categor y m e m b e r s h i p condition ,  th e "7 "  w a s labele d "clearl y a 

m e m b e r "  an d th e "1 "  w a s labele d "clearl y no t  a  m e m b e r " ,  afte r  Bar r  & 

Cap la n (1987) .  I n th e goodness-of-exampl e condition ,  th e "7 "  w a s labele d 

"ver y g o o d example" ,  an d th e "1 "  w a s labele d "ver y poo r  examp l e (o r  no t  a 

categor y m e m b e r ) " ,  adapte d fro m Rosc h (1975) .  Be lo w th e scale ,  subject s 

s a w a  contex t  sentenc e endin g i n a  categor y word .  Be lo w th e sentence , 

subject s s a w instruction s t o conside r  h o w wel l  a  particula r  exempla r 

ma tche d thei r  ide a o r  imag e o f  wha t  th e categor y wor d ha d referre d t o i n 

th e previou s sentence .  A t  th e botto m o f  th e screen ,  a  sentenc e requeste d 

t h e m t o rat e th e categor y word .  I n th e categor y m e m b e r s h i p condition , 

the y w e r e aske d t o rat e h o w clearl y th e ite m w a s a  m e m b e r  o f  th e 

category .  I n th e goodness-of-exampl e condition ,  the y w e r e aske d t o rat e 

h o w goo d a n examp l e th e ite m w a s o f  th e category . 

Procedur e 

Subject s w e r e teste d individually .  T h e y w e r e instructe d tha t 

the y woul d b e mak in g tw o differen t  kind s o f  judgment s abou t  a  se t  o f 

categor y words .  T h e firs t  typ e o f  judgmen t  w a s explaine d t o them ,  an d 

the y we r e aske d t o rat e m e m b e r s o f  tw o practic e categorie s withou t  an y 

presentatio n o f  context .  T h e n ,  the y w e r e s h o w n a  printe d facsimil e o f 

what  th e scree n woul d loo k lik e o n eac h trial ,  an d we r e aske d t o rat e th e 

e x e m p l a r  given ,  keep in g th e s e n t e n c e contex t  i n m ind .  Next , 

computer-presente d trial s began .  T h e firs t  thre e trial s w e r e practic e 

trials .  Followin g thes e trials ,  subject s complete d th e 6 0 experimenta l 

trial s fo r  th e firs t  typ e o f  judgment . 

Durin g th e secon d hal f  o f  th e session ,  subject s w e r e give n 

instruction s fo r  th e typ e o f  judgmen t  whic h the y ha d no t  m a d e durin g th e 

firs t  half ,  a n d th e distinctio n be twee n th e tw o type s o f  j udgmen t  w a s 

pointe d ou t  t o them .  T h e procedur e fo r  th e secon d hal f  o f  th e sessio n w a s 

virtuall y identica l  t o tha t  o f  th e first ,  wit h th e exceptio n tha t  th e natur e 

of  th e ratin g scal e w a s varie d a s describe d above . 

T h e orde r  i n whic h th e tw o type s o f  judgmen t  w e r e m a d e w a s 

counterbalance d acros s subjects .  Al l  o f  th e categories ,  contexts ,  an d 

exemplar s use d w e r e identica l  fo r  th e tw o kind s o f  rating . 
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Result s an d Discussio n 

For  eac h category ,  w e calculate d th e proportio n o f  subject s w h o 

demonstrate d reversal s i n thei r  ratings .  A  reversa l  w a s define d a s a 

differenc e betwee n th e rating s o f  th e tw o exemplar s i n o n e contex t  whic h 

w as i n th e opposit e directio n t o th e differenc e betwee n the m i n th e othe r 

context .  W h e n th e differenc e equalle d zer o fo r  eithe r  context ,  tha t 

subject' s respons e w a s no t  counte d a s a  reversal .  T h e proportio n o f 

reversal s w a s m u c h highe r  fo r  goodness-of-exampl e rating s ( m e a n =  .77 ) 

tha n fo r  categor y membersh i p rating s (mea n =  .37) ,  F  (1 ,  9 )  =  110.39 ,  p  < 

.0001 . 

Clearly ,  reversal s o f  exempla r  rating s wit h contex t  w e r e m o r e 

likel y t o occu r  fo r  rating s o f  goodness-of-exampl e tha n fo r  rating s o f 

categor y membersh ip .  Thi s findin g suggest s tha t  previou s investigator s 

m ay hav e overestimate d th e magni tud e o f  contex t  effects ,  an d tha t 

conclusion s tha t  categor y structur e i s unstabl e m a y no t  hav e bee n full y 

warranted . 

E v e n i n categor y m e m b e r s h i p ratings ,  however ,  reversal s o f 

exempla r  rating s di d occur .  H o w migh t  suc h reversal s b e explained ? O n e 

possibilit y  i s  that ,  eve n fo r  categor y m e m b e r s h i p judgments ,  contex t 

effect s reflec t  a  re-structurin g o f  th e categor y wit h contex t  (Rot h & 

Shoben ,  1983) ,  an d a  correspondin g chang e i n categor y representation . 

Anothe r  possibility ,  however ,  i s  tha t  althoug h th e extensio n o f  a  categor y 

m ay chang e wit h context ,  it s  representatio n doe s not .  W e hav e recentl y 

(Bar r  &  Caplan ,  1985 ,  1987 )  presente d a  theor y o f  categor y representatio n 

whic h ca n explai n h o w a  category' s representatio n ca n remai n unchange d 

whil e it s extensio n changes .  Accordin g t o ou r  account ,  a  categor y i s 

represente d b y features ,  eac h o f  whic h m a y b e considere d t o b e intrinsi c 

or  extrinsic .  Intrinsi c feature s ar e tru e o f  a n objec t  considere d i n 

isolatio n (fo r  example ,  mos t  individual s woul d represen t  th e featur e "ha s 

fou r  legs "  t o b e a n intrinsi c featur e o f  dogs) .  Extrinsi c feature s ar e 

relation s whic h hol d be twee n a n objec t  an d s o m e othe r  entit y (fo r 

example ,  mos t  individual s woul d represen t  th e featur e "chase s cats "  a s a n 

extrinsi c featur e o f  dogs) .  M e m b e r s o f  categorie s whic h ar e primaril y 

represente d b y intrinsi c feature s ar e likel y t o remai n categor y m e m b e r s 

acros s change s i n context ,  becaus e intrinsi c feature s ar e tightl y boun d t o 

entities .  O n th e othe r  hand ,  m e m b e r s o f  categorie s whic h ar e primaril y 

represente d b y extrinsi c feature s m a y c h a n g e thei r  m e m b e r s h i p wit h 

context .  Unde r  s o m e contexts ,  th e appropriat e condition s m a y hol d fo r  th e 
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extrinsi c featur e t o b e tru e o f  a n object .  I n thes e cases ,  th e objec t  wil l  b e 

considere d a  categor y m e m b e r .  U n d e r  othe r  contexts ,  however ,  th e 

appropriat e condition s wil l  no t  hold .  I n thes e circumstances ,  th e objec t 

wil l  n o longe r  b e considere d a  categor y m e m b e r .  Fo r  example ,  suppos e 

tha t  "use d t o create "  w e r e th e complet e representatio n o f  th e categor y 

Tool .  A  piec e o f  driftwoo d lyin g o n a  beach ,  therefore ,  woul d no t  satisf y 

th e appropriat e relationshi p t o b e a  tool .  H o w e v e r ,  i f  i t  w e r e use d b y 

s o m e o n e t o scrap e a  pictur e i n th e sand ,  i t  woul d b e c o m e a  tool .  I t  i s 

importan t  t o not e tha t  regardles s o f  whethe r  a  category' s representatio n 

relie s m o r e heavil y o n intrinsi c o r  o n extrinsi c features ,  th e underlyin g 

representatio n o f  th e categor y (i.e. ,  th e propertie s whic h determin e 

categor y membersh ip )  remain s th e s a m e i n al l  contexts, .  However ,  th e se t 

of  item s whic h ar e considere d t o b e categor y m e m b e r s shoul d chang e mor e 

fo r  extrinsicall y represente d tha n fo r  intrinsicall y represente d 

categories . 

T h e dat a w e collecte d i n thi s stud y provid e s o m e suppor t  fo r  thi s 

model .  T h e 1 0 categorie s tha t  wer e use d var y i n th e degre e t o whic h thei r 

m e a n i n g s d e p e n d o n relationa l  (i.e. ,  extrinsic )  information ,  accordin g t o 

th e rating s o f  a  previou s grou p o f  1 5 subjects .  Therefore ,  w e wer e abl e t o 

calculat e th e correlatio n b e t w e e n previou s subjects '  m e a n rating s o f 

"relationalness "  a n d th e proportio n o f  subject s w h o demonst ra te d 

reversal s fo r  thi s se t  o f  categories .  Usin g th e m o r e stringen t  measu r e o f 

categor y restructurin g (categor y m e m b e r s h i p ratings) ,  w e obtaine d a 

significan t  correlatio n be twee n th e degre e t o whic h a  category' s meanin g 

relie s o n relationa l  informatio n an d th e proportio n o f  reversal s obtained , 

r  =  .67 ,  p  <  .05 .  A  simila r  correlatio n fo r  goodness-of-exampl e rating s 

faile d t o reac h significanc e a t  th e p  <  .0 5 level . 

T h e s e dat a sugges t  tha t  contex t  effect s ar e m o r e likel y t o occu r 

fo r  extrinsicall y represente d tha n fo r  intrinsicall y represente d 

categories .  O n e should ,  however ,  b e cautiou s i n interpretin g thes e results . 

B e c a u s e th e context s use d varie d a m o n g categories ,  i t  i s  possibl e tha t  w e 

ha d inadvertentl y selecte d th e m o r e powerfu l  context s fo r  th e m o r e 

relationa l  categories .  Nevertheless ,  thes e result s ar e consisten t  wit h ou r 

model' s predictions . 

I n conclusion ,  thi s stud y demonstrate d tha t  contex t  effect s ar e 

les s likel y t o occu r  fo r  categor y m e m b e r s h i p judgment s tha n fo r  categor y 

typicalit y judgments ,  suggestin g tha t  previou s estimate s o f  th e frequenc y 

or  magni tud e o f  contex t  effect s m a y hav e bee n exaggerated .  I n addition . 
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th e residua l  contex t  effect s s h o w n w h e n th e m o r e stringen t  m e a s u r e o f 

categor y membersh i p w a s use d ca n b e explaine d t o a  considerabl e exten t 

by a  theor y tha t  a s s u m e s tha t  categor y representatio n remain s constan t 

acros s contexts .  I t  remain s t o b e demonstrate d then ,  tha t  contex t  effect s 

d o indee d challeng e th e traditiona l  vie w tha t  categor y representatio n i s 

invarian t  acros s contexts . 
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A considerabl e amoun t  o f  researc h ha s bee n don e i n mechanic s whic h identifie d students ' 

alternativ e framework s i n physic s (Clemen t  1982 ,  Vienno t  1979 ,  McDermot t  1984) .  A  fe w studie s hav e 

als o focuse d o n students '  belief s i n electricity ,  energy ,  hea t  an d light .  Thes e studie s show ,  i n general ,  tha t 

many "misconceptions "  ca n b e trace d t o students '  prescientifi c  belief s abou t  th e world .  Furthermore , 

suc h belief s appea r  t o b e fragmented ,  incoherent ,  buil t  i n piece s (D i  Sessa ,  1984) ,  an d contex t  boun d 

(McClosky ,  Caramazz a &  Green ,  1980 ;  McDermott ,  1984 ;  Reif ,  1987) .  Hence ,  thi s se t  o f  belief s ha s a 

limite d powe r  o f  explanation ,  an d o f  course ,  differ s fro m th e scientifi c  theorie s hel d b y th e scientifi c 

community . 

Although naive explanations for a given phenomenon appear to be very context sensitive, it seems 

possibl e tha t  ther e i s a n underlyin g implici t  se t  o f  epistemologica l  commitment s tha t  ar e respecte d i n th e 

variou s specifi c  explanations .  Nersessia n an d Resnic k (1988 )  hav e outline d suc h a  se t  o f  underlyin g 

commitment s fo r  th e domai n o f  mechanics .  Thes e commitment s includ e th e presupposition s tha t  motio n 

require s a n explanation ,  (becaus e i t  represent s a  chang e i n state) ,  an d tha t  a n adequat e explanatio n o f 

motio n mus t  b e frame d i n term s o f  mechanism s i n whic h agent s ac t  physicall y o n object s (rathe r  tha n i n 

term s o f  relation s amon g theoretica l  constructs ,  a s i n Newtonia n physics) .  Thes e presupposition s wer e 

share d b y pre-Newtonia n physicists ,  an d th e loca l  explanation s constructe d b y today' s naiv e subject s 

see m t o shar e ke y feature s wit h thos e o f  Aristotelia n an d impetu s theorists . 

In this paper we explore another basic commitment~a naive materialistic belief--he\d by students, 

as wel l  a s b y som e adults ,  tha t  ca n explai n man y o f  th e students '  belief s a s reporte d i n th e researc h o n 

alternativ e framework s i n physics .  Th e followin g exampl e illustrate s wha t  w e mea n b y a  materialisti c 

belief .  I n ever y da y expressions ,  whe n w e sa y tha t  somethin g i s a n illusio n w e usuall y mea n tha t  i t  i s no t 

real .  W e conside r  a  movin g ca r  see n i n a  hologra m t o b e a n illusion ,  o r  unreal ,  eve n thoug h w e se e i t  a s 

if  i t  wa s real .  Th e reaso n tha t  w e refe r  t o th e movin g ca r  i n th e hologra m a s "no t  real "  i s tha t  i t  i s no t  mad e 

of  wha t  w e cal l  i n everyda y lif e "rea l  material" .  A n examinatio n o f  students '  explanation s concernin g light , 

electrica l  circuits ,  heat ,  energy ,  an d force ,  sugges t  tha t  the y conceiv e o f  thes e entitie s i n term s o f  th e 

propertie s an d behavio r  o f  "rea l  material" .  Thus ,  w e propos e tha t  a  basi c materialisti c  conceptio n ma y 

underli e students '  belief s an d understanding s abou t  a  numbe r  o f  physica l  concepts . 

Materialistic Interpretation of Light 

Our hypothesis of naive materialistic commitments arose while working with adult physics students 

and teacher s o n concept s o f  lights .  W e begi n b y reportin g thi s wor k an d the n examin e othe r  researc h o n 
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alternativ e framework s i n differen t  domain s fo r  evidenc e o f  materialisti c commitments . 

Conceptual beliefs about light tiave been investigated by Anderson and Karqvist (1981), Jung 

(1981) ,  an d La-Ros a (1984) .  Tfi e mai n focu s o f  tha t  wor k w a s o n sight ,  th e propagatio n o f  ligh t  throug h 

space ,  an d issue s i n optica l  geometries ,  bu t  littl e detail s wer e provide d abou t  wha t  student s thin k tha t  ligh t 

is .  Anderso n an d Karqvis t  (1981 )  repor t  tha t  student s believ e tha t  "something "  (eithe r  ray s o f  ligh t 

emanatin g fro m th e eyes ,  images ,  o r  "somethin g whic h goe s backward s an d forward s betwee n th e ey e 

and th e book" )  enable s vision .  Bu t  thes e investigator s di d no t  dea l  wit h th e questio n o f  wha t  a  studen t 

means w h e n h e use s th e wor d light ,  o r  ray ,  o r  othe r  suc h terms . 

In our work (Reiner, 1987), we interviewed 12 senior physics students and physics teachers about 

ligh t  phenomen a relate d t o every-da y situation .  Al l  o f  th e subject s ha d learne d th e appropriat e physic s t o 

answe r  th e questions ,  bu t  th e finding s showe d tha t  thei r  interpretation s abou t  ligh t  phenomen a reflecte d 

materialisti c commitment .  Eac h subjec t  w a s aske d 4  questions :  tw o questions  concerne d c o m m o n 

everyda y phenomen a (th e disturbanc e o n T. V resultin g fro m a  lightning ,  an d rotatio n o f  th e radiometer) ; 

th e othe r  tw o question s wer e thos e commonl y aske d i n physic s classe s (interferenc e an d detractio n 

pattern s o f  light) .  Analyse s o f  th e students '  explanation s showe d tha t  th e th e notio n o f  massiv e "particle s 

of  light "  playe d a  basi c rol e i n explainin g bot h th e every-da y phenomen a an d th e physic s clas s type s o f 

questions .  Fo r  example ,  th e rotatio n o f  th e radiomete r  w a s explaine d b y mos t  o f  the m a s a  resul t  o f  th e 

forc e o r  m o m e n t u m transferre d fro m th e massiv e particle s o f  ligh t  t o th e blac k plate s o f  th e radiometer . 

It is not clear whether the source of this kind of materialistic conception arose from physics 

instructio n o r  i t  migh t  b e roote d i n a  naive ,  preinstructiona l  view .  I n orde r  t o examin e this ,  w e interviewe d 

a ne w sampl e o f  bright ,  17-year-ol d Technion-boun d student s w h o hav e no t  ha d th e theor y o f  ligh t  before . 

31 ou t  o f  3 2 student s showe d a  materialisti c belief .  O f  th e variou s specifi c  belief s expressed ,  thre e wer e 

dominant : 

1.  2 2 % o f  th e student s believe d tha t  ligh t  w a s produce d b y a  ho t  body ,  whic h radiate s a  kin d 
of  material- a flui d o r  a  strea m o f  tin y particles-tha t  ca n fil l  th e air .  Color s o f  light ,  ?>ccordin g 
t o thi s belief ,  result s fro m th e combinatio n o f  tw o fluid s tha t  hav e differen t  colors . 

2.  1 8 % o f  th e student s believe d tha t  a  ho t  bod y emit s particle s o f  differen t  sizes .  Eac h siz e 
ha s it s o w n color .  I t  i s  eas y t o chang e a  particle' s colo r  fro m whit e t o an y othe r  color ,  bu t 
ver y diHicul t  t o chang e anothe r  colo r  t o white -  th e s a m e w a y tha t  a  whit e flui d wil l  ge t  a 
darke r  colo r  i f  mixe d wit h a  darke r  fluid .  I t  i s  interestin g t o not e tha t  thi s i s ver y simila r  t o 
Newton' s theor y o f  light- a poin t  tha t  remind s u s tha t  materialisti c view s wer e dominan t  i n 
physic s unti l  quit e lat e i n th e lield' s development . 

3.  2 2 % o f  th e student s believe d tha t  a  chemica l  reactio n cause s th e emissio n o f  ligh t  particles , 
whic h the n hav e th e abilit y  t o fil l  space .  Man y o f  thes e student s note d tha t  particle s coul d 
be slowe d d o w n b y th e ai r  (friction? )  ,  an d tha t  i s th e reaso n tha t  afte r  a  certai n distanc e th e 
particle s stop ,  whic h explain s wh y th e ligh t  (suc h a s fro m a  candle )  onl y goe s a  certai n 
distance . 

These results suggest that our initial sample of 12 senior physics students and teachers did not gain the 
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materialisti c  belie f  fro m book s o r  an y otfie r  form s o f  forma l  instruction .  Instead ,  the y appea r  t o hiav e 

retaine d a  naiv e materialisti c  wa y o f  tfiinkin g whicf i  i s  fundamenta l  t o pre-instructe d bu t  brigh t  17-year -

olds .  Thus ,  bot h th e naiv e 17-year-ol d student s an d th e senio r  physic s student s an d teacher s hav e 

"materialized "  ligh t  i n tw o possibl e ways : 

1.  Ligh t  itsel f  i s  considere d t o b e a  typ e o f  material-eithe r  smal l  balls ,  o r  a  strea m o f  flowin g 

continuou s substance ; 

2.  Ligh t  i s  a  propert y o f  a n object ,  fo r  example ,  a n objec t  shines ,  s o tha t  ligh t  doe s no t  exis t  i f 
th e ho t  object ,  o r  th e reactin g material s i n a  chemica l  reaction ,  d o no t  exist . 

Materialistic Conception of Electrical Circuits 

Maichle (1981) found that more than 80% of the students in secondary school level conceive of 

electri c curren t  a s a  kin d o f  substanc e wit h th e propertie s o f  quantity ,  storabilit y  an d consumability .  Eve n 

at  th e universit y level ,  4 0 % o f  th e student s agre e t o suc h statements .  A s migh t  b e expected ,  mos t  o f 

thes e student s confus e th e term s o f  voltag e an d curren t  (Cohen ,  Eyion ,  &  Ganie l  1983 ;  Maichle ,  1981) . 

They us e th e ter m electricit y fo r  bot h curren t  an d voltage .  Sometime s voltag e i s use d t o mea n th e 

storag e o f  current .  I n thi s case ,  bot h curren t  an d voltag e ar e materialized .  Accordin g t o students , 

"electrica l  material "  i s  use d u p b y th e bulb ,  o r  othe r  electrica l  devices ,  an d henc e ther e shoul d b e les s 

curren t  "after "  th e devic e "uses "  it .  Th e "misconception "  o f  storabilit y  an d consumabilit y  i s  a  resul t  o f 

lookin g a t  electrica l  curren t  a s i f  i t  wa s a  materia l  whic h i s store d i n th e battery .  Th e materia l  flow s a s 

lon g a s ther e i s "plent y o f  it "  i n th e battery ,  tha t  is ,  unti l  th e batter y i s "empty" .  Thi s vie w i s confirme d b y 

Reiner' s (1987 )  findin g tha t  hig h schoo l  student s studyin g electricit y believ e tha t  electron s hav e t o "arrive " 

at  th e bul b i n orde r  t o mak e th e bul b shine ,  an d tha t  th e propagatio n o f  th e electro-magneti c fiel d i s 

equate d wit h th e flo w o f  electron s i n th e wire . 

Osborn and Gilbert (1987) found similar conceptions both among 18-year-old students studying 

A-leve l  physic s (th e highes t  physic s leve l  i n Britain )  an d 7-13-year-old s wh o ha d receive d n o forma l 

teachin g i n physics .  Th e fac t  tha t  bot h th e naiv e an d th e 18-years-ol d students ,  wh o hav e a  relativel y 

goo d backgroun d i n physics ,  refe r  t o th e batter y a s a  storag e o f  materia l  whic h i s th e caus e o f  current , 

implie s tha t  th e materialisti c  framewor k appear s t o b e resistan t  t o teaching . 

To summarize, students appear to materialize electricity in two ways: they think of electricity as if it 

was a  materia l  whic h ca n flo w fro m on e plac e (suc h a s th e battery )  t o anothe r  (suc h a s th e bulb) ;  an d 

furthermore ,  thi s materia l  ha s th e propertie s o f  bein g consumabl e an d storable . 

Materialistic Interpretation of Heat 

Erickson and Tiberghein (1985) claimed that students imply that heat is substantive in nature, and 

describ e i t  a s somethin g tha t  ca n b e store d i n objects ,  transferre d fro m on e objec t  t o another ,  an d trave l 

fro m on e locatio n i n a n objec t  t o another .  The y als o clai m tha t  ever y da y expression s lik e "Clos e th e 
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windo w t o kee p th e hea t  inside "  (an d th e col d outside )  o r  expression s hear d i n classroom s suc h as :  "hea t 

i s gaine d o r  lost" ,  "travel s alon g a  meta l  rod" ,  indicat e tha t  i t  seem s t o b e natura l  t o describ e hea t  a s a 

typ e o f  materialisti c  substanc e whic h ca n caus e predictabl e change s i n othe r  objects .  A  "caloric " 

conceptio n o f  heat ,  i n whic h hea t  i s referre d t o a s a  flui d tha t  ha s n o mas s ha s als o bee n foun d amon g 

student s b y severa l  researcher s (Albert ,  1978 ;  Erickson ,  1980 ;  Tiberghien ,  1980 ;  Shaye r  &  Wylam ,  1981) . 

To summarize, from these findings, we suggest that heat has been materialized by students in two 

ways :  Hea t  i s  viewe d a s a  kin d o f  materia l  (e.g. ,  a  fluid )  whic h ca n trave l  fro m on e plac e t o another ;  an d 

furthermore ,  lik e electricity ,  hea t  ca n b e store d i n materials ,  an d take s o n th e shap e o f  th e objec t  i n whic h 

th e hea t  i s  store d i n th e sam e wa y tha t  ga s take s o n th e shap e o f  th e containe r  i n whic h i t  i s  stored . 

Materialistic Interpretation of Energy 

Duit (1981) reported that for the overwhelming majority of students, the term energy in every day 

languag e ha s th e meanin g o f  a  genera l  kin d o f  fue l  t o b e use d b y motor s an d machines .  Energ y ca n b e 

store d an d consumed .  T o gai n furthe r  insigh t  int o th e meanin g o f  th e wor d fo r  students ,  the y wer e aske d 

t o giv e example s o f  energy .  Th e result s sho w tha t  5 1 % o f  th e student s refe r  t o th e concep t  o f  energ y a s 

"things" .  Accordin g t o thi s research ,  energ y i s no t  see n b y th e majorit y o f  student s a s a n independen t 

entity ,  bu t  rathe r  a s a  propert y o f  materia l  bodies . 

We again suggest that energy is materialized in two ways: first, energy is a kind of fuel, and 

second ,  energ y i s a  propert y o f  a n object ,  an d exist s onl y i f  a n objec t  exists . 

Materialistic Interpretation of Forces 

If naive students have a commitment to materialistic explanations, they should have difficulties in 

explainin g motio n i n th e absenc e o f  a n externa l  contac t  force .  Thi s i s indee d th e case .  Fo r  example , 

Clemen t  (1982 )  reporte d tha t  student s believ e tha t  th e motio n o f  a  bod y implie s tha t  a  forc e wa s exerte d 

on it .  I n th e cas e o f  a  coi n tosse d u p i n th e air ,  the y thin k tha t  "th e coi n ha s a  force" .  Thi s force , 

accordin g t o Clement' s students ,  i s  believe d t o b e decreasin g durin g th e coin' s motio n upwards ,  unti l  th e 

gravitationa l  forc e overtake s th e "coin' s force ^  an d the n th e coi n wil l  revers e it' s  directio n an d fal l  down . 

Minstrel l  (1982 )  als o reporte d tha t  hi s students '  notio n o f  a  movin g bod y i s on e tha t  "ha s a  forc e i n itself" . 

Gunston e an d Watt s (1985 )  als o reporte d tha t  force s ar e explaine d a s havin g t o d o wit h livin g things . 

Student s tal k fo r  instanc e abou t  "a n objec t  tryin g t o figh t  it' s  wa y upward s agains t  th e wil l  o f  gravity" , 

whic h i s ver y simila r  t o Clement' s results .  I n al l  thre e o f  thes e cases ,  forc e i s viewe d a s a  propert y o f  a n 

object .  Th e forc e doe s no t  exis t  unles s th e objec t  exists .  Forc e i n thi s sens e ha s n o meanin g 

independentl y o f  a  materialisti c  object . 

If force is viewed as a property of an object, then, force from a distance poses a special problem for 
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students .  Althoug h student s us e th e ter m gravity ,  the y d o no t  understan d tha t  i t  ca n caus e object s t o fall . 

Instead ,  weight ,  an d "fallin g down" ,  ar e bot h perceive d a s tw o differen t  propertie s o f  a  materialisti c  bod y 

(Vicentini ,  1983) .  "Fallin g down "  i s explaine d b y th e naiv e belie f  tha t  a  bod y fall s becaus e i t  wants '  t o b e 

i n it' s  natura l  place ,  whic h i s "down" .  Vicentini-Misson i  (1981 )  state d I t  a s th e "firs t  law "  formulate d b y 

students:"AI I  heav y object s fal l  down ,  i f  nothin g sustain s them" .  Thi s issu e ha s bee n investigate d b y 

Nusbau m an d Nova k a s wel l  (19xx) .  The y aske d student s t o predic t  th e motio n o f  a  bod y throug h a  hol e 

dug throug h th e earth .  Mos t  o f  th e student s answere d tha t  th e droppe d ston e wil l  "fal l  down "  throug h th e 

cente r  o f  th e earth ,  an d "fal l  down" ,  ou t  o f  th e earth .  Th e notio n o f  gravit y a s a  forc e directe d t o th e cente r 

doe s no t  exist ,  an d th e motio n o f  th e ston e i s no t  relate d t o th e gravitationa l  forc e toward s th e center ,  bu t 

rathe r  i s referre d t o a s a  propert y o f  th e body .  Accordin g t o thi s belief ,  ever y materialisti c  objec t  ha s th e 

propert y o f  "fallin g down" .  Th e forc e fro m distanc e doe s no t  exis t  pe r  se ,  unles s i t  i s  relate d t o a 

materialisti c  body .  Thu s bot h weigh t  an d th e forc e drivin g object s t o fal l  ar e transferre d int o propertie s o f 

a body . 

Another way of materializing force is by transfering the force into a contact force between the body 

and th e air .  Drive r  (1985 )  reporte d tha t  som e student s believ e tha t  i n th e oute r  spac e ther e i s n o gravit y 

becaus e ther e i s n o air.Vicentin o an d Misson i  (1981 )  reporte d tha t  adult s explai n gravitatio n a s :  "  Th e 

forc e o f  gravit y i s  du e t o th e ai r  pressure \  I n thi s cas e th e forc e fro m distanc e i s transferre d int o a  forc e o f 

contac t  betwee n tw o materialisti c  bodies .  Thi s i s no t  a  ver y ne w belief ;  Gassendi ,  a  17-t h centur y 

scientist ,  conjecturin g abou t  th e existenc e o f  a  vacuum ,  remarke d tha t  n o force s an d n o motio n wil l  b e 

possibl e i n th e vacuu m becaus e o f  th e absenc e o f  contac t  amon g bodie s tha t  coul d produc e a  force . 

To summarize, we suggest that forces have been materialized in two ways: It is a property of an 

object ,  an d a  forc e i s a  contac t  betwee n tw o (o r  more )  materialisti c  bodies . 

Conclusion 

We have shown that a basic materialistic commitment underlies some of students' conception of 

key physic s concepts .  Thi s materialisti c  commitmen t  ha s 3  characteristics : 

1. The entity itself is a kind of material (e.g., light is a massive particle or a kind of a fluid; 
electrica l  energ y i s equate d wit h materia l  fluid ;  an d hea t  i s  calori c material) ; 

2.  Th e entit y ca n b e store d i n material .  Ther e exis t  othe r  object s whos e rol e i s t o stor e th e 

entit y (e.g. ,  ligh t  i s  store d i n material s suc h a s i n th e ai r  whic h explain s wh y reaso n w e hav e 
ligh t  afte r  sunset ;  electrica l  curren t  i s store d i n th e battery ;  an d hea t  i s store d i n materia l 
objects ;  an d forc e i s capture d i n th e body) ; 

3.  Th e entit y exist s onl y a s a  propert y o f  a  materialisti c  objec t  (e.g. ,  ligh t  i s  a  propert y o f  a  ho t 
body ,  o r  material s tha t  reac t  chemically ;  energ y i s a  propert y o f  a n object--th e bod y ha s 

energy ;  gravitationa l  force--fallin g down--i s a  propert y o f  a  body ;  a  movin g bod y ha s forc e i n 
itself ,  "Forc e o f  falling "  i s a  resul t  o f  th e contac t  o f  tw o materials :  ai r  an d th e fallin g object) ; 
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The analyse s reporte d her e characteriz e th e way s student s conceptualiz e numerou s physic s 

concept s (light ,  electricity ,  heat ,  energy ,  an d force )  i n term s o f  a  basi c underlyin g materialisti c 

interpretation .  Th e pervasines s an d apparen t  robustnes s o f  suc h a  fundamenta l  conceptio n acros s 

differen t  physic s concept s rais e thre e importan t  issues .  First ,  i f  suc h a  conceptio n i s s o fundamenta l  t o 

th e wa y w e understan d thes e concepts ,  ho w readil y ca n instructio n modif y suc h a  view .  Tha t  is ,  wha t  kin d 

of  instructiona l  method s need s t o b e designe d tha t  ca n undermin e suc h a  basi c epistomologica l 

commitmen t  an d produc e conceptua l  change .  Second ,  becaus e suc h a  materialisti c  vie w appear s t o b e 

so inheren t  i n student s conceptio n o f  th e physica l  world ,  i t  seem s t o engende r  simila r  interpretation s t o 

relate d entitie s an d concepts .  Fo r  instance ,  student s appl y thei r  conceptio n o f  th e propertie s o f  electrica l 

curren t  t o th e flo w o f  energ y i n a  wire .  I t  i s  no t  clea r  ho w w e ca n terminat e th e propagatio n o f  thi s kin d o f 

materialisti c  misconceptions .  Finally ,  thi s researc h question s th e validit y o f  instructiona l  approache s whic h 

us e materialisti c  model s a s analogica l  tools .  Fo r  example ,  d o menta l  model s o f  electricit y suc h a s flowin g 

water s o r  teemin g crowd s distor t  ou r  understandin g o f  electricit y b y sustainin g th e materialisti c  view . 

Additiona l  researc h i s neede d t o addres s thes e issues . 
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Writin g Expertis e an d Secon d Languag e Proficiency : 
Algorithm s an d Implementations ? 

Mister Gumming 

Faculty of Education 

McGill University 

Anderson (1987) argues for a fundamental distinction between 
algorithmi c an d implementatio n level s o f  cognitiv e processing , 
as wel l  a s specifi c  researc h method s t o investigat e 
them .  Th e process-tracin g stud y reporte d her e (summarizin g 
Gumming 1988 )  confirm s th e relevanc e o f  Anderson' s distinctio n 
i n a  naturall y occurrin g instanc e o f  huma n performance :  mor e an d 
les s exper t  writer s composin g o n differen t  task s i n thei r  secon d 
language .  Th e result s o f  th e stud y ar e als o consonan t  wit h 
theorie s distinguishin g intelligen t  centra l  processin g fro m 
informationally-encapsulate d knowledg e o f  languag e (Fodo r  1983 , 
Chomsky 1988 )  o r  suggestion s tha t  literat e expertis e develop s a s 
a unigu e cor e intelligenc e (Gardne r  1983 ,  Bereite r  &  Scardamali a 
1987 )  . 

Educated adults writing in their second language display a 
natura l  disjunctur e betwee n (1 )  th e highe r  order s o f  planning , 
heuristi c searches ,  an d use s o f  comple x representation s whic h 
characteriz e exper t  thinkin g an d (2 )  a  greate r  o r  lesse r  facilit y 
fo r  th e rapid ,  non-deliberativ e processin g o f  language ,  dependin g 
on thei r  proficienc y i n th e secon d language .  The y sho w 
differentiatio n betwee n highe r  an d lowe r  order s o f  cognitiv e 
processin g o f  th e kin d Anderso n (1987 )  describe s a s algorithm s 
an d implementations .  Thi s differentiatio n i s mor e visibl e wit h 
matur e learner s tha n i n conventiona l  studie s o f  cognitiv e 
developmen t  whic h hav e focuse d o n children ,  whos e processe s o f 
l inguistic ,  conceptual ,  maturational ,  an d socia l  developmen t  ar e 
necessaril y  interconnected . 

Interestingly ,  though ,  greate r  writin g expertis e o r  secon d 
languag e proficienc y appea r  t o lea d t o enhance d writin g 
performanc e i n a  secon d languag e — suggestin g ther e i s a  valu e 
fo r  learnin g a t  (i n Anderson' s terms )  eithe r  th e algorithmi c o r 
implementatio n level .  Knowledg e a t  bot h level s seem s necessar y 
fo r  optima l  performanc e i n thi s domain .  However ,  writin g 
expertis e appear s t o b e knowledg e whic h i s no t  tie d t o th e 
domain s o f  a  firs t  o r  secon d language .  Characteristic s o f 
writ in g expertis e appea r  t o b e enacte d i n simila r  way s acros s 
people' s firs t  an d secon d languages ,  irrespectiv e o f  thei r  level s 
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of  secon d languag e proficienc y (Arndt ,  1987 ,  Edelsky ,  1986 , 
Gaskil l ,  1986 ,  Jone s &  Tetroe ,  1987) . 

APPROACH 

Evidenc e o f  thes e distinction s wa s obtaine d b y analyzin g th e 
performanc e o f  2  3  youn g adult s writin g 3  compositio n task s i n 
thei r  secon d languag e (a n informa l  letter ,  a n expositor y 
argument ,  an d a  summar y o f  a  popula r  scienc e booklet ) . 
Participant s wer e carefull y selecte d t o represent :  3  level s o f 
writin g expertis e i n thei r  mothe r  tongu e ( 5 professiona l  writers , 
8 averag e students ,  an d 1 0 basi c wr i ters) ;  2  level s o f 
proficienc y i n thei r  secon d languag e (1 1 a t  intermediat e an d 1 2 
at  advance d level s o f  Engl ish) ;  a  common mothe r  tongu e an d 
cultura l  backgroun d (French-Canadian s raise d i n Quebec) ;  common 
level s o f  educatio n (firs t  an d secon d year s o f  univers i ty) ;  an d 
common motivation s fo r  learnin g thei r  secon d languag e (al l  ha d 
moved t o th e sam e English-Frenc h bilingua l  universit y i n Ontari o 
t o improv e thei r  Engl ish) .  Thes e characteristic s wer e verifie d 
throug h evaluatio n o f  participants '  writin g i n thei r  mothe r 
tongue ,  self-rating s o f  literat e abilities ,  backgroun d 
guestionnaires ,  an d intervie w tests . 

Three aspects of writing performance were assessed using a 3 
(writin g expertise )  X  2  (secon d languag e proficiency )  X  3  (tasks ) 
factoria l  design .  Qualitie s o f  th e text s produce d wer e rate d fo r 
th e effectivenes s o f  thei r  content ,  discours e organization ,  an d 
languag e use .  Decisio n statement s wer e extracte d fro m 
think-alou d protocol s the n analyze d i n tw o ways .  One ,  proble m 
solvin g behavior s use d t o contro l  writin g processe s wer e analyze d 
fo r  th e exten t  t o whic h participant s use d heuristi c searc h 
strategies .  Two ,  th e decisio n statement s wer e analyze d t o 
establis h whethe r  participant s wer e attendin g t o one ,  tw o o r  mor e 
aspect s o f  thei r  writin g whil e makin g decisions .  Aspect s o f 
writin g wer e define d a s gist ,  languag e use ,  discours e 
organization ,  intentions ,  o r  procedure s fo r  writin g (followin g 
Scardamali a &  Paris ,  1985) .  Inter-rate r  an d intra-rate r 
reliabilit y  o n thes e analyse s range d fro m . 7 t o .9 . 

DISTINCTION S I N LEVEL S O F COGNITIV E PROCESSING 

Multivariat e analyse s reveale d larg e mai n effect s fo r  th e factor s 
of  writin g expertis e an d secon d languag e proficienc y o n th e 
rating s o f  tex t  qualitie s an d proble m solvin g behaviors . 
Interestingly ,  ther e wer e n o interaction s betwee n th e factors . 
Thi s suggest s tha t  writin g expertis e an d secon d languag e 
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proficienc y ar e psychologicall y distinct ,  supportin g theorie s o f 
dif feren t  level s o f  cognitiv e processin g o r  menta l  modularity . 
Part icipant s ha d develope d writ in g expertis e and/o r  secon d 
languag e proficienc y t o differen t  extents ,  eac h o f  whic h mad e 
separat e contribution s t o thei r  writ in g performanc e i n th e 
secon d language . 

For the qualities of the compositions produced, a repeated 
measure s MANOVA reveale d mai n effect s fo r  writ in g expertis e 
( F (2 ,  16 )  =  25.1 ,  p  <.0001 )  an d secon d languag e 
proficienc y ( F (1 ,  16 )  =  53.8 ,  p  < .0001) ,  withou t  an y 
interaction s betwee n th e tw o factors .  A  simila r  analysi s o f 
decisio n makin g behavior s usin g heuristi c searche s (t o resolv e 
problem s encountere d whil e writing )  als o showe d separat e mai n 
effect s fo r  writ in g expertis e ( F (2 ,  16 )  =  29.0 ,  p 
<.0001 )  an d secon d languag e proficienc y ( F =  5.2 ,  p 
< . 0 4 ) ,  withou t  an y interactions .  Acros s tasks ,  performanc e o n 
th e mor e cognitivel y demandin g argumen t  an d summar y task s 
consistentl y differe d significantl y fro m performanc e o n th e les s 
cognitivel y demandin g lette r  task .  Wit h increase d writin g 
expertis e o r  secon d languag e proficiency ,  peopl e tende d t o 
produc e mor e effectiv e compositions ,  mak e mor e extensiv e us e o f 
heuristi c searc h strategies ,  an d d o thi s t o a  greate r  exten t  o n 
mor e demandin g tasks . 

The complexity of mental representations people used for decision 
makin g wa s analyze d b y contrastin g th e exten t  o f  reference s the y 
made t o eithe r  1  o r  2  (o r  more )  aspect s o f  thei r  writ in g i n 
protoco l  statements .  A  repeate d measure s MANOVA showe d a  mai n 
effec t  fo r  writ in g expertis e ( F (2 ,  16 )  =  8.4 ,  p  <  .003) , 
non-signif ican t  effect s fo r  secon d languag e proficiency ,  an d a n 
interactio n betwee n th e tw o mai n factor s ( F (2 ,  16 )  =  4.7 , 
p <  . 0 3 ) .  Mor e exper t  writer s tende d t o refe r  t o 2  o r  mor e 
aspect s o f  thei r  writ in g whil e makin g decisions ,  whil e inexper t 
wri ter s tende d t o conside r  onl y 1  aspect .  Th e interactio n effec t 
appeare d t o aris e fo r  peopl e withou t  hig h o r  lo w level s o f 
writ in g expertis e (i.e .  th e averag e students) .  Averag e student s 
wit h lesse r  level s o f  secon d languag e proficienc y acte d lik e th e 
inexper t  wr i ters ,  attendin g mainl y t o 1  aspec t  o f  thei r  writin g 
whil e makin g decisions .  Averag e student s wit h highe r  level s o f 
secon d languag e proficienc y acte d lik e th e exper t  writers , 
attendin g mainl y t o 2  aspect s o f  thei r  writin g whil e makin g 
decisions . 

Qualitative analyses of the think aloud protocols indicated that 
secon d languag e proficienc y di d no t  visibl y affec t  th e processe s 
of  composin g i n th e secon d language .  N o consisten t  difference s 
coul d b e discerne d betwee n th e reporte d thinkin g processe s o f 
peopl e wit h greate r  o r  lesse r  secon d languag e proficiency .  Thi s 
confirm s th e widesprea d clai m tha t  peopl e hav e littl e consciou s 
acces s t o knowledg e o f  thei r  secon d languag e (Krashen ,  1982 , 
Seliger ,  1983 ,  Carrol l ,  1985) .  I t  als o lend s credenc e t o 
Anderson' s (1987 )  argumen t  abou t  th e limitation s o f  researc h a t 
th e "implementation "  leve l  o f  cognitiv e processing . 

554 



GUMMING 

Obviou s difference s wer e evident ,  however ,  i n th e approache s t o 
composin g displaye d b y th e mor e an d les s exper t  writers .  Thes e 
difference s appeare d regardles s o f  participants '  secon d languag e 
proficiency .  The y correspon d t o finding s i n previou s researc h o n 
th e cognitiv e processe s o f  mothe r  tongu e writin g (d e Beaugrande , 
1984 ,  Bereite r  &  Scardamalia ,  1987 ,  Flowe r  &  Hayes ,  1980) .  Exper t 
writer s displaye d well-differentiate d approache s t o plannin g 
thei r  discours e (a s emergen t  o r  advanc e planning) ,  usin g 
rhetorica l  script s an d goal s t o guid e thei r  writing ,  transformin g 
thei r  thinkin g flexibl y t o solv e problems ,  an d concernin g 
themselve s persistentl y wit h th e qualitie s o f  thei r  wor d choices . 

In contrast, less expert writers displayed little control over 
thei r  writin g processes .  The y tende d t o pla n i n small , 
constraine d unit s — frequentl y askin g themselve s wha t  t o sa y 
next ,  becaus e the y ha d littl e sens e o f  ho w t o procee d wit h thei r 
overal l  discourse .  Alternatively ,  the y simpl y wrot e dow n 
everythin g tha t  cam e t o mind ,  withou t  assessin g it s valu e o r 
quality .  The y displaye d littl e concer n fo r  wor d choices . 

OF WHAT VALU E I S THI S DISTINCTION ? 

Characteristic s o f  expertis e a t  th e "algorithmic "  leve l  wer e 
reportable ,  consistentl y eviden t  i n thin k alou d protocols ,  an d 
distinguishe d fro m processin g a t  th e linguisti c level .  Thi s 
suggest s the y represen t  a  leve l  o f  cognitiv e knowledg e whic h 
differ s qualitativel y fro m th e lowe r  level s o f  languag e 
"implementation" .  A s such ,  the y appea r  amenabl e t o reflectiv e 
awareness ,  self-regulation ,  learning ,  modelling ,  an d instruction , 
as Anderso n (1987 )  proposes ,  an d other s hav e demonstrate d fo r  th e 
learnin g o f  higher-leve l  literat e behavior s (Bereite r  & 
Scardamalia ,  1987 ,  Brown ,  Palincsa r  an d Armbruster ,  1984 , 
Gumming,  1986) .  Thi s knowledg e migh t  b e calle d intelligen t 
processing ,  i n vie w o f  Gardner' s (1983 )  definition s o f  literat e 
knowledg e a s a  specialize d cor e intelligence . 

In contrast, knowledge of a second language was largely beyond 
th e awarenes s o f  individuals '  attentio n durin g tas k performance . 
I t  i s  knowledg e tha t  participant s ha d acquire d ove r  tim e an d 
socia l  interactions ,  correlatin g closel y wit h thei r  lengt h o f 
residenc e i n th e Englis h speakin g environmen t  (. 9 p  <.O01) . 
As theorie s o f  secon d languag e acquisitio n suggest ,  peopl e 
develo p suc h knowledg e throug h purposefu l  us e o f  th e language , 
progressivel y matchin g thei r  behavior s an d interpretation s t o 
standard s salien t  i n thei r  socia l  environmen t  (McLaughli n 1987) . 
But ,  a s Fodo r  (1983 )  claims ,  suc h linguisti c knowledg e appear s 
modularize d an d encapsulate d — an d thu s no t  amenabl e t o muc h 
consciou s manipulation .  Nonetheless ,  exper t  writer s obviousl y 
us e thei r  knowledg e o f  a  secon d languag e a s the y write ,  i n muc h 
the y sam e wa y a s the y d o thei r  firs t  language . 
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For  education ,  thi s distinctio n indicate s tha t  quit e differen t 
learnin g curricul a woul d b e appropriat e t o foste r  th e developmen t 
of  wri t in g expertis e an d secon d languag e proficiency .  Fo r 
researc h int o cognitiv e processin g an d knowledge ,  ther e i s 
eviden t  valu e i n assessin g adul t  performanc e o n comple x task s i n 
a secon d language .  Th e natura l  disjunctur e whic h adult s displa y 
betwee n thei r  analyzabl e contro l  ove r  thei r  exper t  thinkin g an d 
thei r  implici t  secon d languag e proficienc y mak e the m suitabl e 
subject s t o validat e theorie s o f  modularity ,  level s o f  cognitiv e 
processing ,  an d self-regulation . 

WHERE D O TH E LEVEL S INTERACT ? 

Claim s fo r  distinction s i n level s o f  cognitiv e processin g be g th e 
questio n o f  ho w suc h level s interac t  psychologically .  A  clu e t o 
ho w thi s migh t  occu r  appeare d i n th e persisten t  wor d searche s an d 
evaluation s whic h characterize d th e thinkin g o f  mor e exper t 
wr i ters .  Thi s behavio r  — als o observe d b y Butler-Nali n (1984 ) 
i n a  compariso n o f  secon d languag e an d mothe r  tongu e student s 
writ in g — entaile d simultaneou s attentio n t o languag e use ,  gist , 
an d discours e structures ;  cross-linguisti c comparisons ; 
evaluation s o f  alternatives ;  an d finall y resolutio n o f  a  righ t 
choice : 

A mode l  to. . .  Ah ,  u n model e a  analyser .  A  mode l  t o 
study . 
Not  model .  A  ver y interesting.. .  No t  kinds .  Ver y 
interesting.. . 
Not  style .  A  ver y interesting.. .  Ah ,  c'es t  pa s u n 
modele . 
Cat s ar e amon g others ,  a ,  u n trd s interessant ,  a  ver y 
interesting.. .  Ah ,  cat s ar e a  ver y interesting.. .  Ah , 
cas e t o 
study . 

This pervasive behavior demonstrated the kinds of schematic 
searches ,  evaluations ,  retagging s an d consolidation s whic h Cas e 
(1985 )  claim s ar e th e mai n regulator y processe s leadin g t o 
intellectua l  development .  Moreover ,  i n doin g this ,  exper t 
wri ter s wer e progressivel y verifyin g th e trut h correspondence s 
betwee n thei r  thinkin g an d language ,  a  proces s whic h 
Johnson-Lair d (1983 )  an d Davidso n (1984 )  clai m ar e integra l  t o 
human learnin g an d intentionality .  I n orde r  t o generat e 
alternativ e cross-linguisti c wor d choices ,  i t  i s  necessar y t o 
make a  prior i  equation s acros s semantic ,  discoursal ,  an d 
linguisti c categorie s (Lipsk i  1978) .  I n thi s way ,  exper t 
writer s appea r  abl e t o integrat e thei r  knowledg e o f  writ ing , 
thei r  secon d language ,  an d thei r  mothe r  tongu e — whil e a t  th e 
same tim e learnin g fro m writin g i n thei r  secon d language . 
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Withou t  requisit e level s o f  literat e knowledge ,  peopl e ma y no t  b e 
abl e t o engag e effectivel y i n thi s kin d o f  integrativ e learning , 
as researc h o n minority-languag e childre n b y Cummin s (1984 ) 
suggests . 
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The Minima l  Chai n Principle : 
A Cross-linguisti c Stud y o f  Syntacti c Parsin g Strategie s 
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The experimenta l  wor k presente d her e 
i s par t  o f  a  serie s o f  studie s don e o n 
sentenc e processin g i n Italian .  Th e 
goa l  i s  t o provid e a  cross-linguisti c 
testin g o f  sentenc e processin g models . 
Most  studie s i n sentenc e processin g 
hav e bee n don e i n English .  Cross -
linguisti c stud y i s motivate d b y th e 
possibilit y  tha t  th e processin g 
principle s identifie d t o dat e an d 
consequen t  processin g models ,  may hav e 
been biase d b y language-specifi c 
aspect s o f  English .  Fro m thi s las t 
perspectiv e th e compariso n o f  Englis h 
and Italia n i s particularl y 
interestin g becaus e th e tw o language s 
diffe r  i n th e settin g o f  a  linguisti c 
parameter .  Some natura l  language s 
allo w phoneticall y nul l  subject s i n 
tense d clause s (hencefort h 'pro' ,  a 
shor t  for m fo r  lexicall y nul l 
'pronominal '  element) ,  whil e other s d o 
not .  Th e tw o type s ar e instantiate d b y 
Italia n an d English ,  a s i n (1 )  (Th e * 
means tha t  th e Englis h sentenc e 
correspondin g t o th e Italia n on e i s 
ungrammatical .  I  giv e th e gr£immatica l 
Englis h translatio n i n parenthesis) . 
I t  ha s bee n show n tha t  othe r 
propertie s systematicall y correlat e 
wit h th e nul l  subjec t  properties , 
includin g a  fre e proces s o f  subjec t 
inversio n (2) . 

(1 )  a .  pr o CORRERA' 
b.  *pr o WIL L RUN. 

(he/she/i t  wil l  run ) 
(2 )  a .  pro j  CORRERA'  GIANNI ^ 

b.  *prO i  WIL L RUN GIANNIj . 
(Giann i  wil l  run ) 

As illustrate d i n th e example s (1 ) 
and (2 )  i n Italia n ther e ar e tw o type s 
of  lexicall y empt y categorie s tha t  ar e 
missin g i n English :  th e 'pro '  subjec t 
i n (1 )  an d th e 'pro '  subjec t  i n (2 ) 

tha t  i s  linke d t o anothe r  N P i n th e 
same sentenc e i n a  filler-ga p 
relationship .  (I n th e standar d 
analysi s th e pos t  verba l  subjec t  i s 
moved for m th e origina l  pre-verba l 
positio n i n (2)) .  Th e wor k presente d 
her e test s whethe r  thes e empt y 
element s ar e processe d followin g th e 
processin g principle s alread y 
identifie d i n Englis h (Grai n &  Fodor , 
1985 ;  Stowe ,  1986 ;  Frazie r  & 
D'Arcais ,  submitted ;  Clifto n & 
Frazier ,  i n press) . 

SPECIFIC HYPOTHESIS TESTED 

The specific processing principle 
tha t  i s  teste d her e use s th e notio n 
of  chain .  A  chai n i s define d a s a  se t 
of  coindexe d element s tha t  shar e on e 
themati c rol e (e.g. ,  agent ,  patient , 
etc. )  an d on e cas e (e.g. ,  nominative , 
accusative ,  etc) .  Th e shortes t  chai n 
i s on e i n whic h a n elemen t  i s i n it s 
unmoved positio n an d i t  i s  no t  linke d 
t o an y othe r  element s i n th e 
sentence ,  a s th e N P 'John '  i n (3) : 

(3) John runs. 
Chain s ca n als o hav e tw o element s 

as i n th e filler-ga p relationship s o f 
(4 )  an d (5 )  ('e ' 
phoneticall y empt y 
position) : 

designate s a 
structura l 

(4 )  What  girl i  di d yo u cal l  e^ ? 
(5 )  Maryj ^  decide d e ^  t o go . 

In (4) the semantic role of the 
Wh-wor d (th e filler )  depend s o n 
structura l  propertie s o f  th e sentenc e 
tha t  follows ,  namel y tha t  ther e i s a 
'gap' ,  o r  empt y positio n i n th e 
phras e structur e a t  th e direc t  objec t 
positio n resultin g i n a n empt y 
patien t  role .  Similarly ,  th e 
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interpretatio n o f  th e lexicall y empt y 
structura l  positio n (th e gap )  o f  th e 
subjec t  o f  th e infinitiva l  't o go "  i n 
(5 )  i s controlle d i n interpretatio n b y 
th e N P 'Mary '  (th e filler) .  I n bot h o f 
thes e cases ,  then ,  ther e i s a  chai n o f 
lengt h 2  betwee n tw o elements .  Goin g 
bac k t o th e Italia n examples ,  i n (2 ) 
ther e i s a  chai n o f  lengt h 2  betwee n 
th e Inverted-subjec t  (henceforth ,  I -
subject )  an d th e pre-verba l  subjec t 
position .  I n (1 )  ther e i s a  chai n o f 
lengt h 1 .  Th e lexica l  empt y elemen t  i n 
subjec t  positio n i s unmove d an d no t 
linke d t o an y othe r  element . 

The processin g principl e teste d her e 
i s th e Minima l  Chai n Principl e 
(henceforth ,  MCP) : 

Minimal Chain Principle; 
Avoi d postulatin g unnecessar y chai n 
members a t  S-structure ,  bu t  d o no t 
dela y require d chai n members . 

The second clause of the principle 
amount s t o a  statemen t  o f  th e "gap-as -
first-resort "  principl e (Fodor ,  1978 ) 
or  th e Activ e Fille r  Hypothesi s 
(Frazie r  &  D'Arcais ,  submitted) .  Her e 
I  wil l  focu s o n th e firs t  claus e o f 
th e principle :  i t  suggest s tha t  whe n a 
pars e i s ambiguou s betwee n a  shorte r 
and a  longe r  chain ,  th e parse r  wil l 
prefe r  th e shorte r  chain .  I n th e 
limit ,  thi s mean s tha t  th e parse r  wil l 
prefe r  t o hav e n o multiple-elemen t 
chain s a t  all .  Le t  u s tak e a s example s 
sentence s (1 )  an d (2) .  When a  reade r 
get s th e verb ,  she/h e know s tha t  ther e 
i s a  lexicall y empt y subjec t  position . 
But  th e pars e o f  th e pre-verba l 
subjec t  positio n i s ambiguou s betwee n 
a pr o i n a  singleto n chai n (a s i n (1) ) 
or  a  pr o i n a  multiple-elemen t  chai n 
(a s i n (2)) .  Severa l  interestin g 
question s aris e a t  thi s point :  doe s 
th e parse r  commi t  itsel f  t o a  choic e 
of  o f  empt y categor y i n th e absenc e o f 
disambiguatin g information ? An d i f 
yes ,  wha t  i s th e choic e tha t  th e 
parse r  makes ? I  assum e tha t  th e parse r 
commit s itsel f  on-lin e t o a  structura l 

choic e withou t  waitin g fo r 
disambiguatio n (se e Frazie r  & 
Rayner,198 2 )  an d I  wil l  tes t  whethe r 
th e huma n parse r  follow s th e MCP 
principl e i n makin g choices .  Thi s 
predict s tha t  th e parse r  wil l 
initiall y  pursu e th e singleto n chai n 
analysis .  Thi s wil l  prov e t o b e 
correc t  i n (1) ,  bu t  no t  i n (2 )  wher e 
a post-verba l  N P occurs .  Therefor e 
sentence s lik e (2 )  shoul d b e harde r 
t o pars e tha n sentence s lik e (1) . 

Her e I  wil l  presen t  tw o 
experiment s tha t  hav e teste d th e MCP 
principle .  Th e firs t  experimen t 
teste d th e predictio n o f  th e MCP 
sketche d above ,  usin g sentence s lik e 
(6 )  whic h ar e structurall y ambiguou s 
betwee n th e interpretatio n (6a )  an d 
(6b )  becaus e th e ver b i s optionall y 
transitive : 

(6) HA CHIAMATO GIOVANNI. 
a.*pr o CALLE D GIOVANNI . 

(he/she/i t  calle d Giovanni ) 
b,  *prO i  CALLE D GIOVANNI . 

(Giovann i  called ) 

If the parser obeys the' MCP 
principle ,  the n th e interpretatio n 
(6a )  shoul d b e preferre d ove r  (6b) . 
Therefor e w e predic t  tha t  whe n 
disambiguatin g materia l  occur s late r 
i n th e sentence ,  (6b )  shoul d b e 
harde r  t o proces s tha n (6a )  becaus e a 
revisio n o f  th e initia l  assignmen t  i s 
needed . 

The sam e predictio n wa s teste d i n 
a secon d experimen t  wit h intransitiv e 
verb s belongin g t o tw o differen t 
classes ,  ergative s an d unergatives . 
Thes e tw o ver b classe s diffe r  i n 
havin g th e subjec t  originatin g i n 
post-verba l  positio n (7a )  o r  i n pre -
verba l  positio n (7b )  (Belletti , 
1988) ,  an d ar e easil y identifie d 
becaus e the y selec t  differen t 
auxiliar y verbs : 

(7) a. E' ARRIVATA pro. 
*  I S ARRIVE D pro . 

(she/i t  arrived ) 

560 



DE VINCENZ I 

b.  pr o H A ESITATO . 
*pr o HA S HESITATED. 
(he/she/i t  ha s hesitated ) 

In the case of a lexically expressed 
subjec t  i n post-verba l  position ,  w e 
hav e a  singleto n chai n i n (8a )  an d a 
multiple-elemen t  chai n i n (8b) : 

(8) a. E' ARRIVATA UNA AMIGA. 
*  I S ARRIVE D A  FRIEN D 

( A frien d arrived ) 
b.  pro j  H A ESITAT O UNA AMICAi -

*prO i  HA S HESITATE D A  FRIEND^ . 
( A frien d ha s hesitated ) 

The MCP principle predicts that a 
structur e lik e (8a )  shoul d b e easie r 
t o proces s tha n (8b )  becaus e i n th e 
latte r  cas e th e reade r  mus t  for m a 
chai n relatin g th e post-verba l  subjec t 
t o th e pre-verba l  position .  However , 
i f  th e ver b i s  ergative ,  a s i n (8a )  n o 
chai n wil l  nee d t o b e formed . 

EXPERIMENTS 

Experiment 1 used 20 
sentence s wit h a  temp o 
betwee n a  pro-subjec t  ( a 
an Inverted-subjec t  (a s 
Two sentence s ha d 
transitiv e ver b (cond i 
and on e ha d a n 
intransitiv e ver b (con d 
continue d wit h a 
disambiguate d it .  Sampl e 
Experimen t  1  ar e th e fo l 

triplet s o f 
rar y ambiguit y 
s i n (6a) )  o r 
i n (6b)) : 
an optionall y 
tio n 1  an d 2 ) 

obligatoril y 
itio n 3 ) .  Eac h 
phras e tha t 
sentence s fo r 

lowing : 

bos s t o offer-u s a  raise) . 

The rationale clause in the first 
exampl e pragmaticall y force s a 
readin g i n whic h "th e boss "  i s  th e 
objec t  o f  "called "  an d th e matri x 
sentenc e ha s a  nul l  subjec t  i n pre -
verba l  positio n (pro) .  Th e rational e 
claus e i n th e secon d sentenc e force s 
th e readin g i n whic h "th e boss "  i s 
th e subject ,  occurrin g i n post-verba l 
position .  I n th e firs t  case ,  n o chai n 
i s needed .  I n th e secon d case ,  a  2 -
elemen t  chai n mus t  b e create d whe n 
th e disambiguatin g phras e i s 
encountered .  Followin g th e MCP th e 
disambiguatin g phras e i n conditio n 1 
wil l  no t  requir e reanalysi s an d wil l 
be rea d quickly .  Th e disambiguatin g 
phras e i n conditio n 2  doe s requir e 
reanalysi s an d wil l  b e rea d slowly . 
When th e ver b i s  obligatoril y 
intransitiv e (cond .  3 :  "telefonare " 
i s intransitiv e i n Italian )  ther e i s 
no ambiguit y o f  th e post-verba l  NP . 
I f  th e parse r  i s  sensitiv e t o thi s 
fact ,  i t  wil l  no t  initiall y  choos e 
th e pro-subjec t  interpretation ,  an d 
thu s i t  wil l  no t  hav e t o perfor m 
reanalysi s whe n th e rational e claus e 
beginnin g "pe r  offrirci "  arrives . 

Experiment 2 used 20 pairs of 
sentence s wit h ergativ e an d 
unergativ e verb s tha t  hav e post -
verba l  subjects ,  a s i n (8) .  The y 
occurre d i n tw o conditions ,  wit h 
ergativ e an d unergativ e verbs : 

cond.l :  ler i  mattin a h a chiamat o i l 
capouffici o pe r  chiedergl i  u n auraent o 
di  stipendio .  (*Yesterda y calle d th e 
bos s t o ask-hi m a  raise ) 

cond.l :  Quest a volt a e '  venut a un a 
car a arnic a a d aiutarc i  a  traslocare . 
(*Thi s tim e cam e a  dea r  frien d t o 
hel p u s move ) 

cond.2 :  ler i  mattin a h a chiamat o i l 
capouffici o pe r  offrirc i  u n aument o d i 
stipendio.(*Yesterda y calle d th e bos s 
t o offer-U S a  raise ) 

cond. 2 Quest a volt a h a esitat o 
una car a amic a a d aiutarc i  a 
traslocare .  (*Thi s tim e hesitate d a 
dea r  frien d t o hel p u s move) . 

cond.3 :  ler i  mattin a h a telefonat o i l 
capouffici o pe r  offrirc i  u n aument o d i 
stipendio .  (*Yesterda y telephone d th e 

Readin g Tim e shoul d b e fas t  fo r  th e 
ergativ e post-verba l  subjec t 
sentence s (cond.l )  a s compare d t o th e 
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Table 1 
Averag e Readin g Tim e fo r  Correc t  Response s i n Experimen t  1 . 

segment # 

condition 1 
(V^ ,  pr o subject ) 
conditio n 2 
(V^ ,  I-subject ) 
conditio n 3 
(V^ ,  I-subject ) 

Note: V^ = verb transitive; V^ = verb intransitive. 
* :  onl y i n conditio n 1  th e correc t  respons e was :  " I  d o no t  know " 

examples: segment ^^ 
1 2  3  4  5 

cond .  1 
Yesterday /  calle d th e boss /  t o as k him /  a  raise /  i n stipend . 
cond .  2 
Yesterday /  calle d th e boss /  t o offe r  us /  a  raise /  i n stipend . 
cond .  3 
Yesterday /  telephone d th e boss /  t o offe r  us /  a  raise /  i n stipend . 

Table 2 

Average Reading Time for each segment in Experiment 2. 

segment # 1 2 3 4 % 

condition 1 (Vg) 989 1043 894 893 .980 

condition 2 (V^) 998 1300 925 881 .883 

Note: Vg « verb ergative; V^ •= verb unergative. 

examples: segment it 
1 2 3  4 

cond .  1 :  Yesterday /  cam e a  frien d /  t o hel p us /  move . 
cond .  2 :  Yesterday/hesitate d a  friend /  t o hel p us /  move . 

unergative post-verbal subject reading task. Subjects pushed a key 
sentence s (cond.2) ,  becaus e o f  th e wit h th e righ t  han d t o star t  eac h 
necessit y o f  formin g a  chai n i n th e trial ,  an d the y pushe d th e sam e ke y 
unergativ e bu t  no t  th e ergativ e case .  t o se e eac h successiv e phras e o f  th e 

sentence .  Onl y on e phras e wa s visibl e 
PROCEDURE AN D DESIG N a t  a  time .  When eac h phras e appeared , 

th e previou s on e (t o th e left ) 
The 2  experiment s wer e ru n together .  disappeared .  Subject s wer e instructe d 

They use d phrase-by-phras e self-pace d t o rea d a t  a  natura l  rate ,  whil e 
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maintainin g goo d comprehension .  Afte r 
eac h sentence ,  a  comprehensio n 
questio n appeare d o n th e scree n al l  a t 
onc e an d th e subjec t  ha d t o respon d t o 
th e questio n b y pressin g a  button .  Th e 
questio n querie d th e subjec t  o f  th e 
sentenc e (fo r  conditio n 1  an d 2  o f 
bot h experiments )  o r  som e randoml y 
chose n aspec t  o f  th e sentenc e 
(conditio n 3  o f  experimen t  1  an d 
fillers).Reactio n Tim e an d question -
answerin g tim e recorded . 
The subject s wer e sixt y colleg e 

student s o f  th e Universit y o f  Padov a 
(Italy) .  The y receive d writte n 
instructions ,  the n sa w 2 0 practic e 
trials ,  followe d b y th e experimenta l 
and fille r  trial s i n randomize d order . 
No subjec t  sa w mor e tha n on e versio n 
of  an y sentenc e and ,  accros s subjects , 
ever y experimenta l  sentenc e appeare d 
i n eac h condition . 

RESULTS 

Experiment 1: the data for Experiment 
1 ar e presente d i n Tabl e 1 ;  th e mea n 
reactio n time s wer e compute d fo r  eac h 
segment ,  afte r  eliminatin g time s tha t 
wer e longe r  tha n 500 0 msec .  an d 
shorte r  tha n 10 0 msec .  Readin g time s 
associate d wit h erroneou s answer s t o 
th e question s wer e discarde d an d th e 
dat a wer e normalize d b y eliminatin g 
thos e subject s (nine )  wh o mad e ove r 
80% errors .  I n th e critica l 
disambiguatin g regio n (segmen t  3 ) , 
ther e wa s a  significan t  differenc e i n 
readin g tim e i n thre e conditions ,  (Fj ^ 
(1,50)-3.16 ,  p<.04 )  an d (F 2 (1,19 ) 
-3.45 ,  p<.04) .  Pairwis e comparison s 
showed tha t  conditio n 1  wa s faste r 
tha n conditio n 2  (F ^  (l,50)-3.89 , 
p<.05 )  an d (F 2 (1,19 )  -  4.67 ,  p<.04 ) 
as wa s conditio n 3  (F ^  (l,50)-3.75 , 
p<.05) .  (F 2 (1,19)=5.20 ,  p<.03) .  Th e 
differenc e betwee n conditio n 1  an d 
conditio n 2  remaine d significan t 
(p<.06 )  whe n a  regressio n analysi s wa s 
use d t o adjus t  fo r  lengt h an d 
frequenc y difference s betwee n th e 
verbs .  O n th e 5t h segmen t  ther e wa s 

stil l  a  significan t  differenc e i n 
readin g tim e (F ^  (1,50)=,2.9 2 
p<.05) .  (F 2 (1,19 )  =2.97 ,  p<.06) .  A 
pairwis e compariso n showe d tha t  th e 
onl y significan t  differenc e wa s 
betwee n conditio n 1  an d 2  (F ^ 
(1,50)=4.90 ,  p<.02) ,  (F 2 (1,19)=4.65 , 
p<.04) .  Th e question s afte r  th e 
sentence s wer e answere d mor e 
accuratel y i n conditio n 3  tha n i n 
condition s 1  an d 2 ,  (F ^  (1,50)=46.62 , 
p<.001) ,  whil e th e latter s di d no t 
diffe r  significantl y fro m on e anothe r 
(F i  (1,50)=2.68 ,  p<.l l) . 

Experimen t  2 :  th e 2n d segment , 
containin g th e ver b plu s th e post -
verba l  subject ,  wa s rea d faste r  fo r 
ergativ e tha n fo r  unergativ e verbs . 
The differenc e wa s significan t  bot h 
i n a  simpl e analysi s o f  varianc e (F ^ 
(1,59)=52.28 ,  p<.001) ,  (F 2 
(1.19)=72.39 ,  p<.001 )  an d i n a 
regressio n analysis ,  adjustin g fo r 
lengt h an d frequenc y difference s 
among th e verb s (p<.04) .  Similarly , 
question s wer e answere d mor e 
accuratel y followin g ergativ e 
sentence s tha n followin g unergative s 
(F i  (1,59)=13.31 ,  p<.001.) . 

DISCUSSION 

Both experiments confirm the 
hypothesi s tha t  th e parse r  follow s 
MCP,  preferrin g shorte r  chains .  I n 
experimen t  1  th e sentence s whos e 
pragmatic s ar e consisten t  wit h th e 
theoreticall y preferre d pro-subjec t 
analysi s ar e easie r  t o rea d tha n 
sentence s whos e pragmatic s forc e th e 
theoreticall y unpreferre d Inverted -
subjec t  reading .  Thi s resul t  i s 
especiall y surprisin g becaus e a  pr o 
has a  contextuall y give n anteceden t 
i n norma l  usage ,  bu t  i t  doe s no t  i n 
th e experimenta l  setting .  I n context , 
therefore ,  ther e shoul d b e a n eve n 
stronge r  preferenc e tha n th e on e 
foun d here .  When th e sentenc e 
contain s a n obligatoril y  intransitiv e 
ver b (a s i n conditio n 3 )  eliminatin g 
th e ambiguit y o f  th e post-verba l  NP , 
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readin g tim e fo r  th e critica l  segmen t 
"pe r  offrirci "  i s  fas t  relativ e t o 
"pe r  chiedergli" ,  a s i f  i t  doe s no t 
occasio n an y reanalysis . 

Experimen t  2  show s tha t  sentence s 
wit h a  subjec t  afte r  a n ergativ e ver b 
ar e easie r  t o proces s tha n simila r 
sentence s wit h unergativ e verbs .  Thi s 
confirm s th e MCP principl e tha t  th e 
parse r  prefer s analysi s tha t  requir e 
chain s o f  th e smalles t  possibl e 
length .  I t  als o provide s suppor t  fo r 
an analysi s o f  th e synta x o f  Italia n 
ergativ e verb s lik e tha t  presente d b y 
Bellett i  (1988) . 

CONCLUSION 

We have shown that the human sentence 
parse r  follow s a  structura l  principl e 
of  Minima l  Lengt h o f  Chai n i n parsin g 
lexicall y empt y element s an d i n 
establishin g filler-ga p relationships . 
Thi s principl e ca n b e see n a s a 
generalizatio n o f  th e Activ e Fille r 
principl e (assig n a n identifie d fille r 
as soo n a s possible )  whic h ha s 
receive d suppor t  fro m experiment s don e 
on Englis h an d Dutc h (Clifto n & 
Frazier ,  i n press ;  Frazie r  &  D'Arcais , 
submitted) .  Thus ,  w e ma y offe r  a 
unifor m accoun t  o f  processin g empt y 
categorie s whic h hold s fo r  language s 
varyin g i n thei r  inventor y o f  empt y 
categories . 

Thi s principle ,  finally .  i s 
consisten t  wit h a  vie w o f  languag e 
processin g a s operatin g unde r  tim e 
pressur e an d short-ter m memor y 
limitations .  On e ca n assum e tha t 
constructin g a  multiple-elemen t  chai n 
i s costl y i n term s o f  time ,  becaus e 
ther e i s a  dela y i n assignin g a n 
elemen t  t o it s argumen t  position . 
Keepin g element s i n memor y i n a n 
unstructure d for m i s generall y assume d 
t o b e mor e costlytha n mantainin g the m 
i n a n unstructure d for m (Miller , 
1965) .  Similarl y i t  ca n b e argue d tha t 
a multiple-elemen t  chai n i s costl y i n 
term s o f  effort ,  whe n severa l  element s 
must  b e kep t  i n short-ter m memor y 

(Wanner  &  Maratsos ,  1978) .  Th e 
consequenc e i s tha t  chian s containin g 
th e smalles t  possibl e numbe r  o f 
element s wil l  b e constructe d befor e 
chian s involvin g mor e element s 
becaus e th e forme r  ar e faste r  an d 
plac e les s burde n o n th e languag e 
processor . 
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MULTIPLE CHARACTER RECOGNITION -  A  SIMULATIO N MODEL 

Sebastian Koebe & Gerhard Deffner^ 

University of Hamburg 

I n thi s articl e w e describ e a  mode l  whic h simulate s th e proces s 
of  huma n recognitio n o f  handwritte n characters .  Fo r  pragmati c 
reasons ,  ou r  firs t  attemp t  i s limite d t o th e subse t  o f  th e 1 0 
digits .  Wor k o n thi s proble m i s no t  new ,  however ,  an d th e mai n 
requirement s o f  successfu l  recognitio n ar e wel l  known :  a  mode l 
shoul d accoun t  fo r  th e huma n abilit y  t o recogniz e characters : 

(1) in all possible positions in a given display 
(2 )  i n a  displa y containin g multipl e object s (numbers ) 
(3 )  o f  differen t  size s 
(4 )  o f  varyin g shap e an d for m 
(5 )  i f  the y ar e distorte d (discontinuitie s o f  lines ) 
(6 )  i n an y orientatio n 
(7 )  i f  the y overla p 

Our model can cope with problem 1 through 4, and 5 to some ex-
tent .  I t  i s  a  hybri d syste m i n whic h th e us e o f  seria l  vs . 
paralle l  processe s i s contingen t  upo n assumption s base d o n em -
pirica l  data .  I n general ,  i t  ca n b e describe d a s a n earl y se -
lectio n system ,  recognizin g number s i n a  seria l  order ,  afte r 
paralle l  informatio n abou t  th e whol e visua l  fiel d i s utilize d 
earl y i n th e process .  Thi s typ e o f  capacit y limite d recognitio n 
model  firs t  use s positiona l  informatio n abou t  object s i n th e 
inpu t  a s th e basi s fo r  furthe r  objec t  selection ,  the n attentio n 
i s focuse d o n singl e item s t o perfor m th e computationall y 
expensiv e proces s o f  recognition . 

The main idea is that requirements 1-3 are dealt with by a pro-
ces s o f  selectin g an d standardizin g individua l  object s fro m th e 
display .  Recognitio n i s achieve d throug h a  PDP-network .  Thes e 
procedure s ar e calle d iterativel y unti l  al l  object s ar e 
recognized . 

The input to the system is a 400 x 200 pixel array produced 
wit h a  pain t  progra m tool .  Thi s matri x o f  binar y unit s stand s 

1 We wan t  t o than k th e Fulbrigh t  Commissio n fo r  providin g 
a gran t  t o th e firs t  autho r  t o spen d a  yea r  a t  th e Cognitiv e 
Scienc e Institut e a t  LaJoll a an d Davi d Rumelhar t  wh o wa s super -
viso r  durin g tha t  yea r  an d wh o provide d fo r  idea s an d 
encouragemen t  t o ente r  th e PDP-paradigm . 
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for the output of the foveal part of the retina covering the 
centr e o f  th e visua l  field .  Althoug h th e outpu t  fro m receptor s 
i n th e retin a i s frequency-modulate d wit h respec t  t o th e inten -
sit y o f  a  stimulu s (behavio r  ove r  t ime) ,  w e assum e a  stati c 
pattern .  Th e matri x o f  binar y unit s ca n b e though t  o f  a s a 
'snapshot '  o f  th e firin g patter n i n th e retin a containin g th e 
relevan t  informatio n fo r  th e proces s o f  patter n recognition . 
Anothe r  reaso n fo r  workin g wit h a  stati c arra y i s th e fac t  tha t 
onl y suc h informatio n fro m th e visua l  fiel d i s processe d seman -
ticall y whic h come s fro m th e period s o f  relativ e res t  o f  th e 
ey e durin g fixation s an d no t  fro m saccadi c eye-movements . 

The fact that the information processing capabilitity of the 
visua l  syste m i s differen t  fo r  syntacti c an d semanti c informa -
tio n (c.f .  Rayner ,  1975 )  ha s motivate d ou r  choic e o f  tw o me -
chanism s i n th e model .  Th e performanc e o f  th e firs t  i s  simila r 
t o th e recognitio n o f  syntacti c informatio n b y th e huma n visua l 
system .  I n th e sam e vei n tha t  feature s suc h a s wor d lengt h o r 
siz e o f  letter s ca n b e mad e ou t  a t  som e distanc e fro m th e fixa -
te d point ,  w e assum e tha t  object s ca n b e picke d ou t  fro m th e 
arra y w e use .  Afte r  thi s selection ,  anothe r  mechanis m take s 
ove r  -  tha t  o f  characte r  recognition . 

1.  Componen t  processe s o f  th e mode l 

1.1. Deriving a positional map 

The first step in analyzing a given binary array is to deter-
min e th e numbe r  o f  object s an d thei r  positio n i n th e input . 
Thi s i s don e b y a  fas t  paralle l  algorith m (assumin g paralle l 
hardwar e a s i n th e brain) ,  whic h compute s th e cente r  o f  gravit y 
fo r  eac h (potential )  objec t  i n th e display .  Conside r  tw o full y 
connecte d layer s o f  units ,  wit h th e firs t  laye r  bein g th e re -
tin a receptor s an d th e secon d laye r  bein g a  one-to-on e ma p o f 
th e firs t  laye r  wit h th e sam e numbe r  o f  units .  Ever y singl e re -
cepto r  i n th e firs t  layer ,  whic h ca n hav e onl y on e o f  tw o 
possibl e state s ('on '  o r  'of f ' ) ,  i s  connecte d t o ever y uni t  i n 
th e secon d laye r  (Figur e 1 ) .  When a  recepto r  i s activ e ('on '  i n 
th e binar y array) ,  i t  send s activatio n t o al l  o f  th e unit s i n 
th e secon d laye r  accordin g t o th e weight s o f  th e connections . 
The weigh t  betwee n a  uni t  i n th e firs t  laye r  an d al l  othe r 
unit s i n th e secon d laye r  i s se t  accordin g t o th e Gaussia n 
functio n o f  th e distanc e betwee n th e units .  Ever y uni t  i n th e 
secon d laye r  receive s weighte d inpu t  fro m al l  unit s i n th e 
firs t  layer .  Al l  incomin g activatio n i s summed ,  thu s yieldin g a 
tota l  activatio n valu e fo r  eac h uni t  i n th e secon d layer .  Thi s 
arra y o f  tota l  activatio n ca n b e illustrate d a s a  ma p o f  acti -
vatio n value s a s i n Figur e 2 .  Th e loca l  maxim a i n th e landscap e 
(th e hilltops )  represen t  th e center s o f  gravit y o f  object s i n 
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Figur e 1 :  Weighte d Connection s Figur e 2 :  Activatio n landscap e 

th e input ,  th e numbe r  o f  loca l  maxim a i s equa l  t o th e tota l 
number  o f  objects .  X -  an d Y-coordinate s o f  thes e provid e 
positiona l  informatio n fo r  th e nex t  steps .  B y mean s o f  a n 
attentiona l  mechanis m on e o f  thes e i s selecte d fo r  furthe r 
analysis ,  namel y thei r  recognition . 

1.2 .  Standardisatio n o f  selecte d object s 

Next, the object associated with the selected center of gravity 
has t o b e isolate d i n th e inpu t  array .  Give n th e positio n o f 
th e cente r  o f  gravit y fo r  a n object ,  al l  th e adjacen t  'on ' 
unit s surroundin g th e cente r  wil l  constitut e th e isolate d 
object .  Th e criterio n fo r  adjacenc y i n ou r  mode l  i s ver y 
strict .  Adjacenc y i s a t  firs t  define d a s a  distanc e o f  on e 
unit .  Thi s mean s tha t  onl y object s whic h ar e buil t  ou t  o f 
directl y adjacen t  activ e unit s ar e isolate d a s one .  Othe r 
adjacenc y criteri a ca n b e chose n t o allo w fo r  discontinuit y o f 
lines .  Informatio n abou t  th e heigh t  o f  loca l  maxim a ca n als o 
be use d t o adjus t  th e criterion .  A t  present ,  ou r  mode l  use s a 
stati c criterion ,  however . 

Once an object is isolated, its size can be determined as the 
maximu m numbe r  o f  pixel s horizontall y an d vertically .  Next ,  th e 
objec t  i s  mappe d ont o a  squar e matri x (se e Figur e 3a ) .  Th e re -
solutio n o f  thi s matri x i s the n reduce d t o yiel d a  standardise d 
10 b y 1 0 bi t  matri x (Figur e 3b ) .  Arrivin g a t  suc h a  fina l 
matrix ,  w e hav e satisfie d th e abov e requirement s concernin g 
positio n an d size . 

1.3 .  Characte r  recognitio n 

On an abstract level, this task can be described as that of de-
tectin g inter-characte r  variatio n i n th e fac e o f  intra-charac -
te r  variatio n (differen t  shape s o f  th e sam e digi ts) .  Thi s ca n 
be though t  o f  a s a  mappin g problem .  Al l  inpu t  matrice s 
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Figur e 3 :  Select io n a t  or ig ina l  (a )  an d reduce d reso lu t io n (3 ) 

conta in in g th e sam e d ig i t  (fo r  instanc e "5" )  shoul d b e mappe d 
ont o th e sam e ou tpu t .  Thus ,  ther e ar e 1 0 poss ib l e outpu t 
s ta tes .  Th e quest io n i s ,  wha t  th e representa t iona l  for m o f  th e 
outpu t  shoul d be .  O n th e on e extrem e woul d b e a  re la t ive l y 
dens e representa t io n us in g 1 0 un i t s ,  on e o f  whic h i s "on "  fo r 
eac h d ig i t  ("grandmothe r  c e l l s " ) ;  o n th e othe r  ext rem e woul d b e 
10 pat tern s o f  th e sam e siz e a s th e inpu t  (1 0 x  1 0 u n i t s ) ,  eac h 
of  whic h represent s a  pro to typ ica l  d ig i t .  Dens e d iscre t e in fo r -
mat io n i s wha t  w e requir e a s outpu t  fro m a  recogn i t io n 
mechanism .  A t  a n in termediat e leve l ,  however ,  th e 1 0 x  1 0 
representat io n i s mor e p laus ib le :  fo r  one ,  th e numbe r  o f 
possib l e outpu t  pat tern s i s kep t  large ,  thu s imposin g n o l imi t s 
on th e recogn i t io n capaci ty .  A lso ,  w e wan t  t o separat e a  f ina l 
decis io n phas e (Sternberg ,  1969 )  fro m th e ear l ie r  p roces s 
deal in g wi t h var ia t ion s o f  shap e tha t  resul t s i n d i f fe ren t ia l 
informat io n abou t  th e presenc e o f  var iou s feature s i n th e inpu t 
array .  I n thi s way ,  a  leve l  i s  prov ide d wher e featura l  (bottom -
up )  in format io n ca n b e combine d wi t h contextua l  in format io n 
prio r  t o th e f ina l  dec is io n abou t  th e ident i t y o f  th e s t imulu s 
(allowin g fo r  contextua l  ef fect s l ik e th e Stroo p phenomeno n o r 
contex t  enhancmen t  i n r e a d i n g ) .  Th i s d is t inc t  leve l  i s  a 
prerequis i t e o f  mor e comprehens iv e model s o f  huma n recogn i t io n 
as i t  i s  foun d fo r  exampl e i n Rumelhar t  an d McCle l land ' s 
Interact iv e Ac t iva t io n Mode l  o f  Contex t  Ef fect s i n Let te r 
Percept io n (1981) . 

Traditionally, shape variance has been dealt with through 
mechanism s o f  featur e analys i s (Selfr idg e &  Ne isser ,  1 9 6 0 ) .  A 
majo r  proble m ha s bee n tha t  a  comprehens iv e se t  o f  feature s 
must  b e def ine d b y th e des igne r  o f  th e syste m fo r  eac h 
characte r  se t  t o b e recogn ized .  A s a  mor e f lex ib l e a l te rna t i ve , 
connect ionis t  network s ca n b e use d whic h ' learn '  feature s fro m 
mater ia l  presente d t o the m an d the n genera l iz e t o ne w input . 
Afte r  suf f ic ien t  learn ing ,  th e knowledg e abou t  re levan t 
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features is embedded in the hidden layer of such networks and 
ca n b e utilize d i n mappin g th e inpu t  matri x ont o th e 1 0 x  1 0 
matri x o f  th e intermediat e level . 

The connectionist network we use has three layers and employs 
backpropagatio n a s th e learnin g procedur e (Rumelhart ,  Hinto n & 
Wil l iams ,  1986) .  I t  consist s o f  10 0 inpu t  units ,  5 0 hidde n 
unit s an d 10 0 outpu t  unit s wit h n o direc t  connection s fro m 
inpu t  t o output .  Durin g learning ,  inpu t  pattern s i n th e for m o f 
100-elemen t  vector s (representin g th e 1 0 x  1 0 matrix )  ar e 
mapped ont o correspondin g prototypica l  targe t  vector s (standin g 
fo r  th e te n prototypica l  d ig i ts) .  Sinc e i t  i s  no t  practica l  t o 
map al l  possibl e permutation s (  210 0 =  1.267650 6 *  lO^ "  )  o f 
th e inpu t  vecto r  spac e o n t o th e 1 0 targe t  vectors ,  w e too k a 
sampl e o f  th e inpu t  vecto r  space ,  b y askin g 2 0 subject s t o 
writ e digit s o n a  compute r  screen .  Th e sam e standardisatio n 
procedur e a s describe d earlie r  wa s use d t o transfor m thei r 
handwritte n digit s int o th e 1 0 b y 1 0 standar d form .  I n orde r  t o 
enlarg e sampl e variability ,  whit e nois e wa s adde d t o th e inpu t 
vectors .  A  tota l  o f  100 0 inpu t  vector s wa s use d fo r  learning . 

After learning, the network can now be used to produce 100-
elemen t  outpu t  vector s fo r  an y ne w inpu t  vector .  Th e element s 
of  th e outpu t  vecto r  ca n assum e continou s value s betwee n 0. 0 
and 1.0 ,  thu s reflectin g th e degre e t o whic h certai n feature s 
ar e containe d i n th e inpu t  material . 

The decision which completes recognition is accomplished by 
relatin g thi s vecto r  o f  continou s value s t o th e 1 0 prototypica l 
binar y vectors .  Similaritie s betwee n continou s an d prototypica l 
vector s ar e compute d an d th e nam e o f  tha t  protoyp e i s use d a s a 
labe l  fo r  th e ite m t o b e recognized ,  fo r  whic h similarit y i s 
greates t  an d abov e a  prese t  threshold .  I f  al l  similaritie s ar e 
belo w threshold ,  a  decisio n o f  "n o know n character "  i s  made . 
Thes e label s provid e th e desire d discret e outpu t  states . 

2. Putting it all together 

The interaction of the various mechanisms is illustrated in 
Figur e 4 .  Th e 40 0 x  20 0 inpu t  bi t  matri x (1 )  i s mad e availabl e 
as a  positiona l  ma p (2 )  also .  Th e mai n contro l  structur e i s 
tha t  o f  a  loo p i n whic h Attentio n select s on e positio n a t  a 
tim e an d feed s coordinate s (3 )  t o Objec t  Standardisation . 
Objec t  Standardisatio n isolate s th e correspondin g objec t  fro m 
th e inpu t  matri x an d transform s i- t  t o th e standar d 1 0 x  1 0 
matri x (4) .  Th e matri x i s the n fe d t o Characte r  Recognitio n 
whic h output s discret e characters .  Thi s i s repeate d (th e digi t 
"5 "  i s  use d a s a n exampl e o f  th e firs t  cycle )  unti l  th e 
positiona l  ma p i s exhausted . 
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Figur e 4 :  In teract io n o f  th e component s an d f lo w o f  contro l 

3.  D iscuss io n 

The main characteristics of the process of character 
recogni t io n use d i n ou r  mode l  a re :  F i rs t ,  th e l imi ta t io n o f 
recogni t io n capaci t y avai lab l e a t  a  t im e (ther e ar e onl y 10 0 
inpu t  uni t s t o th e P D P - n e t w o r k ) .  Thi s l im i ta t ion ,  imposin g th e 
requiremen t  o f  a n at tent iona l  mechanis m fo r  focuss in g o n 
par t icu la r  area s i n th e input ,  appear s just i f ie d whe n w e 
conside r  th e enormou s siz e o f  th e in i t ia l  inpu t  vecto r  spac e o f 
th e 40 0 X  20 0 p ixe l  mat r i x .  Mapping s fro m a  spac e o f  2^«oo « 
inpu t  vector s see m ou t  o f  th e ques t ion .  Du e t o th e se lect io n o f 
singl e i tem s an d subsequen t  reduct io n i n reso lu t ion ,  th e numbe r 
of  inpu t  uni t s necessar y fo r  recogn i t io n ca n b e reduce d 
dramat ica l ly .  Th e dec is io n i n favou r  o f  thi s prac t ica l l y 
inspire d approac h take s int o accoun t  th e t rade-of f  be twee n 
paral le l  p rocess in g capaci t y an d t im e (fas t  para l le l  v s .  s lo w 
seria l  r e c o g n i t i o n ) . 

Second ,  w e asssum e automat i c 
format io n fo r  th e proces s o f 
visua l  f ie ld .  Thi s i s th e b a 
onl y compute s a  posi t iona l  m 
sugges t  tha t  th e huma n visu a 
lik e fo r  instanc e colou r  an d 
I n a n e laborat e system ,  a n a 
no t  detai l )  woul d hav e t o i n 
mat io n i n orde r  t o contro l  t 

para l le l  p rocesse s prov id in g in -
select in g character s fro m th e 

si s fo r  ear l y se lec t ion .  Ou r  mode l 
ap o f  ob jec ts ,  bu t  empir ica l  dat a 
1 syste m als o prov ide s in format io n 

textur e map s o f  th e pr imar y input , 
t tent iona l  mechanis m (whic h w e di d 
tegrat e al l  suc h source s o f  in for -
he select io n o f  i tem s i n th e inpu t 
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Third, in this model variance in the input is reduced stepwise. 
Befor e a  featura l  analysi s o f  character s i s performed ,  positio n 
and siz e variation s ar e eliminated .  Wit h regar d t o th e recog -
nitio n problem s 6  an d 7  (overla p an d rotatio n o f  characters ) 
th e presente d approac h doe s no t  sugges t  obviou s solutions . 

In principle, the model can be extended to cover larger charac-
te r  sets .  We woul d hav e t o trai n th e PDP-networ k o n example s o f 
ne w character s i n orde r  t o generaliz e t o th e relevan t 
structures ^  .  I t  i s  interestin g t o not e tha t  th e syste m learn s 
throug h positiv e example s only .  Informatio n fro m th e vas t  spac e 
of  vector s no t  representin g character s woul d no t  allo w fo r  a 
detectio n o f  regularities .  Th e variatio n resultin g fro m rando m 
samplin g o f  thi s spac e i s hug e an d unsystemati c i n relatio n t o 
th e varianc e o f  th e extremel y smal l  percentag e o f  vector s whic h 
do represen t  character . 
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Abstract: This paper compares conventional symbolic rule systems 
wit h distribute d networ k models ,  considerabl y arguin g fo r  th e 
latter .  NETZSPRECH -  a  networ k tha t  transcribe s Germa n text s 
simila r  t o NetTal k i s firs t  introduce d fo r  thi s purpos e an d 
serve s a s a n exampl e fo r  th e arguments . 

1. Introduction 
Model s i n artificia l  intelligenc e (ai )  an d cognitiv e scienc e 
rel y mostl y o n th e assumptio n tha t  cognitiv e system s (suc h a s 
th e huma n brain )  canno t  onl y b e describe d bu t  als o efficientl y 
modele d usin g symboli c description s an d rule s t o combin e them . 
However ,  man y aspect s o f  huma n perceptio n an d cognitio n ar e lef t 
ou t  b y thos e systems ,  whic h ca n b e attribute d t o a  grea t  exten d 
t o th e limitation s o f  symbol-and-rul e system s du e t o thei r 
brittleness .  Recently ,  researc h o n paralle l  distribute d 
processin g (PDP )  model s ha s show n tha t  thos e model s ca n hav e th e 
power  t o overcom e som e o f  th e sai d limitations .  Nevertheless , 
ther e stil l  exit s man y critic s an d sceptic s towar d th e PD P 
paradig m (suc h a s i n Pinker&Princ e 1987 )  wh o neglec t  th e point s 
wher e PD P model s ca n b e superior . 

The purpose of this paper is to describe Netzsprech, a new 
implementatio n o f  th e Nettal k mode l  b y Sejnowski&Rosenber g 
(1986 )  adaptin g i t  t o th e Germa n language ,  an d t o us e thi s mode l 
t o argu e fo r  PD P model s an d agains t  model s merel y base d o n 
symbol s an d rules .  Netzsprec h i s a  networ k tha t  (similarl y t o 
Nettalk )  learn s t o translat e tex t  int o a  phoneti c transcriptio n 
fro m examples ,  i.e .  i t  learn s t o pronounc e Germa n words . 
Readin g an d pronouncin g a  scrip t  i s  a  proces s tha t  appear s 
suitabl e t o sho w th e advantage s o f  a  distribute d mode l  ove r  a 
symboli c one . 

2. The Netzsprech model 
Netzsprec h i s a  basi c so-calle d associativ e networ k (AN ) 
(Rumelhart ,  McClellan d 1986 )  consistin g o f  thre e layer s o f 
units .  Man y o f  th e processe s tha t  ca n b e modele d b y a n A N 
appea r  t o b e rule-governe d i n tha t  symboli c rule s ca n describ e 
th e associatio n t o a  larg e extent .  Thus ,  AN s ca n b e viewe d a s 
distribute d 'rule '  applicatio n systems .  I  pu t  'rule '  unde r 
quote s here ,  becaus e i t  ha s t o b e understoo d i n a  muc h mor e 
relaxe d sens e tha n rule s i n conventiona l  A I  systems . 
Distribute d 'rule '  applicatio n ca n overcom e man y o f  th e 
restriction s symboli c rul e applicatio n i s boun d to .  Th e 
architectur e o f  Netzsprec h i s depicte d i n Fig.l . 

A perfect example of seemingly rule-governed behaviour with 
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nevertheless a lot of exceptions is the human ability to read 
tex t  aloud ,  tha t  is ,  t o transfor m th e writte n representatio n o f 
a tex t  t o th e phonemi c patter n tha t  i s t o b e spoken . 
T.Sejnowsk i  an d R.Rosenber g (1986 )  hav e show n i n a n impressiv e 
manner  tha t  thei r  NetTal k mode l  coul d lear n t o transcrib e 
Englis h tex t  int o phonemes ,  whic h wer e the n fe d int o a  phonemi c 
speec h synthesizer .  Withou t  doubt ,  Englis h i s th e Indoeuropea n 
languag e wit h th e mos t  discrepancie s betwee n graphemi c an d 
phonemi c patterns .  Nevertheless ,  NetTal k coul d lear n t o 
pronounc e simpl e Englis h tex t  wit h a n erro r  rat e wel l  belo w 10% . 

This paper describes a network that learns the pronounciation of 
German word s i n a  ver y simila r  fashio n t o NetTalk .  Hence ,  I 
calle d i t  'Netzsprech' .  Wit h thi s implementatio n I  wan t  t o 
demonstrat e th e advantage s o f  distribute d learnin g an d 
representatio n scheme s whic h le d m e t o believ e tha t  thos e 
scheme s wil l  b e a  necessar y complemen t  fo r  A I  program s i n th e 
future . 

3. What Netzsprech does 
The inpu t  laye r  (fig.l )  i s  divide d int o fiv e cluster s whic h 
encod e fiv e letter s o f  Germa n text .  Th e lette r  i n th e middl e i s 
th e on e t o b e transcribed ,  th e tw o o n th e lef t  an d o n th e right , 
respectively ,  serv e a s contex t  informatio n t o ai d th e 
transcript ion .  Sejnowsk i  an d Rosenber g (1986 )  use d seve n 
letter s (i.e .  a  contex t  o f  thre e letter s o n eac h s ide) ,  bu t  a s 
i t  turn s out ,  i n Germa n generall y a  two-lette r  contex t  i s 
suff icient ,  i f  on e exclude s difficul t  foreig n words . 

The representation of letters in the five input clusters is a 
loca l  one ,  tha t  is ,  on e uni t  i n eac h cluster ,  whe n activated , 
correspond s t o exactl y on e lette r  i n th e text .  A s a  resul t  o f 
th is ,  onl y on e uni t  ca n b e activ e pe r  cluste r  a t  an y give n time . 
As ther e ar e 3 1 letter s (includin g umlauts ,  th e 'scharf e s' ,  an d 
a space) ,  th e inpu t  laye r  consist s o f  5  time s 3 1 units . 

For representing (encoding) the phonemes in the output layer a 
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differen t  strateg y wa s used .  Her e on e expect s t o fin d simila r 
code s fo r  simila r  phonemes .  On e exampl e i n Germa n i s th e lette r 
'd '  tha t  ca n b e pronounce d a s a  [d ]  (i n a  Wor t  lik e 'der' )  o r  a s 
a [t ]  (a t  th e en d o f  a  wor d lik e 'und' ,  thi s i s know n a s fina l 
devoicin g i n German) .  Althoug h ther e ar e tw o differen t  phoneme s 
fo r  th e lette r  'd' ,  thes e phoneme s ar e nonetheles s ver y simila r 
t o eac h othe r  (i n fact ,  the y onl y diffe r  i n thei r  voicedness) . 
For  th e mode l  t o b e adequate ,  thes e tw o simila r  phoneme s shoul d 
be encode d i n tw o simila r  outpu t  activatio n patterns .  Thi s wa s 
don e usin g a  binar y cod e distribute d ove r  th e activation s o f  1 0 
outpu t  units . 

The hidden layer which serves to provide the possibility to 
lear n arbitrar y patter n mapping s betwee n inpu t  an d output , 
consist s o f  3 0 units . 

4. The training phase 
The trainin g se t  consiste d o f  a  lis t  o f  th e 100 0 mos t  common 
word s i n Germa n (accordin g t o Meie r  (1978) )  plu s thei r 
transcription .  Th e transcriptio n tha t  wa s availabl e i n 
machine-readabl e for m (produce d b y a  rule-base d mode l  designe d 
by Pounde r  an d Kommenda (1986) )  ha d t o b e hand-edite d t o tak e 
accoun t  o f  th e fac t  tha t  th e Netzsprec h networ k require s a 
one-to-on e mappin g betwee n lette r  an d phoneme .  Thus ,  whe n ther e 
wer e case s wher e a  whol e sequenc e o f  letter s ha s t o b e 
pronounce d a s a  singl e phoneme ,  th e phonem e wa s take n a s th e 
transcriptio n o f  th e firs t  letter .  Th e othe r  letter s wer e 
transcribe d a s 'silent '  (usin g a  pseudo-phonem e [+] ) .  Fo r 
example ,  th e sequenc e /sch /  ha s t o b e pronounce d a s [  ]  i n mos t 
cases ,  s o tha t  th e transcriptio n o f  th e wor d 'asche '  becam e 
[ a ++$ ]  (wher e [$ ]  i s  th e schwa-phoneme) .  Th e revers e cas e -
one lette r  ha s t o b e pronounce d a s a  sequenc e o f  phoneme s -  doe s 
no t  occu r  i n standar d German ,  i f  on e write s affricate s (lik e 
[ts j  fo r  th e lette r  /z/ )  a s on e phoneme . 

Training consisted of taking each word from the list (in the 
orde r  the y appear )  an d it s transcriptio n an d presentin g i t  t o 
th e network ,  lette r  b y letter ,  encodin g bot h letter s an d 
phonemes .  Afte r  eac h presentatio n ( 5 letter s plu s a  phoneme ) 
th e delt a rul e wa s applie d an d th e weight s wer e adjusted . 

5. The results 
Fig. 2 show s th e learnin g curv e o f  th e network .  Th e x-axi s show s 
th e numbe r  o f  word s use d fo r  trainin g an d th e y-axi s th e numbe r 
of  correctl y transcribe d letter s an d words .  Presentatio n o f 
300 0 t o 400 0 word s (tha t  means ,  th e lis t  o f  100 0 word s wa s 
scanne d 3  t o 4  times )  i s sufficien t  t o brin g th e networ k ver y 
clos e t o convergence ,  wit h th e erro r  rat e fo r  letter s goin g dow n 
t o les s tha n 1 0 %.  Mos t  o f  th e error s tha t  remai n a t  thi s poin t 
ar e minor ,  i.e .  onl y 1  t o 2  o f  th e 1 0 featurs e ar e produce d 
incorrectly .  Th e understandabilit y  (th e phoneme s wer e 
subsequentl y synthesized )  i s alread y extremel y high . 
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6 .  D i s c u s s i o n o f  t h e n e t w o r k b e h a v i o u r 
At  n o p o i n t  i n t h i s p a p e r  d o I  wan t  t o c la i m tha t  th e mode l  I  a m 
d e s c r i b i n g i s a  v a l i d mode l  fo r  th e comp le x p r o c e s s o f  l ea rn in g 
h o w t o t a l k (ne i the r  d i d S e j n o w s k i & R o s e n b e r g ) .  N e v e r t h e l e s s , 
t h e m o d e l  s h o w s som e v e r y impo r tan t  b e h a v i o u r  t ha t  -  i f 
c o n c e i v e d a s p a r t  o f  a  m u c h m o r e comp le x mode l  -  seem s t o 
r e p r o d u c e m a n y a s p e c t s o f  h u m a n p r o c e s s e s o f  u n d e r s t a n d i n g an d 
l e a r n i n g i n a  v e r y p l a u s i b l e m a n n e r . 

The problem Netzsprech was faced with is one that, to a large 
e x t e n t ,  i s  d e s c r i b a b l e w i t h a  symbo l i c ru l e sys tem ,  con ta in i n g 
r u l e s l i k e 

(1 )  # s { p , t }  - > [  ] (2 )  s  - > [s ] 

m e a n i n g t ha t  ' s '  i s  t o b e p r o n o u n c e d a s a n [s ]  b y de fau l t  an d a s 
a n [  ]  a t  t h e b e g i n n i n g o f  a  wo r d (marke d b y '# ' )  i n f ron t  o f  a 
'p '  o r  ' t ' .  H o w e v e r ,  a s I  a m go in g t o show ,  th e d i s t r i bu te d 
s y s t e m i n N e t z s p r e c h i s supe r i o r  t o th e ru l e mode l  i n tha t  i t 
c o r r e s p o n d s m o r e c l ose l y t o huma n p r o c e s s e s an d h a s th e 
a d v a n t a g e o f  b e i n g eas i l y l ea rnab l e an d a d a p t a b l e . 

6.1 Rules are applied simultaneously 
O ne o f  t h e w e a k p o i n t s o f  symbo l i c ru l e s y s t e m s i s tha t  the y 
a l m o s t  a l w a y s i n v o l v e sea rc h o r  o t h e r  se r ia l  p r o c e s s e s .  Fo r 
e x a m p l e ,  i f  t h e r e ex i s t  p r o n o u n c i a t i o n ru le s fo r  eve r y l e t te r  i n 
G e r m a n ,  t h e n i n a  f i r s t  s te p al l  r u l e s fo r  th e l e t te r  cu r ren t l y 
c o n s i d e r e d h a v e t o b e found .  I n a  secon d s tep ,  a l l  r u l e s amon g 
t he m h a v e t o b e c h o s e n tha t  ma tc h th e cu r ren t  con tex t  ( 'matchin g 
c y c l e ' ) .  O f  c o u r s e ,  ru l e ma tch in g cou l d b e don e i n p a r a l l e l , 
w h i c h r e d u c e s t h i s sea rc h p r o c e s s t o on e s tep .  Bu t  a f te r  t ha t , 
t h e sys te m m o s t  o f  th e t im e i s face d w i t h th e p rob le m o f 
c o n f l i c t  r e s o l u t i o n ,  th e se l ec t i o n o f  th e ru l e t o app l y amon g 
seve ra l  t ha t  a l l  m a t c h th e c o n t e x t .  Th i s ca n b e th e cas e w i t h 
t h e t w o r u l e s g i v e n above ,  i n a  con tex t  l i k e '_  #  s  p  i ' .  Th e 
t i m e i t  t a k e s t o so l v e p r o b l e m s o f  ru l e con f l i c t  i nc rease s w h e n 
we ad d m o r e r u l e s ,  w h i c h i s c o u n t e r  th e e x p e r i e n c e tha t  human s 
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us e les s tim e wit h additiona l  knowledg e rathe r  tha n more . 

To get around the problem of rule conflict, the rules could be 
writte n i n suc h a  wa y tha t  onl y on e rul e applie s pe r  context . 
I n othe r  words ,  a  rul e woul d hav e t o b e writte n fo r  virtuall y 
ever y possibl e context .  Fo r  example ,  ther e woul d hav e t o b e a 
rul e fo r  's '  i n fron t  o f  'p' ,  wher e i t  i s  pronounce d a s a n [  ] , 
bu t  als o on e fo r  's '  i n fron t  o f  ever y othe r  consonant ,  wher e i t 
i s  pronounce d a s a n [s ] .  Fo r  th e domai n bein g discusse d thi s 
migh t  no t  b e impossibl e t o do ,  bu t  problem s ar e conceivable , 
wher e th e possibl e spac e o f  context s i s s o larg e tha t  i t  become s 
ver y inefficien t  i f  no t  impossibl e t o provid e a  rul e fo r  ever y 
context . 

But even if it were possible in every case, one important 
propert y o f  th e origina l  rul e schem e i s lost :  On e ca n n o longe r 
say ,  wha t  i s th e 'default '  rul e fo r  a  give n letter ,  fo r  example , 
tha t  's '  i n th e majorit y o f  th e case s i s pronounce d a s [s ]  an d 
therefor e thi s outpu t  i s th e mos t  likel y one .  I n th e cas e wher e 
we ha d tw o (sometime s competing )  rules ,  b y virtu e o f  th e lowes t 
priorit y on e o f  th e rule s wa s th e default .  I f  littl e o r  n o 
contex t  wa s specified ,  thi s rul e applie d an d gav e th e mos t 
likel y output . 

Thus, in rule based systems, there is a trade-off: Either the 
syste m ca n easil y generaliz e an d provid e defaul t  output s fo r 
unknow n inputs ,  bu t  the n i t  show s rathe r  implausibl e processin g 
tim e relations .  O r  th e syste m ca n produc e th e outpu t  mor e 
plausibly ,  bu t  the n th e powe r  fo r  generalizatio n an d defaul t 
output s i s lost . 

A distributed system like Netzsprech, however, exhibits both 
advantage s a t  th e sam e time .  Al l  th e distribute d 'rules '  ar e 
applie d i n parallel ,  s o ther e i s neve r  anythin g lik e conflic t 
resolution ,  le t  alon e seria l  matchin g processes .  Also ,  a s th e 
siz e o f  th e networ k i s fixed ,  acquirin g ne w knowledg e canno t 
make th e proces s slower .  A t  th e sam e time ,  th e mode l  show s ful l 
power  o f  generalisatio n fo r  input s i t  ha s neve r  see n befor e wit h 
an inheren t  defaul t  mechanism .  Conside r  th e followin g exampl e 
fro m Netzsprech :  I f  a n 's '  i s  presente d t o th e traine d networ k 
withou t  an y contex t  (i.e .  al l  contex t  unit s ar e se t  t o 0 ,  not e 
tha t  thi s cas e neve r  occure d durin g learning )  th e defaul t  (o r 
most  likely )  output ,  [sj ,  i s  activated .  Wher e n o suc h defaul t 
exists ,  fo r  exampl e fo r  a n 'x '  ( a ver y rar e lette r  i n Germa n 
proper) ,  th e outpu t  i s unspecifie d (i.e .  som e arbitrar y outpu t 
whic h nevertheles s i s closes t  t o th e mos t  frequen t  phonem e 
correspondin g t o ' x ' ) .  I f  now ,  i n th e cas e o f  th e 's ' ,  a 
contex t  i s  adde d tha t  i n Germa n shoul d alte r  th e pronounciatio n 
(lik e a  '# '  i n fron t  an d a  'p '  afterwards) ,  th e outpu t  i n fac t 
change s t o (th e no w defaul t  case )  [  ] .  On e ca n se e fro m thes e 
examples ,  tha t  th e mode l  incorporate s bot h defaul t  an d mor e 
specifif c  rule s a t  th e sam e time .  Th e contex t  change s somethin g 
i n th e outpu t  onl y whe n it ,  togethe r  wit h th e centra l  letter . 
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consti tute s a  cas e fo r  a  mor e specifi c  rul e t o th e default . 

6.2 The output has continuous values 
A majo r  propert y o f  a  distribute d networ k i s tha t  i t  allow s fo r 
activatio n value s alon g a  continuou s scale ,  indicatin g ho w 
stron g a  specifie d hypothesi s is .  Returnin g t o th e abov e 
example ,  whe n 's '  i s  presente d alon e t o Netzsprech ,  th e outpu t 
i s th e default ,  a n [ s ] .  However ,  th e strengt h o f  th e outpu t  i s 
lowe r  tha n i t  i s  whe n 's '  i s  presente d i n th e mor e specifi c 
contex t  'ase' .  Th e reaso n i s tha t  i n th e forme r  case ,  withou t 
an y furthe r  specification ,  th e 's '  i s  pronounce d a s a n [s ]  onl y 
wit h a  certai n probability ,  i f  th e (unknown )  contex t  wer e '#sp' , 
the n i t  coul d als o b e a  [  ] . 

This property of the system can be useful when incorporating the 
networ k int o a  bigge r  one .  Fo r  example ,  on e coul d conceiv e o f 
anothe r  componen t  tha t  control s th e movement s o f  th e 
articulator y organs .  Thi s componen t  woul d receiv e inpu t  fro m 
severa l  components ;  mainly ,  o f  course ,  fro m Netzsprech ,  bu t 
othe r  input s tha t  influenc e th e movemen t  o f  th e articulator s 
woul d b e possible ,  too .  I f  no w th e inpu t  fro m Netzsprec h ha s a 
rathe r  lo w level ,  othe r  sub-system s coul d mor e easil y 'push '  th e 
contro l  componen t  int o anothe r  direction .  Fo r  example ,  eve n 
when Netzsprec h say s [s ]  th e actua l  pronounciatio n migh t  tur n 
ou t  t o b e [  ] ,  whe n th e outpu t  wa s a  defaul t  case .  I n th e mor e 
specif i c  case ,  wit h highe r  outpu t  activations ,  thi s scenari o i s 
les s likely .  Thus ,  continuou s outpu t  value s ar e importan t  fo r 
modelin g contextua l  an d con-situationa l  effects . 

In a symbolic rule system, it is much more difficult to obtain 
suc h behaviour .  Symboli c rule s ar e muc h mor e isolate d fro m eac h 
othe r  an d fro m th e res t  o f  th e system .  Makin g the m influenc e 
eac h othe r  i s muc h harde r  an d migh t  no t  eve n b e efficientl y 
possible .  Th e advantag e o f  th e networ k mode l  i s tha t  i t 
provide s eas y entr y point s -  th e unit s an d connection s 
themselve s -  fo r  othe r  syste m component s t o modif y th e 
behaviour . 

6.3 Rules are learned according to environment 
Althoug h th e behaviou r  o f  th e networ k afte r  learnin g appear s t o 
be rule-governe d (suc h as :  a  featur e F  i n patter n A  produce s a 
featur e G  i n patter n B ) ,  non e o f  th e 'rules '  ha s t o b e state d 
explicitel y o r  beforehand .  Th e networ k ca n 'fin d out '  th e rule s 
(o r  whateve r  w e wan t  t o cal l  them )  b y itsel f  fro m th e examples , 
whic h the n cove r  exactl y th e case s i n th e trainin g se t  an d thos e 
derive d throug h extrapolatio n o f  th e rules .  I n othe r  words :  N o 
on e ha s t o stipulat e th e r  presented .  Furthermore ,  a s Rumelhar t 
(1986 )  point s out ,  eac h 'rule '  currentl y incorporate d i n a  PD F 
model  i s applie d wit h exactl y th e strengt h tha t  correspond s t o 
it s f i tness . 
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6. 4 Network s ar e robus t 
I n a  symboli c rul e syste m i t  i s  crucia l  tha t  a t  an y poin t  i n 
tim e al l  th e neede d rule s exis t  an d ar e accesible .  Whe n on e o f 
the m i s missing ,  th e syste m migh t  fai l  completely .  I n a  networ k 
thi s ca n neve r  happen .  A s th e 'rules '  ar e represente d i n a 
highl y distribute d manne r  an d -  i n additio n -  ar e al l  learne d 
fro m th e environment ,  the y canno t  easil y ge t  lost ,  no t  eve n b y 
partia l  destructio n o f  th e system . 

7. Conclusion 
Much mor e coul d b e sai d abou t  distribute d 'rule '  system s 
(Dorffne r  1987 ,  1988) .  However ,  thi s shor t  discussio n shoul d 
alread y hav e mad e clea r  th e advantage s o f  suc h models .  Th e 
result s sugges t  tha t  t o mode l  cognitiv e processe s suc h a s 
understandin g an d producin g natura l  language s -  whic h ar e muc h 
more comple x tha n th e tas k o f  Netzsprec h bu t  largel y base d o n 
simila r  mechanism s o f  associatio n -  on e wil l  hav e t o includ e PD P 
or  relate d model s i n th e future . 
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INTUITIVE NOTIONS OF LIGHT AND LEARNING ABOUT LIGHT 

INTRODUCTION 

A great deal of research effort has been invested in the 
identificatio n o f  naiv e concept s hel d b y student s i n differen t  area s 
of  science ,  an d o n th e impac t  o f  scienc e lesson s o n naiv e beliefs . 
Accordin g t o Posne r  e t  al .  (I982) ,  th e identificatio n o f  concept s hel d 
by student s i s importan t  since :  "... a person' s centra l  concept s ar e th e 
vehicle s whereb y a  give n rang e o f  phenomen a becom e intelligible .  Suc h 
concept s ca n b e linke d t o prio r  experience ,  images ,  o r  model s whic h 
mgik e the m appea r  intuitivel y obvious.. " 

Disessa (I98I) claims that "intuitive physics is a rather well 
develope d an d exceedingl y robus t  syste m tha t  ca n potentiall y  interfer e 
wit h 'proper '  physics. "  Thi s implie s tha t  intuitiv e belief s hel d b y 
student s befor e learnin g pla y a  majo r  rol e i n formulatin g ne w concepts . 
Student s approac h ne w topic s wit h a  framewor k o f  relate d idea s whic h 
ar e derive d fro m pas t  experience .  When face d wit h teachers '  statement s 
or  notebooks ,  o r  wit h th e result s o f  thei r  ow n investigation s whic h ar e 
no t  i n keepin g wit h th e conceptua l  framewor k the y hold ,  student s eithe r 
modif y thei r  ow n views ,  o r  accordin g t o Kenet h Lovel l  (I98O) ,  maintai n 
tw o separat e idea s abou t  th e sam e concep t  an d appl y the m t o differen t 
situations .  Lovel l  claim s tha t  on e o f  th e tw o idea s i s use d fo r  passin g 
exams i n schools ,  an d th e other ,  base d o n intuition ,  i s  use d fo r 
explainin g every-da y phenomena .  A  mode l  use d b y som e cognitiv e 
scientist s fit s  wel l  wit h th e hypothesi s o f  interactio n betwee n th e 
child' s differen t  idea s an d th e manne r  i n whic h thes e idea s evolv e wit h 
teaching .  Thi s mode l  i s base d o n th e hypothesi s tha t  informatio n i s 
store d i n th e memor y i n variou s form s -  schema s -  an d everythin g w e 
sa y an d d o depend s o n th e element s o r  grou p o f  element s o f  thi s store d 
information . 

There is considerable research evidence to suggest that the context or 
th e phenomena l  settin g o f  a  tas k o r  proble m influence s a n individual' s 
performance .  Drive r  an d Bel l  (I986) ,  sugges t  tha t  th e learner' s 
interpretatio n o f  th e tas k wil l  depen d o n preexistin g notion s whic h 
aris e fro m experienc e base d intuitio n a s wel l  a s o n mor e formall y 
acquire d concepts .  Studie s whic h hav e documente d children' s conception s 
hav e acknowledge d th e bas e concept s underlyin g learning ,  bu t  hav e no t 
criticall y addresse d th e questio n o f  th e mechanis m b y whic h forme r 
knowledg e control s th e newl y acquire d knowledge .  Piage t  investigate d 
th e developmen t  o f  children' s idea s abou t  natura l  an d mechanica l 
phenomena .  H e conclude d tha t  youn g childre n d o no t  explai n phenomen a o n 
th e basi s o f  causa l  linkin g bu t  instea d attribut e intentio n an d desir e 
t o th e object s themselves .  A s the y matur e the y graduall y outgro w thi s 
kin d o f  belie f  i n favou r  o f  mor e causall y oriente d thinking .  Resnic k 
and Ch i  (NSTA )  not e tha t  ther e ar e tw o fundamenta l  element s i n thi s 
theory :  constructivis m an d logica l  determinism .  Th e latte r  ter m refer s 
t o th e theor y tha t  children ,  whil e growin g up ,  develo p a  se t  o f  genera l 
logica l  structure s necessar y t o scientifi c  thinking .  I n thi s view , 
misconception s ar e a  resul t  o f  no t  havin g th e logica l  structure s neede d 
fo r  scientifi c  reasoning . 
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Constructivism ,  th e notio n o n whic h thi s wor k i s based ,  refer s t o th e 
ide a tha t  peopl e buil d thei r  knowledg e fo r  themselves .  Persona l 
knowledg e i s a  complex ,  incompletely-understoo d outcom e o f  a n ongoin g 
proces s o f  constructio n an d interpretation .  Thu s th e meanin g o f  a 
concep t  develop s a s a  resul t  o f  interactio n betwee n meanin g existin g 
i n th e learner' s min d an d reality . 

Kelly's notion of "Constructive Alternativism" in personal development 
i s ver y muc h i n lin e wit h constructivis m (Pop e an d Gilbert ,  I983) . 
Accordin g t o hi s positio n peopl e understan d themselves ,  an d thei r 
surroundings ,  an d predic t  futur e events ,  b y constructin g tentativ e 
model s an d evaluatin g the m accordin g t o thei r  persona l  models .  Th e 
criteri a use d t o evaluat e ne w model s ar e base d o n knowledg e gaine d i n 
th e past .  Thi s knowledg e i s organize d i n persona l  representationa l 
model s o f  th e worl d whic h mak e sens e o f  event s an d whic h ar e use d t o 
describ e persona l  experience ,  t o predic t  futur e event s an d t o asses s 
previou s predictions .  Accordin g t o Kelly ,  an y even t  i s ope n t o a s man y 
reconstruction s a s ou r  imaginatio n wil l  allow .  Ther e i s n o absolut e 
truth ,  bu t  jus t  "nugget s o f  truth" ,  whic h ar e teste d b y thei r  powe r  o f 
explanatio n an d prediction ,  an d replace d b y wha t  Disess a call s a  mor e 
powerfu l  "piec e o f  knowledge" .  Thu s th e forme r  knowledg e ha s a  crucia l 
rol e i n th e mechanis m o f  acquirin g ne w knowledge . 

Piaget suggested that two principal mechanisms govern the learning of 
new concepts :  Assimilatio n -  b y whic h a  ne w concep t  i s interprete d i n 
term s o f  knowledg e tha t  ha s bee n acquire d i n th e past ;  an d 
Accomodatio n -  b y whic h existin g knowledg e i s adjuste d accordin g t o 
th e newl y acquire d concept .  Resnic k an d Ch i  (NSTA )  sugges t  tha t 
"children' s failur e t o thin k scientificall y come s no t  fro m logica l 
disabilities ,  bu t  fro m no t  havin g acquire d ke y organizin g principle s 
fo r  som e domai n o f  knowledge" . 

There is, however, a lack of information about the actual processes 
whic h tak e plac e whe n ne w concept s ar e learned .  D o al l  forme r  belief s 
influenc e th e acquisitio n o f  a  ne w concep t  i n th e sam e way ? I f  not , 
what  ar e th e factor s relate d t o pas t  knowledg e whic h wil l  influenc e th e 
meeinin g o f  a  give n concep t  mor e tha n others ? Whic h o f  th e establishe d 
concept s an d relation s i n th e existin g schemat a ar e mor e dominan t  tha n 
others ? I n wha t  wa y d o the y gover n th e acquisitio n o f  ne w knowledge ? 

THE FOCUS OF THIS STUDY 

The research reported here deals with the identification of naive 
concept s o f  ligh t  hel d b y student s wh o hav e neve r  formall y learne d 
abou t  light ,  an d wit h relation s betwee n intuitiv e knowledg e acquire d b y 
pas t  experienc e an d ne w knowledg e student s ar e require d t o learn .  We 
focu s o n knowledg e abou t  ligh t  fo r  a  numbe r  o f  reasons : 

1) Light phenomena are all-pervasive. Children experience light 
as somethin g whic h hit s th e eye ,  eve n causin g physica l  pai n i f  i t  i s 
to o bright . 

2) Common expressions like "seeing the light", "throwing light 
upon" ,  an d th e psalmist' s "valle y o f  th e shado w o f  death" ,  al l  rais e 
question s concernin g widel y hel d concept s o f  light . 
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3)  Link s ma y b e discerne d betwee n th e historica l  developmen t  o f 
concept s o f  ligh t  an d concept s o f  ligh t  base d upo n everyda y 
experience .  (Pythagorea n emissio n theor y o f  particle s bombardin g th e 
ey e an d experienc e o f  blindin g light ;  Visua l  ray s projecte d b y th e 
ey e a t  infinit e velocit y an d th e simpl e observatio n tha t  w e se e th e 
star s a t  nigh t  immediatel y upo n openin g ou r  eyes ;  th e Platonis t 
assumptio n tha t  sigh t  result s fro m interactio n amon g sunlight , 
particle s emitte d b y object s see n an d th e eye ,  an d th e everyda y 
experienc e tha t  a  ligh t  source ,  a n objec t  t o b e seen ,  an d a n ope n ey e 
ar e al l  necessar y fo r  sight) . 

A PILO T STUDY 

Interviews were conducted to examine non scientific beliefs about light 
hel d b y person s wit h a  goo d forma l  backgroun d knowledg e o f  light . 
Amongst  th e interviewee s wer e student s majorin g i n physic s an d physic s 
teachers .  Question s aske d relate d t o everyda y phenomen a an d t o topic s 
encountere d i n forma l  learning .  Thi s wa s don e i n a n attemp t  t o 
differentiat e betwee n th e kind s o f  knowledg e use d i n explainin g 
phenomena a s experience d an d phenomen a a s learne d i n a  classroom .  Fo r 
example ,  w e asked :  Why doe s T V o r  radi o nois e ofte n accompan y 
lightning ? and .  What  cause s th e Crooke s radiomete r  vane s t o rotate ? 

The analysis of interview protocols showed that persons with good 
physic s background s ofte n hel d belief s incongruen t  wit h th e forma l 
scienc e the y ha d presumabl y learned .  Response s suggeste d tha t  althoug h 
th e question s calle d fo r  knowledg e i n th e sam e area ,  interviewee s 
applie d differen t  source s o f  knowledg e i n dealin g wit h everyda y an d 
wit h forma l  scienc e problems .  I n additio n th e terminolog y use d fo r 
dealin g wit h question s o n everyda y phenomen a ofte n differe d fro m tha t 
use d i n answerin g question s o n formall y learne d phenomena .  Thu s i n 
movin g fro m everyda y t o forma l  science ,  term s lik e vibration ,  strength , 
colour ,  an d mixing ,  gav e wa y t o term s lik e frequency ,  force ,  wav e 
length ,  an d superposition . 

One concept, that of light particle, was found to be common to both 
knowledg e sources ,  bein g see n a s a  smal l  roun d materia l  objec t  rathe r 
tha n a s th e abstrac t  notio n encountere d i n forma l  learnin g abou t  light . 
Thi s suggest s tha t  th e ide a o f  ligh t  a s a n actua l  materia l  substanc e 
was hel d b y interviewee s irrespectiv e o f  th e leve l  o f  thei r  forma l 
achievemen t  i n physics . 

In an attempt to identify possible sources of this naive and apparently 
intuitiv e conception ,  a  stud y wa s initiate d o f  a  grou p o f  highl y 
achievin g 1 7 yea r  old s wh o ha d neve r  learne d formall y abou t  light ,  an d 
who planne d career s i n engineerin g o r  science . 
Goal s o f  th e stud y were : 

1) Identification of naive conceptual frameworks about light; 
2)  Identificatio n o f  interrelation s betwee n establishe d an d newl y 
acquire d knowledge ; 
3)  Developmen t  an d evaluatio n o f  a  metho d fo r  restructurin g 
knowledg e abou t  light . 

582 



THE IDENTIFICATIO N O F PRESCIENCE CONCEPTS O F LIGH T 

Eleventh grade students majoring in the electrical engineering trend in 
a technologica l  hig h schoo l  wer e interviewe d i n orde r  t o identif y 
explanator y conceptua l  freunework s o n th e natur e o f  light .  I n orde r  t o 
chec k fo r  consistenc y o f  responses ,  eac h phenomeno n wa s discusse d i n 
more tha n on e way .  Question s too k th e form : 

1) What shines in each of these light sources? (Students were shown 
and wer e abl e t o examine :  incandescent ,  fluorescen t  an d neo n lamps ;  a 
TV screen ;  a  candle; a burnin g match ;  an d a  ga s flame) . 

2) Why do you see different colours when you put different 
material s i n a  flame ? 

3) Why does the light from an ordinary electric light make the 
Crooke s radiomete r  rotate ,  bu t  th e la b lase r  ligh t  doesn't ? 

k) You land on an unknown planet lit by a sun radiating red light 
only -  What  ar e th e colour s visibl e o n tha t  planet ? 

5) What is a rainbow? 

6) A lighted candle is placed on the floor of the room. Draw a line 
t o sho w th e furthes t  plac e reache d b y th e light . 

7) Is there any place in the room which the candle light doesn't 
reach ? I f  ther e is ,  ca n yo u se e th e candl e fro m suc h a  place ? 

8) How is it that we have sunlight (twilight) after sunset? 

9) A white shirt illuminated by red light appears red, and a red 
shir t  illuminate d b y whit e ligh t  als o appear s red .  Explain . 

10)How does coloured glass change the colour of light passing through 
it ? 

It was found possible to classify students' conceptual frameworks with 
respec t  t o fiv e topics :  ligh t  sources ;  propagation ;  th e natur e o f 
light ;  ligh t  an d sight ;  ligh t  an d colours .  Studen t  belief s wer e groupe d 
fo r  eac h topic . 

The most popular beliefs concerning light sources were that they are 
al l  ho t  bodies ,  tha t  an y materia l  ca n becom e a  ligh t  sourc e i f  heate d 
t o a  sufficientl y hig h temperature ,  an d tha t  dense r  material s requir e 
more hea t  t o mak e the m shine .  Othe r  popula r  belief s wer e tha t  ligh t 
source s ar e create d b y chemica l  reaction s suc h a s th e reactio n o f 
candl e wa x wit h oxygen ,  an d tha t  fir e i s a  necessar y preconditio n fo r 
illumination . 

Beliefs concerning the propagation of light were revealed in 
discussio n abou t  a  lighte d candl e place d o n th e floo r  a t  th e cente r  o f 
a room .  Some student s claime d tha t  th e ligh t  intensit y droppe d slowl y 
unti l  a t  a  certai n distanc e i t  vanished .  Student s wh o marke d a  lin e t o 
sho w th e limi t  beyon d whic h ligh t  di d no t  pas s explaine d tha t  th e 
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candl e coul d b e see n fro m beyon d thi s lin e sinc e th e flam e wa s brighte r 
the m it s surroundings .  Other s claime d tha t  ligh t  wa s laten t  i n th e air , 
usin g thi s t o explai n th e phenomeno n o f  ligh t  afte r  sunset .  A  thir d 
belie f  wa s tha t  ligh t  intensit y fall s  a s a  functio n o f  colour ,  s o tha t 
blu e ligh t  doesn' t  trave l  a s fa r  a s yello w light .  Th e rat e o f  chang e o f 
intensit y wa s als o see n t o depen d o n th e velocit y o f  light ,  whic h i n 
tur n depend s o n th e powe r  o f  th e source .  Thi s wa s use d t o explai n wh y a 
stronge r  sourc e i s visibl e fro m a  greate r  distance . 

Light was seen as composed of particles, of waves, as a combination of 
ray s an d a  se a o f  light ,  an d a s bein g associate d wit h heat . 

Sight, it was believed, depended upon the reflection of light from 
bodie s o r  upo n ligh t  fillin g th e surroundin g space .  Fe w student s 
relate d sigh t  t o ligh t  enterin g th e eye . 

Light is believed to have a particular colour either because its 
source ,  suc h a s a  heate d filament ,  i s  coloured ,  o r  a s a  resul t  o f 
passin g throug h coloure d glass .  Thi s ma y explai n a  studen t  predictio n 
tha t  a  blu e objec t  illuminate d b y re d ligh t  woul d appea r  violet ,  rathe r 
tha n black ,  jus t  a s a  mixtur e o f  blu e £in d re d pain t  appear s violet . 

At this stage of the study, having categorized some student beliefs 
abou t  light ,  w e identifie d thre e basi c belief s use d i n explainin g 
ligh t  phenomena . 

The first was the notion of a hot body radiating a flowing material or 
strea m o f  tin y particle s whic h ca n fill ,  an d remai n in ,  th e ai r  (ligh t 
conservatio n a s i n th e cas e o f  twilight) .  Ligh t  colour s wer e see n t o 
mi x i n th e sam e wa y a s d o th e colour s o f  liquids .  (22/ i  o f  students) . 

The second was the notion of a hot body emitting variously sized 
particles ,  eac h siz e havin g a  specifi c  colour .  'White '  particle s easil y 
chang e t o particle s o f  anothe r  colour ,  bu t  th e revers e proces s i s mor e 
difficul t  sinc e othe r  colour s ar e darker ,  an d therefor e mor e dominant , 
tha n white .  I n thi s vie w th e colou r  o f  a n objec t  see n i s a  simpl e 
mixtur e o f  th e colour s o f  th e objec t  an d o f  th e illuminatin g light .  A 
la b experienc e i n whic h student s sa w tha t  a  re d objec t  viewe d throug h a 
blu e filte r  seeme d black ,  di d nothin g t o chang e thi s vie w o f 
colour .  (lB % o f  students) . 

The third notion was that particles emitted by a chemical reaction are 
abl e t o fil l  spac e bu t  tha t  thei r  movemen t  i s retarde d b y th e air ,  b y 
some sor t  o f  friction .  Thi s woul d explai n th e belie f  tha t  ligh t  fro m a 
sourc e suc h a s a  candl e flam e propagate s onl y t o a  limite d distance . 
(22 % o f  students) . 

These basic approaches to light all explain observed phenomena in 
materialisti c  term s i n whic h th e behaviou r  o f  ligh t  i s  reminiscen t  o f 
th e behaviou r  o f  a  gas .  Thi s i s th e cas e no t  onl y fo r  th e 62 % o f 
student s whos e basi c assumption s for m th e thre e cluster s mentione d 
above ,  bu t  fo r  mos t  o f  th e othe r  student s too .  We believ e tha t  student s 
di d no t  arriv e a t  suc h a  vie w o f  ligh t  a s a n outcom e o f  forma l 
learning ,  bu t  tha t  thi s vie w exemplifie s a  naiv e materialisti c  wa y o f 
thinkin g abou t  natura l  phenomena . 

584 



A NAIV E STANDPOINT AND FORMAL LEARNIN G 

A series of laboratory learning situations was developed in which 
experimenta l  phenomen a examine d b y th e studen t  wer e accompanie d b y rea l 
tim e compute r  base d analysis .  Th e basi c equipmen t  included :  a n IB M PC ; 
an A<-> D converter ;  ligh t  an d temperatur e sensors ;  a  ste p moto r 
controlle d fro m th e keyboar d t o mov e th e sensor s alon g a  benc h o r  t o 
rotat e them ;  a  se t  o f  ligh t  sources ;  an d a  3c m micr o wav e kit . 

The lab-pc interface simultaneously provides empirical and analytical 
information .  Thi s tw o fol d presentatio n increase s wha t  Posne r  e t  al . 
(1982 )  cal l  th e intelligibilit y  o f  th e physica l  concept s involved .  O n 
th e basi s o f  th e simultaneou s juxtapositio n o f  bot h kind s o f 
informatio n th e studen t  i s abl e t o build ,  modif y an d rebuil d 
explanator y hypotheses .  I n thi s reside s th e powe r  o f  th e syste m a s a n 
agen t  fo r  chang e o f  students '  conceptua l  framework s sinc e i t  provide s 
fo r  th e immediat e testin g o f  idea s agains t  experience .  Unlik e analysi s 
i n th e traditiona l  schoo l  laborator y experiment ,  her e analysi s become s 
an integra l  par t  o f  th e experiment . 

The experiments covered: (1) the dependence of light intensity on the 
source ,  o n distance ,  an d o n direction ;  (2 )  th e notio n o f  field ;  (3 )  th e 
dependenc e o f  intensit y o n type ,  colou r  an d thicknes s o f  a n absorbin g 
medium;  (4 )  th e relationshi p betwee n absorbtio n an d temperatur e o f  a 
ligh t  transmittin g medium ;  (5 )  polarization ;  (6 )  diffraction ; 
(7)interference ;  an d (8 )  th e behaviou r  o f  3c m electr o magneti c waves . 

Each experiment was pleinned to force students to draw inferences about 
relation s amon g variables ,  an d th e proces s o f  learnin g fro m a n 
experimen t  wa s see n a s th e proces s o f  learnin g t o dra w th e inferences . 
The kind s o f  knowledg e introduce d b y thi s teachin g metho d wer e analyse d 
and knowledg e relate d t o th e experimenta l  variable s wa s identified . 

We call knowledge on relationships among variables "relational 
knowledge "  whil e "explanator y knowledge "  refer s t o explanation s a s t o 
why a  particula r  relatio n hold s rathe r  tha n another .  Th e firs t  kin d o f 
knowledg e wa s explicitl y  introduce d i n th e experiments ,  whil e th e 
student s wer e encourage d t o develo p th e second .  Fo r  instance ,  i n on e 
experimen t  i n whic h student s examine d th e intensit y o f  illuminatio n 
fro m a  ligh t  source ,  th e relationa l  knowledg e foun d wa s 1 = K/R2 . 
The relate d explanator y knowledg e whic h student s wer e expecte d t o 
develo p i s tha t  ligh t  propagate s spherically .  Bot h kind s o f 
knowledg e ar e significant ,  bu t  ou r  interes t  i s  mainl y i n th e second . 

Relational knowledge was examined by questionnaire, explanatory 
knowledg e wa s examine d b y interview s durin g th e experiments .  Question s 
wer e designe d t o explor e ho w student s mad e sens e o f  thei r  experimenta l 
outcome s an d ho w the y defende d thei r  explanations . 

In one experiment, for example, a light source heated two identical 
glas s beakers ,  on e containin g stron g blac k coffee ,  an d th e othe r  wea k 
coffee ,  durin g th e sam e tim e period .  Th e ris e i n temperatur e o f  th e 
blac k coffe e wa s foun d t o b e greater .  Student s explaine d tha t  hea t  wa s 
create d b y frictio n betwee n ligh t  particle s an d coffe e particle s an d 
tha t  sinc e th e blac k coffe e wa s denser ,  frictio n wa s greater .  On e 
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studen t  argue d fo r  thi s explanatio n b y sayin g tha t  "Yo u can' t  se e th e 
ligh t  s o clearl y i n fo g becaus e i t  i s  muc h slowe r  tha n usual" .  When 
aske d abou t  th e hea t  tha t  shoul d b e produced ,  h e sai d tha t  th e fo g i s 
so muc h large r  tha n th e cu p o f  coffe e tha t  yo u don' t  fee l  it . 

UNDERLYING EXPLANATORY BELIEFS 

We found that students' explanations of experimental results were 
governed ,  i n th e main ,  b y th e followin g ideas : 

The light sensor differs from the eye in that it "sees" only if the 
ligh t  i s  directe d towar d th e sensor .  Thi s indicate s a n assumpio n 
tha t  ligh t  doe s no t  hav e t o ente r  th e ey e i n orde r  fo r  u s t o see . 

Light is absorbed by material and fills it. Just as gas fills a 
container ,  s o ligh t  enter s an d take s th e container' s shape .  A 
materia l  i s  brigh t  i f  th e particle s o f  ligh t  sta y insid e it . 

Particles of light can heat a medium through which it passes as a 
resul t  o f  frictio n wit h particle s o f  th e medium. . 

The naive material particle conception of light seems to govern the 
learnin g o f  ne w concepts .  Thoug h relationa l  knowledg e wa s learne d ver y 
well ,  thi s wa s no t  th e cas e fo r  explanator y knowledge .  We believ e tha t 
th e tenacit y wit h whic h student s hol d o n t o no n scienc e belief s despit e 
forma l  learnin g o f  science ,  result s a t  leas t  i n par t  fro m th e stres s 
teacher s plac e upo n relationa l  rathe r  tha n explanator y knowledge . 

In continuing this study, we now plan to construct a taxonomy of 
materialisti c  belief s commonl y use d i n th e developmen t  o f  explanator y 
knowledge . 
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In every narrative, many nouns are introduced. These can be participants, settings, 

props ,  an d s o forth .  Onc e introduced ,  som e o f  thes e people ,  places ,  o r  thing s pla y a 

pivota l  rol e i n th e subsequen t  narrative ;  others ,  onc e introduced ,  ar e neve r  t o b e 

mentione d again .  Thos e people ,  places ,  o r  thing s tha t  ar e mentione d mor e frequentl y w e 

conside r  mor e topica l  (Given ,  1983) ,  foregrounde d (Chafe ,  1974) ,  o r  focuse d (Grosz , 

1981) .  Thos e tha t  ar e mentione d les s ofte n w e thin k o f  a s bein g supportin g characters , 

backgrounded ,  o r  les s focused . 

While appreciating these distinctions, we assume that they map onto one psychological 

dimension :  importance .  Presumabl y concept s tha t  ar e topical ,  foregrounded ,  o r  focuse d 

ar e perceive d (b y bot h th e speake r  an d th e listener )  a s bein g mor e importan t  tha n 

concept s tha t  ar e mor e peripheral ,  backgrounded ,  o r  les s focused . 

We also assume that discourse situations, like the telling of oral narratives, involve a 

functiona l  exchang e betwee n speaker s an d listeners .  Speaker s us e certai n device s - -  suc h 

as topicalization ,  foregrounding ,  an d focu s - -  t o conve y certai n propertie s - -  suc h a s 

importance .  Presumably ,  o n th e receivin g end ,  listener s ar e sensitiv e t o thes e devices . 

In this paper we explore one such device. It is the use of the unstressed, indefinite 

articl e thi s t o introduc e ne w nou n phrases .  W e sugges t  tha t  speaker s us e th e indefinit e 

thi s t o signa l  thei r  listener s tha t  specifi c  noun s ar e goin g t o pla y a  pivota l  rol e i n 

th e upcomin g discourse . 

Furthermore, we also suggest that the indefinite this operates as a cataphoric device to 

increas e th e concepts '  accessibilit y  i n th e listeners '  menta l  representations .  W e 

envisio n cataphori c device s a s complement s t o anaphori c devices ;  wherea s anaphori c 

device s (e.g. ,  pronouns ,  repeate d nou n phrases ,  an d th e like )  enabl e acces s t o previousl y 

mentione d concepts ,  w e sugges t  tha t  cataphori c device s improv e acces s t o subsequentl y 

mentione d concepts .  W e wil l  hav e mor e t o sa y abou t  ho w thes e device s migh t  wor k later . 

But  befor e w e do ,  w e shal l  furthe r  describ e th e cataphori c devic e tha t  w e studie d i n th e 

presen t  research . 

The Indefinite This 

Most of us are familiar with the indefinite article this; for example, it's typically 

use d t o introduc e concept s i n jokes ,  a s in ,  "S o thi s ma n walk s int o a  bar "  o r  "S o a  ma n 

walk s int o a  ba r  wit h thi s parro t  o n hi s shoulder. " 

The indefinite this is interesting for a couple of reasons. First, it's a relative 

newcomer  t o English ;  Wal d (1983 )  suggest s tha t  it s  us e date s bac k onl y t o th e lat e 1930s . 

Second ,  th e indefinit e thi s occur s considerabl y mor e frequentl y i n informal ,  spoken , 

dialect s tha n forma l  o r  writte n ones ,  althoug h man y prescriptiv e grammarian s dictat e tha t 

it' s  unacceptabl e i n an y dialec t  (Prince ,  1981) . 
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Th e indefinit e thi s shouldn' t  b e confuse d wit h th e deicti c thi s ("Loo k a t  this" )  o r 

stresse d thi s (" I  wan t  thi s  one") .  I n contras t  t o th e unstressed ,  indefinit e this ,  th e 

deicti c an d stresse d thi s ar e definit e (Perlman ,  1969) .  Accordin g t o Princ e (1981) ,  th e 

classi c tes t  o f  indefinitenes s i s occurrenc e i n th e existential-ther e construction .  A s 

(1 )  throug h (3 )  demonstrat e below ,  th e indefinit e articl e thi s an d th e indefinit e articl e 

a/a n pas s thi s test ,  wherea s th e definit e articl e th e fails . 

(1) There was this guy in my class last quarter. 

(2 )  Ther e wa s a  gu y i n m y clas s las t  quarter . 

(3 )  "Ther e wa s th e gu y i n m y clas s las t  quarter . 

By definition, the indefinite thjjs -- like the indefinite a/an -• is used to introduce 

ne w concept s int o a  discourse .  O f  th e 24 3 occurrence s o f  th e indefinit e thi s tha t 

Princ e (1981 )  observe d i n Terkel' s (1974 )  book ,  Working .  24 2 introduce d a  ne w concept . 

and th e onl y exceptio n wa s arguabl y introducin g th e sam e lexica l  for m bu t  wit h a 

differen t  referent . 

But more interestingly, in 209 of the 242 occurrences that Prince (1981) observed, the 

nou n introduce d wit h th e indefinit e thi s wa s referre d t o again ,  an d a s Princ e said , 

"vrithi n th e nex t  fe w clauses" .  Wrigh t  an d Give n (1987 )  quantifie d thi s observatio n mor e 

explicitly .  The y recorde d eight -  an d ten-yea r  old s tellin g on e anothe r  informa l  storie s 

and jokes .  Wrigh t  an d Give n foun d tha t  whe n th e childre n introduce d noun s wit h th e 

indefinit e this ,  the y referre d t o thos e noun s a n averag e o f  5.3 2 time s i n th e subsequen t 

10 clause s tha t  the y produced ;  i n contrast ,  whe n th e childre n introduce d noun s wit h th e 

indefinit e a ,  the y referre d t o thos e noun s a n averag e o f  onl y .6 8 time s i n th e nex t  1 0 

clauses .  Thes e dat a sugges t  tha t  speaker s us e th e indefinit e thi s t o introduc e ne w 

concept s tha t  ar e goin g t o pla y a  pivota l  rol e i n th e subsequen t  narrative .  Thus ,  th e 

indefinit e thi s serve s a s a  cataphori c signa l  o f  importance . 

Research Question 

Our question in this research was whether listeners are sensitive to this cataphoric 

device .  Tha t  is ,  doe s introducin g a  concep t  wit h th e indefinit e this ,  a s oppose d t o th e 

mor e typica l  indefinit e a ,  increas e tha t  concepts '  accessibilit y  i n th e listener' s menta l 

representation ? 

To answer this question, we conducted the follovring experiment. We auditorily presented 

severa l  informa l  narrative s t o nativ e Englis h speakin g subjects .  W e tol d ou r  subject s 

tha t  a t  som e poin t  i n eac h narrativ e th e narrato r  woul d sto p talking ;  whe n thi s happened . 

i t  wa s th e subjects '  jo b t o continu e tellin g th e narrative .  W e constructe d ou r 

narrative s s o tha t  th e las t  claus e o f  eac h introduce d a  ne w nou n phrase .  W e wil l  refe r 

t o thes e noun s a s "critical "  nouns .  W e manipulate d whethe r  eac h critica l  nou n wa s 

introduce d b y th e indefinit e thi s o r  th e indefinit e a .  Belo w i s a n exampl e o f  on e o f  th e 

narrative s w e constructed : 

I went to the coast last weekend with Sally. We'd checked the tide schedule 'n we'd 

planne d t o arriv e a t  low-tid e -  'cu z I  jus t  lov e beachcombin' .  Righ t  off ,  I  foun d 3 

whol e sandoUars .  S o the n I  starte d lookin '  fo r  agates ,  bu t  I  couldn' t  fin d any . 

Sall y wa s prett y bus y too .  Sh e foun d this/a n eg g .. . 
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We proposed that accessibility would be manifested in our subjects' continuations in 

thre e ways :  Frequenc y o f  Mention ,  Immediac y o f  Mention ,  an d Referentia l  Markedness .  B y 

Frequenc y o f  Mentio n w e simpl y mean t  ho w frequentl y th e subject s referre d t o th e critica l 

nouns .  Presumably ,  th e mor e accessibl e th e concep t  wa s i n th e subjects '  menta l 

representations ,  th e mor e frequentl y the y woul d tal k abou t  it . 

By Immediacy of Mention we meant whether the subjects would mention the critical noun in 

th e firs t  clause s tha t  the y produced .  Presumably ,  th e mor e accessibl e th e concep t  wa s i n 

th e subjects '  menta l  representations ,  th e mor e likel y the y woul d b e t o mentio n i t 

immediatel y (Gernsbache r  &  HarKreaves ,  1988) . 

By Referential Markedness we meant how likely it was that subjects would refer to the 

critica l  noun s wit h mor e marke d form s o f  reference ,  suc h a s nou n phrases ,  versu s les s 

marke d forms ,  suc h a s anaphori c pronouns .  Severa l  psycholin^st s an d linguist s hav e 

shown tha t  speakers '  preference s fo r  referentia l  markednes s i s inversel y relate d t o thei r 

intende d focu s o r  topicalit y (Fletcher ,  1984 ;  Givon ,  1985 ,  Marslen-Wilson ,  Levy ,  &  Tyler , 

1982 ;  Sidner ,  1983) .  Tha t  is ,  speaker s us e les s marke d form s (e.g. ,  zer o einaphor a an d 

pronouns )  fo r  mor e focuse d o r  topica l  concepts .  Similarly ,  w e propose d tha t  ou r  subject s 

woul d us e les s marke d form s fo r  mor e accessibl e concepts .  I n othe r  words ,  th e mor e 

accessibl e th e concept ,  th e mor e likel y th e subject s woul d refe r  t o i t  wit h a  les s marke d 

for m o f  reference .  Ou r  methodolog y an d result s ar e describe d mor e full y below . 

Experimental Methods 

Our subjects were 45 undergraduates at the University of Oregon who participated as one 

means o f  fulfillin g a  cours e requirement .  Al l  wer e nativ e America n Englis h speakers . 

Our materials were 20 experimental and 4 filler narratives. They ranged in length from 

57 t o 15 3 word s wit h a n averag e lengt h o f  93. 7 words .  Al l  th e narrative s wer e writte n i n 

a ver y informal ,  conversationa l  dialect .  Th e 2 0 experimenta l  narrative s wer e randoml y 

ordere d an d intermixe d vrit h th e 4  fille r  narratives .  Th e purpos e o f  th e fille r 

narrative s wa s t o disguis e th e occurrenc e o f  s o man y this-introduce d nou n phrase s i n th e 

fina l  clause s o f  th e experimenta l  narratives . 

All 24 narratives were recorded by a college-aged male who we kept naive to the 

experimenta l  hypotheses .  Ou r  narrato r  recorde d tw o tapes :  O n on e tape ,  hal f  th e 

experimenta l  narrative s wer e recorde d i n thei r  this-introduce d form ,  whil e th e othe r  hal f 

wer e recorde d i n thei r  a-introduce d form .  O n th e othe r  tape ,  th e revers e wa s true .  On e 

indicatio n o f  ou r  narrator' s naivet e wa s tha t  h e inadvertantl y recorde d tw o o f  th e 

experimenta l  narrative s i n thei r  thi s for m o n bot h tapes .  Althoug h w e didn' t  realiz e 

thi s mistak e unti l  afte r  collectin g th e data ,  w e droppe d thes e tw o narrative s fro m ou r 

analyses . 

During the experiment, each subject sat in a sound proof room. The subject listened to 

our  recorde d narratives ,  a s wel l  a s ou r  instructions ,  ove r  a  se t  o f  headphones .  Th e 

subject s wer e tol d tha t  the y woul d hea r  th e beginning s o f  twenty-fou r  storie s an d tha t 

the y shoul d complet e the m a s the y fel t  th e narrato r  o f  th e storie s woul d hav e done .  A t 

th e en d o f  eac h narrative ,  th e subject s wer e give n 2 0 second s t o tel l  thei r  continuation . 

When th e 2 0 second s wer e up ,  th e subject s hear d a  singl e tone .  The y wer e t o sto p talkin g 

the n i f  tha t  wa s convenient ,  bu t  i f  i t  wasn't ,  the y coul d continu e fo r  a n additiona l  te n 

seconds ,  a t  whic h tim e the y hear d tw o tones .  Afte r  th e tw o tones ,  the y wer e the n give n a 

589 



Gernsbache r  &  Shroye r 

fifteen second break before the next narrative began. To get accustomed to the 

experimenta l  task ,  th e subject s firs t  practice d o n tw o narratives . 

Experimental Results 

Each subject's continuations of the experimental narratives were transcribed according to 

th e method s o f  Och s (1979) .  I n thes e transcriptions ,  claus e boundarie s wer e marke d o n 

th e basi s o f  finit e verb s an d intonatio n group s (Chafe .  1980) .  T w o judge s score d th e 

transcript s blin d t o bot h th e subjects '  identitie s an d th e narratives '  experimenta l 

condition ,  (i.e. ,  whethe r  th e critica l  noun s wer e introduce d wit h thi s versu s a) . 

Frequency of Mention. We first measured how frequently subjects mentioned the critical 

nouns .  W h e n th e critica l  noun s wer e introduce d wit h th e indefinit e this ,  subject s 

mentione d th e noun s i n 2 2 % o f  th e clause s tha t  the y produced ;  i n contrast ,  whe n th e 

critica l  noun s wer e introduce d wit h th e indefinit e a .  subject s mentione d th e noun s i n 

onl y 1 6 % o f  th e clauses„the y produced .  Thi s differenc e wa s statisticall y reliable , 

t(l,17 )  -  2.312 ,  £  <  .03 .  I n fact ,  i n 1 7 o f  th e 1 8 narrative s w e observe d th e expecte d 

differenc e (i.e. .  subject s mor e frequentl y mentione d th e critica l  noun s whe n the y wer e 

introduce d wit h thi s versu s a) . 

As an illustration, below is Subject <»03's continuation for the same narrative that we 

presente d a s a n exampl e above .  Thi s subjec t  hear d th e narrativ e wit h th e critica l  nou n 

egg introduce d wit h th e indefinit e this .  A s illustrate d i n hi s continuation ,  thi s 

subjec t  frequentl y refer s t o th e critica l  noun . 

'N it looked like it came from a lizard or something or meiybe a turtle, but we 

couldn' t  tel l  i f  i t  ha d hatche d o r  no t  s o w e pu t  i t  bac k wher e w e foun d i t  jus t  i n 

cas e i t  wa s stil l  aliv e 

In contrast, below is Subject <*30's continuation for the same narrative, but Subject 30 

hear d th e narrativ e wit h th e critica l  nou n eg g introduce d wit h th e indefinit e a . 

But what I really wanted to find was a whole crab shell. Y'know you can hardly ever 

fin d those .  Yo u alway s fin d jus t  bit s an d pieces .  It' s  lik e someon e deliberatel y 

comes u p ' n crunche s 'e m al l  befor e 'y a ge t  ther e o r  somethin' .  But ,  beachcomin' s a 

favorit e thing ,  eve n i f  I  don' t  fin d an y cra b shells . 

Immediacy of Mention. The second property that we measured from our subjects' 

continuation s wa s thei r  likelihoo d o f  mentionin g th e critica l  nou n i n th e firs t  claus e 

tha t  the y produced .  W h e n th e critica l  noun s wer e introduce d wit h th e indefinit e this , 

subject s mentione d thos e noun s i n 4 6 % o f  th e firs t  clause s o f  thei r  continuations ;  i n 

contrast ,  whe n th e critica l  noun s wer e introduce d wit h th e indefinit e a ,  subject s 

mentione d thos e noun s i n onl y 3 7 % o f  thei r  firs t  clauses .  Thi s differenc e wa s als o 

statisticall y reliable ,  t(l,17 )  -  2.03 ,  £  <  .055 .  I n fact ,  w e observe d thi s expecte d 

differenc e i n 1 5 o f  th e 1 8 experimenta l  narratives . 

Referential Markedness. Our third measure was the subjects' choice of referent for the 

critica l  nouns .  T o quantif y thi s effect ,  w e attende d onl y t o thos e continuation s wher e 

subject s di d i n fac t  refe r  t o th e critica l  nouns .  An d i n thos e continuations ,  w e 

attende d onl y t o th e subjects '  firs t  referenc e t o th e critica l  nouns .  Ther e wer e a  tota l 

of  53 3 o f  thes e firs t  references ;  37 6 wer e pronoun s (th e les s marke d for m o f  reference ) 
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and 177 were noun phrases (the more marked form of reference). Of the 376 pronouns, 57% 

wer e reference s t o this-introduce d critica l  nouns ,  an d th e remainin g 4 3 % wer e reference s 

t o a-introduce d critica l  nouns .  Thus ,  subject s wer e mor e likel y t o selec t  th e les s 

marke d for m o f  referenc e t o refe r  t o this-introduce d critica l  nouns .  Th e opposit e 

patter n emerge d wit h th e nou n phrase s (th e mor e marke d for m o f  reference) .  O f  th e 17 7 

noun phrases ,  5 4 % wer e reference s t o critica l  noun s tha t  ha d bee n introduce d wit h a ,  an d 

th e remainin g 4 6 % wer e reference s t o critica l  noun s tha t  ha d bee n introduce d wit h this . 

Thus ,  subject s wer e mor e likel y t o selec t  th e mor e marke d for m o f  referenc e t o refe r  t o 

a-introduce d critica l  nouns .  Thi ^  associatio n wa s statisticall y differen t  fro m wha t 

woul d b e expecte d b y chance ,  X  (1 )  -  6.014 .  e  <  013 . 

Finally, we also encountered a rather interesting datum. A small proportion of the time 

(2.83%) ,  subject s committe d wha t  w e wil l  refe r  t o a s a  "switch. "  I n th e narrativ e the y 

heard ,  th e critica l  nou n wa s introduce d wit h th e indefinit e this ,  bu t  whe n the y firs t 

mentione d th e noun ,  the y switche d th e thi s t o a n a .  O r  conversely ,  the y hear d th e 

critica l  nou n introduce d wit h th e indefinit e a .  bu t  the y switche d th e a  t o a  this .  W e 

foun d tha t  switchin g thi s t o a  wa s ver y rare .  Tha t  situtatio n occurre d o n onl y 1 3 % o f 

th e switche s (o r  .388 % o f  th e continuations) .  I n contrast ,  swtichin g a  t o thi s occurre d 

significantl y mor e often ;  tha t  situatio n accounte d fo r  8 7 % o f  al l  th e switche s (o r  2.44 % 

of  th e continuations) ,  t(l,17 )  -  3.578 ,  £  <  .002 .  Wha t  thi s patter n suggeste d t o u s wa s 

tha t  subject s fel t  tha t  the y ha d t o signa l  importanc e wit h th e indefinit e thi s befor e 

the y coul d focus ,  foreground ,  topicaliz e o r  otherwis e elaborat e o n th e noun s i n thei r  ow n 

continuations . 

Conclusions 

To summarize our results, we found that our introducing noun phrases by the indefinite 

thi s versu s th e indefinit e a  greatl y affecte d ou r  subjects '  continuations :  W h e n th e 

critica l  noun s wer e introduce d Mnt h this ,  subject s mentione d th e noun s mor e frequently , 

ofte n withi n th e firs t  clause s tha t  the y produced ,  an d typicall y vi a pronouns .  I n 

contrast ,  whe n th e critica l  noun s wer e introduce d wit h a ,  subject s mentione d th e noun s 

les s frequently ,  em d typicall y vi a ful l  nou n phrases . 

These data suggest that listeners are indeed sensitive to the rapidly developing use of 

th e indefinit e thi s t o signa l  potentiall y  importan t  information .  Concept s introduce d b y 

a speake r  wit h th e indefinit e thi s ar e mor e accessibl e t o th e listener .  I n thi s W£iy ,  th e 

indefinit e thi s appear s t o b e operatin g a s wha t  w e ar e callin g a  cataphori c device . 

Indeed, Prince (1981) has suggested that the indefinite this parallels a device in 

America n Sig n Languag e i n whic h a  signe r  establishe s a n absen t  thir d perso n o n hi s o r  he r 

righ t  s o tha t  th e signe r  migh t  late r  refe r  t o tha t  individual ;  a n absen t  thir d perso n wh o 

i s no t  intende d t o b e subsequentl y referre d t o i s no t  establishe d thi s weiy .  Clearly , 

thi s A S L devic e i s als o operatin g cataphoric2dly . 

Another device that might work cataphorically in spoken English is intonation (or spoken 

stress) .  Cutle r  (1976 )  foun d tha t  initia l  phoneme s wer e recognize d faste r  whe n the y 

bega n word s tha t  carrie d thei r  sentences '  stres s (se e als o Shields ,  McHugh ,  &  Martin , 

1974) .  Cutle r  (1976 )  als o foun d tha t  i t  wasn' t  jus t  th e improve d acousti c qualit y tha t 

effecte d thi s advantage :  Sh e foun d th e sam e result s whe n sh e exchange d (b y tap e 
splicing )  th e stresse d wor d wit h th e sam e wor d fro m a n unstresse d environment .  I n othe r 
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words ,  i t  wa s th e iDtonatio n contou r  tha t  directe d th e listener s towar d th e stresse d 
items . 

Similarly, Bock and Mazzella (1983) found that stressing the word Arnold in a sentence 
suc h as , 

(4 )  Arnol d didn' t  fi x  th e radio . 
as oppose d t o th e wor d fix ,  mad e i t  easie r  fo r  listener s t o understan d a  subsequen t 
sentenc e lik e 

(5 )  Dori s fixe d th e radio . 
So bot h Cutler' s (1976 )  an d Boc k an d Mazzella' s (1983 )  studie s sugges t  tha t  intonatio n 
signal s informatio n focus ,  o r  wha t  w e hav e bee n callin g importance .  Thus ,  intonatio n 
seems lik e a  goo d candidat e fo r  a  cataphori c device . 

How do cataphoric devices work? That is, what are the mental processes underlying our 
suggestio n tha t  cataphori c device s increas e thei r  concepts '  accessibilit y  i n listeners ' 
menta l  represenations ? On e hypothesi s i s base d o n som e o f  ou r  recen t  finding s concernin g 
how anaphori c device s wor k (Gernsbacher ,  1988) .  W e hav e foun d tha t  anaphori c device s 
(e.g. ,  pronouns ,  repeate d nou n phrases ,  an d th e like )  enabl e acces s t o previousl y 
mentione d concept s vi a tw o mechanisms :  Enhancement ,  whic h increase s th e activatio n leve l 
of  th e rementione d concept' s menta l  representation ,  an d Suppression ,  whic h decrease s o r 
dampens th e activatio n o f  othe r  concepts '  representations .  Th e ne t  effec t  o f  bot h 
mechanism s i s tha t  th e anaphoricall y mentione d concep t  i s activate d a t  a  differen t  leve l 
tha n othe r  concepts . 

Similarly, we suggest that cataphoric devices may use either or both of these two 
mechanisms .  Tha t  is ,  a  cataphori c devic e ma y improv e it s concept' s accessibilit y  b y 
enhancin g th e menta l  representatio n o f  tha t  concept .  O r  a  cataphori c devic e ma y improv e 
it s concept' s accessibilit y  b y suppressin g th e activatio n o f  othe r  concepts .  W e ar e 
excite d abou t  empiricall y explorin g thes e possibilities . 

Footnotes 

A few culturally shared or contextually unique concepts are introduced with a definite 
article ,  fo r  exampl e th e sun ,  th e President ,  o r  " I  walke d int o th e hous e an d th e stere o 
was blaring "  (Chafe .  1987 ;  Clar k &  Marshall ,  1981 ,  Givon ,  1986) . 

2 
Our  statistica l  analyse s treate d th e 1 8 experimenta l  narratives ,  o r  mor e technicall y th e 

18 critica l  noun s introduce d i n th e 1 8 experimenta l  narratives ,  a s ou r  unit s o f  analysis . 
Thi s approac h i s mor e conservativ e tha n th e typica l  subject-base d analyse s (Clark .  1973) . 
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Introduction 

This study examines the algorithm design process for 59 LISP programmers who tackle a 
classi c artificia l  intelligenc e searc h proble m fo r  th e firs t  time .  Programmer s wer e aske d t o cod e a 
singl e functio n calle d descendent ,  tha t  wa s o f  averag e lengt h an d tha t  perform s a  depth-firs t  searc h 
ove r  a n hierarchy .  Thi s wa s a  fairl y  difficul t  task .  I n thi s paper ,  w e oudin e a  se t  o f  basi c plannin g 
step s fo r  designin g thi s algorith m an d examin e variation s i n th e 5 9 solution s tha t  reflec t 
divergence s a t  differen t  steps . 

Various aspects of algorithm and software design have been studied before and this study owes 
much t o thos e effort s (fo r  example ,  1 ,  3 ,  8 ,  10 ,  an d 14) .  Especiall y relevan t  ar e thos e studie s tha t 
hav e emphasize d "bugs "  (9 ,  12 ,  13) . 

The curren t  stud y look s fo r  evidenc e o f  pla n o r  implementatio n failure s (bugs )  a t  eac h ste p 
i n th e desig n process .  Pla n failure s ar e indicate d b y th e us e o f  plan s inappropriat e t o th e curren t 
proble m (5 )  an d ar e a  typ e o f  negativ e transfe r  (7) .  Implementatio n failure s resul t  fro m th e failur e 
t o correctl y translat e a  pla n int o A e programmin g languag e (11) . 

Th e Study . 

The Programmers. 
Fifty-nin e student s wer e draw n fro m fou r  LIS P course s an d on e cours e o n cognitiv e science . 

Al l  student s use d th e sam e introductor y LIS P textboo k (2 )  an d complete d a t  leas t  thos e lesson s i n 
th e LIS P Tuto r  (4 )  tha t  covere d th e function s an d basi c contro l  structure s require d i n thi s study .  A t 
th e tim e o f  th e study ,  n o studen t  ha d attende d lecture s o r  rea d th e textboo k chapte r  o n searc h 
techniques . 

T h e Proble m Specificatio n 

Programmer s wer e aske d t o writ e a  depth-firs t  search ^  functio n tha t  too k tw o argument s an d 
determine d whethe r  th e secon d argumen t  wa s a  descenden t  o f  th e first.  I f  so ,  th e functio n returne d 
"t, "  otherwis e "nil. "  Th e proble m statemen t  wa s accompanie d b y th e hierarch y i n Figur e 1 . 
Give n thi s example ,  (descenden t  'Bil l  'Frank )  shoul d retur n / ,  whil e (descenden t  'Bil l 
'Joe )  shoul d retur n nil . 

T wo importan t  constraint s wer e impose d upo n th e task .  First ,  programmer s wer e no t  give n 
any informatio n abou t  ho w hierarchie s wer e represente d i n LISP .  Thei r  onl y mean s fo r  searchin g 
hierarchie s wa s a n expansio n functio n (calle d expand )  tha t  accepte d on e nod e an d returne d a  lis t 
of  th e node' s immediat e descendents .  Fo r  example ,  fro m Figur e 1  (expan d 'Bill )  woul d retur n 
(Juli a Mike) .  Second ,  programmer s wer e t o writ e a n iterativ e functio n wit h n o recursiv e 
functio n calls .  (Mor e specifically ,  the y wer e require d t o us e a  let/loo p constructio n rathe r  tha n 
do,  t o furthe r  standardiz e th e goa l  state) . 

Finally, the problem description recommended that a local variable be used to save the list of 
node s tha t  wa s generate d b y th e expansio n functio n unti l  the y coul d b e checked .  Th e followin g 
functio n definitio n satisfie s thes e constraints : 

^ A depth-firs t  searc h o f  a  tre e move s dow n wheneve r  possibl e t o ge t  th e nex t  node , 
and onl y move s bac k u p an d ove r  whe n i t  i s  no t  possibl e t o mov e down .  A  depth-firs t 
searc h o f  th e tre e i n Figur e 1  migh t  chec k th e node s i n th e followin g order :  Harry , 
Jane ,  Joe ,  Diane ,  Bill ,  Julia ,  Frank ,  Anne ,  Susan ,  Mike . 
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(defu n descenden t  (ancesto r  target ) 
(le t  ((queu e (lis t  ancestor)) ) 

(loo p 
(con d ((nul l  queue )  (retur n nil) ) 

((equa l  (ca r  queue )  target )  (retur n t)) ) 
(set q queu e (appen d (expan d (ca r  queue) )  (cd r  queue))))) ) 

In this function, queue holds a list of nodes that have been accessed and need to be checked. 

Eac h tim e throug h th e loo p queu e i s tested .  I f  i t  i s  empty ,  th e searc h ha s faile d an d th e functio n 

return s nil .  I f  i t  i s  no t  empty ,  th e firs t  nod e i n queu e i s compare d t o th e targe t  an d i f  the y matc h 

th e functio n return s t .  Otherwise ,  th e firs t  nod e i s remove d fro m queu e whil e it s immediat e 

descendent s ar e adde d t o th e list .  I n th e cas e o f  Figur e 1 ,  i f  queu e hel d th e lis t  (Jan e Bill )  an d 

th e first  nod e Jan e wa s teste d an d rejected ,  the n o n th e nex t  cycl e queu e woul d hol d (Jo e Dian e 

Bill) . 

Figur e 1 

Exampl e Hierarch y give n t o programmer s codin g "descendent. " 

Algorithm Design 

At  first  glance ,  th e solutio n consist s o f  a  simpl e tw o ste p cycle: ^  1 .  Ge t  th e Nex t  Node , 

2.  Tes t  th e Node .  Th e secon d ste p i s eas y t o implement ,  bu t  th e ge t  th e nex t  nod e ste p i s 

quit e difficult .  I f  programmer s wer e give n a  functio n tha t  take s a  nod e an d simpl y return s th e 

appropriat e nex t  nod e t o test ,  the n thi s proble m become s trivial .  Instead ,  th e function ,  expand , 

accept s on e nod e an d return s a  lis t  o f  al l  th e descendent s o f  tha t  node . 

expan d impose s a  constrain t  o n th e solutio n tha t  i s  no t  a n intrinsi c par t  o f  a  depth-firs t  searc h 

ove r  a  tree .  Th e functio n return s a  lis t  o n eac h cycl e rathe r  tha n directl y accessin g individua l  node s 

i n th e tree .  Thi s expansio n functio n constrain t  lead s mos t  directl y t o a n algorith m tha t  i s  essentiall y 

recursive .  I f  w e labe l  th e algorith m C H E C K - L I S T ,  w e ca n represen t  it s recursiv e structur e a s 

th e sequenc e o f  operation s show n i n Figur e 2 . 

^Ther e are ,  i n fact ,  additiona l  issue s th e studen t  mus t  addres s befor e completin g th e 

design .  Fo r  example ,  eac h cycl e mus t  als o contai n a  tes t  t o se e i f  th e networ k i s 
exhausted . 
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I s th e firs t 
nod e th e 

target ? 

ye s 

- ^ 

retur n t 

Appl y 

CHECK-LIS T t o 

descendent s o f 
firs t  nod e 

Appl y 
CHECK-LIS T t o 

tai l  o f  curren t 

lis t 

Figur e 2 
Simplifie d Recursiv e Solutio n 

The corresponding LISP function might be coded as follows: 

(defu n descenden t  (give n target ) 
(check-lis t  (lis t  given )  target) ) 

(defu n check-lis t  (current-lis t  target ) 
(con d ((nul l  current-list )  nil ) 

((equa l  (ca r  current-list )  target )  t ) 
(t  (o r  (check-lis t  (expan d (ca r  current-list) )  target ) 

(check-lis t  (cd r  current-list )  target)))) ) 

Thi s solutio n conform s t o a  typ e o f  recursion ,  car-crf r  recursion ,  wit h whic h th e programmer s 

wer e familiar .  Th e iterativ e constrain t  blocke d thi s solution ,  o f  course ,  an d set s u p th e mos t 

demandin g aspec t  o f  th e plannin g process . 

Students are required to discover an iterative solution which is isomorphic to this recursive 

concept .  Tha t  isomorphi c iterativ e algorith m ca n b e specifie d a s show n i n Figur e 3 .  Thi s 

specificatio n give s ris e t o th e definitio n o f  descenden t  presente d earlier . 

While the results of the iterative solution are isomorphic to the recursive solution, there is an 

importan t  conceptua l  difference .  Th e recursiv e solutio n doe s no t  requir e buildin g a  n e w lis t 

structure ,  th e iterativ e solutio n does .  I n Figur e 2 ,  th e recursiv e function ,  C H E C K - L I S T ,  i s 

applie d t o bot h th e existin g lis t  structur e an d th e lis t  structur e returne d b y expand .  I n contrast ,  th e 

iterativ e solutio n require s buildin g a  n e w lis t  o n eac h iteration .  A s show n i n Figur e 3 ,  o n eac h 

cycle ,  tw o differen t  operation s ar e performe d upo n th e lis t  an d th e result s o f  thes e tw o operation s 

ar e combine d int o a  n e w list .  (Fo r  thi s reaso n th e iterativ e solutio n wil l  b e referre d t o a s th e list -
buildin g algorithm. ) 

This characterization of the iterative solution suggests three steps in the design process that may 

caus e difficultie s an d lea d t o bug s i n th e students '  code :  (1 )  th e transitio n fro m thinkin g i n term s o f 

individua l  node s t o thinkin g i n term s o f  expansio n lists ,  (2 )  th e recognitio n tha t  a  depth-firs t  searc h 

require s a  solutio n analogou s t o car-cd r  recursion ,  an d (3 )  th e recognitio n that ,  unlik e th e 

recursiv e solution ,  th e iterativ e algorith m require s tha t  a  ne w lis t  b e buil t  o n eac h cycle . 
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I s th e firs t 

nod e th e • 

target ? ye s 

retur n t 

no 
1 

Get  descendent s 

of  th e firs t  nod e 

T 

Delet e firs t  nod e 

fro m curren t 

lis t 

Add descendent s 
of  firs t  nod e t o 

beginnin g o f 

curren t  lis t 

Figur e 3 
Simplifie d Iterativ e Solutio n 

Simulatin g th e algorithm . 
A subse t  o f  2 3 programmer s wer e aske d t o perfor m a  pape r  an d penci l  simulatio n o f  th e 

functio n prio r  t o codin g it .  The y wer e aske d t o simulat e th e functio n cal l  (descenden t  'Harr y 
'Frank) ,  b y writin g dow n th e initia l  valu e o f  th e variabl e queu e an d then ,  fo r  eac h iterativ e cycle , 
writin g th e nod e tha t  woul d b e checked ,  th e immediat e descendent s o f  th e node ,  an d th e ne w valu e 
of  queue .  Thus ,  fo r  on e cycle ,  th e to-be-checke d nod e i s Jane ,  it s immediat e descendent s ar e 
(Jo e Diane )  an d th e ne w valu e o f  queu e i s (Jo e Dian e Bill) .  Programmer s wer e give n 
feedbac k t o ensur e tha t  the y simulate d th e functio n correctly .  Programmer s wh o wer e guide d 
directl y throug h th e iterativ e solutio n woul d no t  b e expecte d t o confor m t o th e standar d algorith m 
desig n sequenc e propose d i n th e earlie r  section . 

Procedure 
Programmer s wer e aske d t o talk-alou d whil e codin g th e function ,  tha t  is ,  t o repor t  wha t  the y 

wer e thinkin g a s the y worke d (6) .  A t  th e beginnin g o f  th e session ,  eac h programme r  wa s give n 
practic e i n talkin g alou d an d the n rea d a n abridge d versio n o f  th e searc h chapte r  fro m thei r  LIS P 
textboo k tha t  describe d hierarchies ,  depth-firs t  search ,  an d expansio n functions .  Thi s abridge d 
versio n di d no t  discus s ho w t o implemen t  a  searc h function . 

Afte r  readin g th e text ,  th e programme r  wa s give n th e proble m descriptio n an d aske d t o writ e 
down th e orde r  i n whic h th e node s shoul d b e checked ,  t o ensur e tha t  s/h e understoo d th e concep t 
of  a  depth-firs t  search .  The n th e programme r  simulate d th e functio n i f  s/h e wer e on e o f  th e 2 3 
programmer s i n th e simulatio n condition .  Finally ,  th e programme r  code d th e functio n o n a 
compute r  termina l  whil e talkin g aloud .  Th e programmer s worke d o n th e functio n unti l  eithe r  (1 ) 
the y wer e satisfie d wit h thei r  solutio n o r  (2 )  gav e u p o n i t  o r  (3 )  on e hou r  elapsed .  Programmer s 
wer e no t  abl e t o tes t  thei r  functio n i n th e cours e o f  codin g it . 
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Results and Discussion. 

This was a relatively difficult task. Of the 59 programmers, only 3 wrote functions that would 

wor k wit h n o modifications .  Thirty-fiv e solution s containe d onl y mino r  implementation ^  and/o r 
plannin g errors ,  1 7 containe d majo r  plannin g errors ,  bu t  onl y 4  wer e completel y uninterpretable . 
Viewe d t o emphasiz e th e positive ,  5 5 o f  th e 5 9 programmer s wrot e function s tha t  containe d a n 
interpretabl e contro l  structur e tha t  i n principl e woul d hav e searche d som e o r  al l  o f  th e tree .  Th e 
interestin g question ,  however ,  i s  no t  ho w man y programmer s code d th e functio n correctly ,  bu t 
what  th e fina l  cod e reveal s abou t  difficultie s i n plannin g an d implementation . 

Table 1 
Compariso n o f  Algorith m Us e b y Typ e o f  Trainin g 

list-builder s 

othe r 

total s 

simulatio n 

19 

1 

20 

contro l 

1B 

15 

33 

total s 

37 

16 

53 

Fifty-thre e o f  th e 5 9 solution s wer e rate d a s tryin g t o solv e th e correc t  problem.' *  O f  thes e 53 , 
38 apparentl y worke d throug h th e plannin g proces s successfully .  (O f  these ,  3 7 programmer s 
generate d solution s tha t  ar e consisten t  wit h th e list-buildin g solutio n describe d abov e an d on e 
designe d a  uniqu e solutio n consisten t  witf i  th e proble m statement. )  Th e simulatio n manipulatio n 
reveal s whethe r  th e basi c difficult y i s i n generatin g th e pla n o r  implementin g it .  O f  th e 2 0 
programmer s wh o simulate d a n exampl e o f  th e list-buildin g algorithm ,  1 9 (95% )  generate d cod e 
tha t  conforme d t o th e algorithm .  Onl y 1 8 o f  3 3 (55% )  programmer s i n th e contro l  conditio n 
conforme d t o th e list-buildin g algorithm .  Th e result s ar e show n i n Tabl e 1 .  A  chi-s q tes t  showe d 
thes e difference s t o b e significan t  (Chi-s q [1 ,  n=53 ]  =  7.85 )  ( p <  .05) ,  indicatin g tha t  th e 
simulatio n traine d programmer s use d th e list-buildin g algorith m mor e ofte n the n woul d b e expecte d 
and suggestin g tha t  whe n a  solutio n deviate d fro m th e algorith m i t  wa s largel y becaus e o f  difficult y 
i n generatin g th e plan ,  rathe r  tha n a n implementatio n failure . 

Planning Steps: Node Testing. 
As describe d above ,  th e nod e tes t  i s  eas y t o pla n an d implemen t  an d al l  bu t  on e solutio n 

containe d a  tes t  tha t  compare d th e node s i n th e tre e t o th e secon d argument .  However ,  ther e i s a n 
interestin g differenc e amon g th e 5 3 programmer s wh o wrot e interpretabl e code .  Rathe r  tha n 
testin g a  singl e nod e o n eac h cycle ,  (usin g equal) ,  1 4 o f  th e programmer s compare d th e targe t  t o a 
whol e lis t  o f  node s (usin g member) . 

3 Implementatio n error s includ e bot h syntacti c an d semanti c errors .  Example s o f 
mino r  syntacti c error s includ e misplac e o r  missin g parentheses ,  o r  inappropriat e 
use o f  quotes .  Example s o f  mino r  semanti c error s includ e substitutin g a  similar ,  bu t 
inappropriat e LIS P functio n fo r  th e correc t  on e (suc h a s usin g con s fo r  appen d i n 
th e update )  o r  initializin g th e loca l  variabl e t o a  nod e ( a LIS P atom )  whe n i t  shoul d 
hav e bee n initialize d t o a  lis t  containin g th e node . 

^ We coul d mak e n o sens e o f  4  solutions ,  s o thes e wer e eliminate d fro m furthe r 
consideration .  Likewise ,  w e hav e no t  include d tw o unique ,  bu t  non-depth-firs t 
searc h algorithms .  Thes e exclusion s leav e 2 0 programmer s wit h simulatio n trainin g 
and 3 3 withou t  fo r  a  tota l  o f  53 . 
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We hypothesize that the choice member versus equal represents a planning, not an 

implementation ,  bug .  Ou r  programmer s wer e ver y familia r  wit h bot h m e m b e r  an d equal .  A t  th e 

implementatio n leve l  i t  seem s unlikel y tha t  on e woul d b e mistake n fo r  th e other .  I n contrast ,  th e 

us e o f  m e m b e r  m a y represen t  th e transfe r  o f  a  ver y natura l  perceptua l  strategy .  I f  w e wer e t o 

physicall y retriev e a  lis t  o f  descendent s (especiall y a  shor t  list) ,  i t  woul d b e nearl y impossibl e no t 

t o sca n th e entir e retrieve d lis t  an d determin e i f  th e targe t  i s  o n th e list .  W e hypothesiz e tha t  th e us e 

of  m e m b e r  i s evidenc e tha t  thi s naiv e pla n ha s substitute d fo r  th e nod e tes t  pla n require d b y th e 

proble m specification . 

Planning Steps: Getting New Nodes. 

Th e natur e o f  th e expansio n functio n impose s constraint s o n th e algorith m fo r  gettin g n e w 

nodes .  I n particular ,  i t  impose s a  lis t  structur e o n th e plannin g proces s an d give s ris e mos t 

naturall y t o a  recursiv e solution .  Th e ba n o n recursiv e functio n call s constrain s th e programme r  t o 

transfor m th e recursiv e solutio n int o a n iterativ e solutio n tha t  build s a  list . 

There is some evidence that a few programmers had difficulties with superimposing a list 

structur e o n th e tre e diagram .  Specifically ,  6  programmer s generate d solution s i n whic h a  loca l 

variabl e wa s processed  i n som e context s a s i f  i t  store d a  singl e nod e an d i n othe r  context s a s i f  i t 

store d a  list .  Th e remainin g 4 7 programmer s di d no t  appea r  t o hav e thi s difficulty . 

Thirty-seve n programmer s employe d th e list-buildin g iterativ e solutio n i n generatin g n e w 

nodes .  O n e programme r  employe d LIS P propert y list s t o generat e a  hierarchica l  structur e tha t 

directl y parallele d th e diagrammati c tre e structur e an d use d thes e propertie s t o structur e th e searc h 

process .  Thi s solutio n i s fascinatin g sinc e i t  diverge s widel y fro m th e standar d pla n an d hint s a t 

th e actua l  siz e o f  th e algorith m space .  I t  wil l  no t  b e considere d further ,  precisel y becaus e i t  doe s 

not  cas t  ligh t  o n th e difficultie s o f  th e list-buildin g plan .  Th e fina l  tw o categorie s represen t 

fundamentall y flawe d variation s o f  th e list-buildin g plan . 

The first variation, coded by seven of the programmers, is a depth-first/dead-end search of 

th e tree .  I n thi s algorithm ,  th e firs t  elemen t  i n queu e i s searche d an d expande d i n eac h cycle . 

However ,  th e remainde r  o f  queu e i s discarde d an d queu e i s se t  equa l  t o th e expansion ,  a s i n th e 

followin g L IS P expressio n whic h woul d b e substitute d fo r  th e fina l  lin e o f  th e list-buildin g 

solution : 

(set q queu e (expan d (ca r  queue))) . 

Thi s solutio n searche s d o w n on e branc h o f  th e tre e (i f  th e targe t  i s no t  foun d alon g th e w a y )  an d 

the n terminates .  I n th e cas e o f  Figur e 1 ,  th e node s Harry ,  Jane ,  an d Jo e woul d b e checked . 

The second variation, coded by 7 different programmers, might be called a two-step 

algorithm .  I n thi s algorithm ,  queu e i s initialize d t o th e expansio n o f  th e firs t  argument .  The n i n 

ever y cycl e th e firs t  elemen t  i n queu e i s expanded ,  tha t  expansio n i s teste d (wit h a  m e m b e r  test) , 

and th e elemen t  i s remove d fro m queue .  Th e followin g code ,  whic h woul d b e substitute d fo r  th e 

fina l  tw o line s o f  th e list-buUdin g solution ,  characterize s thi s algorithm : 
(con d ((membe r  targe t  (expan d (ca r  queue)) )  (retur n t)) ) 
(set q queu e (cd r  queue) ) 

Thi s solutio n wil l  searc h th e to p tw o level s o f  th e tree .  A t  leas t  som e o f  th e 7  programmer s 

recognize d tha t  th e solutio n wa s inadequat e an d trie d t o exten d i t  wit h baroqu e ye t  futil e additions , 
fo r  example ,  b y incorporatin g a n inne r  loo p t o reac h d o w n anothe r  pl y i n th e tree . 

These categories are interesting in that the failure is closely linked to different aspects of the 

pla n describe d earlier .  Th e depth-first/dead-en d solutio n m a y represen t  a  failur e t o full y 

formulat e th e recursiv e plan .  Tha t  is ,  thi s solutio n check s an d expand s th e fu-s t  nod e i n th e queu e 

i n eac h cycle ,  m u c h a s eac h cal l  t o a  recursivel y define d functio n would ,  bu t  completel y fail s  t o 

proces s th e tai l  o f  th e list ,  i n effec t  omittin g th e cd r  componen t  o f  th e car-cd r  recursion . 

The two-step approach, on the other hand, seems to be based on a fully specified recursive 

solutio n tha t  i s  no t  correctl y translate d int o a n iterativ e solution .  I n thi s solution ,  th e processin g o f 
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the tail of the list is structurally correct, as is the expansion of the car. However, the requirement 
t o buil d a  ne w lis t  o n eac h iteratio n i s no t  recognized .  Thi s solutio n ma y directl y reflec t  th e 
programmin g experienc e o f  th e programmers .  Al l  student s learne d ho w t o cod e equivalen t  tai l 
recursiv e an d lis t  iteratio n functions ,  an d thi s componen t  o f  th e algorith m i s code d correctly .  O n 
th e othe r  hand ,  whil e student s als o encountere d car-cd r  recursiv e functions ,  thi s experimen t  wa s 
thei r  firs t  experienc e i n generatin g equivalen t  iterativ e functions . 

Conclusion 

This report is necessarily brief and by omitting discussion of various issues concerning both 
systemati c an d non-systemati c deviation s ma y no t  full y  conve y th e degre e o f  variabilit y  obtaine d 
acros s solution s i n thi s experiment .  Moreover ,  ther e remai n respons e pattern s tha t  ar e difficul t  t o 
evaluat e simpl y o n th e basi s o f  th e fma l  code .  Fo r  example ,  som e programmer s tes t  whethe r  a 
nod e ha s descendent s befor e addin g th e descendent s t o th e queu e although ,  give n th e definitio n o f 
th e functio n append ,  thi s ste p i s unnecessary .  I t  i s unclea r  fro m examinin g th e solution s whethe r 
thi s i s a  pla n bu g importe d fro m naiv e notion s o f  hierarchica l  searc h (se e als o 5) ,  o r  a n 
implementatio n bu g tacke d o n becaus e o f  uncertaint y abou t  ho w appen d works .  Th e lon g ter m 
goal  o f  thi s researc h i s t o develo p a  mor e detaile d mode l  o f  th e algorith m desig n process ,  o n th e 
basi s o f  keystrok e dat a an d tape s o f  th e codin g sessions . 

Nevertheless, granting the wide degree of coding variability obtained in this study, it is 
possibl e t o discer n categorie s o f  error s tha t  reflec t  no t  jus t  implementatio n failures ,  bu t  failure s i n 
predictabl e step s i n th e algorith m desig n proces s 
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In our research we are investigating the mechanisms underlying human analogy-making. We 
ar e developin g a  theor y o f  thes e mechanisms ,  whic h center s o n th e interactio n o f  perceptio n wit h 
th e associative ,  overlapping ,  an d context-sensitiv e huma n conceptua l  system ,  an d o n ho w thi s 
interactio n give s ris e t o "conceptua l  slippage "  (th e flexibl e translatio n o f  idea s fro m on e framewor k 
t o another) ,  whic h i s require d fo r  creativ e analogy-making .  T o tes t  thi s theory ,  w e ar e buildin g a 
compute r  mode l  calle d "Copycat" ,  whic h i s abl e t o mak e analogie s i n a  microdomain .  Althoug h th e 
microdomai n appear s smal l  an d simple ,  i t  i s  surprisingl y rich ;  extremel y subti e analogie s requirin g 
grea t  flexibilit y  an d creativit y ca n b e mad e i n it ,  an d w e believ e i t  i s  a n excellen t  testbe d fo r 
compute r  model s o f  analogy-making .  Thi s pape r  describe s th e curren t  stat e o f  ou r  research ,  an d 
shows i n detai l  (usin g a  serie s o f  scree n printout s fro m tw o run s o f  th e program )  ho w Copycat' s 
perceptua l  mechanism s interac t  wit h it s conceptua l  syste m an d allo w i t  t o describ e situation s an d 
make analogies .  Previou s wor k o n th e Copyca t  projec t  ha s bee n reporte d b y Hofstadte r  (1984b , 
1985) ,  Hofstadter ,  Mitchell ,  &  Frenc h (1987) ,  Hofstadte r  &  Mitchel l  (1988) ,  an d Mitchel l  (1988) . 

Copycat's microworld consists of the 26 letters of the alphabet and associated concepts; in it we 
construc t  analog y problem s involvin g letter-strings .  A  simpl e proble m is :  I f  ab c change s t o abd , 
what  i s th e analogou s chang e t o pqrs ? Mos t  peopl e answe r  pqrt ,  usin g th e rul e "Replac e th e 
rightmos t  lette r  b y it s successor" .  However ,  i f  th e targe t  strin g wer e ppqqrrs s rathe r  tha n pqrs , 
tha t  rul e woul d yiel d ppqqrrst ,  whic h almos t  al l  peopl e se e a s to o rigid .  Th e rul e thu s ha s t o b e 
"translated "  t o th e ne w situation .  Bu t  a  differen t  translatio n i s neede d fo r  targe t  ssrrqqpp ,  an d stil l 
othe r  translation s fo r  target s mrrjj j  (i n whic h numerica l  successorshi p play s th e rol e o f  alphabeti c 
successorship) ,  aabab c (extendin g th e notio n o f  successorshi p i f  th e strin g i s parse d a-ab-abc) , 
ace (doubl e successorship) ,  an d xy z ( Z ha s n o successor) .  A  vas t  numbe r  o f  interestin g problem s 
can b e constructe d i n thi s domai n (se e Hofstadter ,  Mitchell ,  &  Frenc h (1987 )  an d Hofstadte r  & 
Mitchel l  (1988 )  fo r  collection s o f  suc h problems ,  an d se e Hofstadte r  (1985 )  an d Mitchel l  (1988 ) 
fo r  discussion s o f  ho w thes e problem s relat e t o "real-world "  analogy-making) . 

We will explain the workings of the current version of the Copycat program by presenting two 
serie s o f  annotate d scree n printout s fro m actua l  run s o n tw o problems .  First ,  w e discus s som e o f 
th e idea s behin d th e model .  Th e first  ide a i s nondeterminism .  whic h permeate s th e working s o f 
Copycat .  Th e progra m accomplishe s it s goal s b y executin g a  ver y larg e numbe r  o f  smal l  piece s o f 
code ,  calle d "codelets" ,  chose n probabilisticall y fro m a  constand y changin g pool .  Thu s no t  onl y 
does eac h ru n diffe r  fro m ever y othe r  run ,  bu t  als o man y differen t  answer s ca n b e reache d fo r  a 
give n problem .  Thu s t o sho w jus t  on e ru n fo r  a  give n proble m (a s w e hav e done )  i s somewha t 
misleading .  W e hav e chose n tw o fairl y typica l  run s fo r  th e tw o problems ,  bu t  reader s shoul d bea r 
i n min d tha t  othe r  answer s ar e ofte n produced ,  an d man y othe r  route s t o th e show n answer s exist . 

Copycat's nondeterministic nature is based on the idea that analogy-making, like perception, is 
highl y an d asynchronousl y parallel .  I n perceptio n an d i n Copycat ,  man y processe s tak e plac e 
concurrently .  I n Copycat ,  eac h proces s consist s o f  man y smal l  codelets ,  an d codelet s o f  differen t 
processe s ar e interleave d probabilistically .  Eac h proces s ha s a  dynamicall y evaluate d importance , 
so tha t  favore d processe s ca n ru n faster .  Thi s i s accomplishe d b y givin g eac h codele t  a n "urgency " 
~ a  numbe r  tha t  determine s it s probabilit y  o f  bein g chose n fro m th e poo l  o f  codelet s waitin g t o run . 

The second idea is the building-up of a coherent view. It is up to the program to build up an 
understandin g o f  eac h letter-strin g o n it s own ,  an d als o o f  ho w string s ar e related .  Thi s i s ver y 
simila r  t o a  perceptua l  process .  A t  th e outset ,  eac h codele t  picke d ha s a  smal l  regio n o f  a  strin g a s 
it s focus ,  an d i t  look s fo r  an y loca l  structur e o f  interes t  there .  I f  so ,  i t  suggest s tha t  tha t  structur e 
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be officially recognized by another codelet. As many such codelets run, they gradually "annotate" 
individua l  letter s an d letter-strings ,  convertin g the m fro m ra w dat a int o coherentl y understoo d 
structures .  Thi s proces s i s ver y simila r  t o th e operatio n o f  th e Hearsa y I I  speech-understandin g 
progra m (Erma n e t  al. ,  1980) ,  whic h too k a  ra w speec h wavefor m an d allowe d man y processe s t o 
buil d higher-leve l  hypothese s abou t  it ,  upo n whic h ye t  higher-leve l  hypothese s coul d b e built ,  a t 
th e to p leve l  o f  whic h emerge d a  totall y semanti c understandin g o f  th e utterance .  Th e ai m o f 
Copyca t  i s  similar :  t o conver t  a  ra w letter-strin g int o a  totall y understoo d situation . 

Moreover, not only must Copycat knit together each separate string, it must also construct a 
coheren t  networ k o f  correspondence s betwee n th e thre e give n strings .  Thes e correspondence s 
expres s Copycat' s vie w o f  ho w certai n part s o f  on e structur e ma p ont o part s o f  another ,  withou t 
ther e necessaril y  bein g an y one-to-on e mappin g involvin g al l  th e parts .  Th e build-u p o f  loca l 
structur e insid e a  give n strin g tend s t o preced e th e build-u p o f  correspondence s betwee n strings , 
but  thi s i s no t  a n ironcla d order ;  th e nondeterminis m allow s thes e type s o f  processe s t o tak e plac e 
concurrently .  A t  th e outset ,  intra-strin g processe s ar e give n highe r  urgencies ,  bu t  a s coheren t 
view s o f  individua l  string s graduall y ge t  buil t  up ,  th e urgencie s o f  inter-strin g processe s ris e an d s o 
thos e processe s becom e predominant .  Thu s activit y graduall y shift s fro m a  loca l  t o a  globa l  scale . 

The third idea is that of conceptual distance and slippage. In any analogy worth the name, there 
ar e "conceptua l  slippages" :  menta l  correspondence s mad e betwee n thmg s tha t  ar e no t  identical .  I n 
Copycat ,  th e plausibilit y  o f  an y suc h correspondenc e i s determine d b y referrin g t o a  networ k o f 
concept s calle d th e "Slipnet" ,  on e o f  whos e mai n function s i s t o defin e a  "distance "  betwee n an y 
chose n pai r  o f  concepts .  Th e smalle r  th e distanc e betwee n th e tw o concepts ,  th e mor e plausibl e i s a 
mappin g i n whic h the y ar e considere d counterpart s (i.e. ,  i n whic h th e on e "slips "  int o th e other) . 
Of  course ,  th e smalles t  possibl e distanc e i s zer o — whe n a  concep t  i s mappe d ont o itself .  Bu t  a n 
analog y i n whic h al l  conceptua l  distance s ar e zer o woul d b e a  tota l  identity .  Thu s non-trivia l 
slippag e i s a n essentia l  ingredien t  o f  interestin g analogy-making .  A s it s nam e woul d imply ,  th e 
Slipne t  i s di e measur e o f  al l  slippages . 

The Slipnet is a dynamically changing network, in which conceptual distances change as a 
functio n o f  processin g (thu s a s a  functio n o f  context) .  Ther e i s a  defaul t  settin g o f  th e Slipnet ,  i n 
whic h concept s hav e "neutral "  distances ,  bu t  a s certai n slippage s tak e place ,  the y modif y th e 
distance s betwee n similarly-relate d concepts .  Fo r  example ,  i f  a  slippag e betwee n tw o concept s 
considere d t o b e "opposites "  i s  incorporate d int o a n analogy ,  tha t  shorten s th e distance s betwee n a U 
pair s o f  "opposites "  i n th e Slipnet ,  whic h tend s t o increas e th e likelihoo d o f  simila r  slippages . 
Each concep t  ha s a  time-varyin g activatio n level :  a  functio n o f  th e importanc e o f  th e rol e th e 
concep t  ha s bee n perceive d a s playing .  Whe n a  concep t  i s activated ,  it s  us e i n formin g description s 
i s encouraged .  Fo r  example ,  i f  a  grou p o f  an y sor t  ha s bee n perceived ,  codelet s attemptin g t o 
creat e othe r  group s o f  tha t  sor t  wil l  hencefort h ten d b e mor e successful .  Anothe r  crucia l  functio n 
of  activatio n i s tha t  o f  determinin g th e salienc e o f  al l  th e object s i n th e situation s a t  hand .  Eac h 
objec t  (letter ,  grou p o f  letters ,  entir e string )  ha s a  numbe r  o f  descriptions ,  eac h o f  whic h consist s o f 
names o f  certai n concept s i n th e Slipnet .  T o eac h descriptio n i s attache d a  time-varying  numbe r  tha t 
reflect s ho w activ e thos e concept s ar e a t  th e moment ,  an d th e object' s salienc e i s a  simpl e functio n 
of  thos e number s fo r  al l  it s  descriptions .  Thu s a n initiall y  unremarkabl e objec t  ca n becom e 
strikingl y salien t  i f  on e o r  mor e o f  it s  description s involv e highl y activate d concepts .  Th e reaso n 
thi s matter s i s tha t  codelet s ar e highl y biase d toward s actin g upo n salien t  objects .  Thu s ther e i s a n 
interestin g reciproca l  influenc e o f  th e Slipne t  an d th e perceptua l  processin g o f  strings :  th e Slipne t 
determine s wha t  object s ar e mos t  "interesting "  a s foc i  o f  processing ,  an d th e result s o f  processin g 
determin e th e leve l  o f  activatio n o f  Slipne t  concepts ,  whic h feed s bac k int o th e processing .  Finally , 
activatio n spread s fro m a  concep t  t o neighborin g concept s i n th e Slipnet ,  s o tha t  eve n i f  a  concep t  i s 
not  directl y involve d i n th e situations ,  it s  conceptua l  closenes s t o concept s tha t  ar e directl y involve d 
may caus e i t  t o b e brough t  in .  Thi s allow s unexpecte d association s t o b e brough t  in ,  eve n thoug h 
the y ar e no t  o n th e surfac e a t  all . 
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The followin g i s a  ru n o f  th e progra m o n th e proble m "I f  ab c — > abd ,  the n pqr s — > ? "  Thi s 

ru n produce d th e answe r  pqrt .  Thi s answe r  i s almos t  alway s produce d b y th e program ,  althoug h 

on rar e occasion s i t  produce s th e rigi d answe r  pqrd . 

1.  T h e p r o g r a m i s presente d wit h th e thre e strings . 2.  Tentativ e correspondence s be twee n letter s i n th e t w o 

to p string s ar e be in g considere d (dashe d arcs) .  A 

successor/predecesso r  relatio n ha s bee n notice d b e t w e e n 

th e A  a n d th e B  i n a b d (soli d arc) . 

3.  Correspondence s b e t w e e n th e t w o A' s an d b e t w e e n 

th e t w o B' s h a v e bee n buil t  (soli d arcs) .  A  compet in g 

cor respondenc e b e t w e e n th e B  i n a b c a n d th e A  i n 

a b d i s  tentativel y b e i n g cons idered .  M o r e 

successor/predecesso r  relation s hav e bee n noticed .  A 

tentativ e correspondenc e be twee n th e C  i n a b c a n d th e 

S i n p q r s i s bein g considered . 

r»osi->r»oj t 
pred->pre d 
l«£*->l«£ t 

4 .  T h e C - S correspondenc e ha s bee n buil t  (jagge d line ) 

an d a t  th e bo t to m ar e liste d th e thre e trivia l  slippage s 

underlyin g it .  T h e slippag e "rmos t  -- > rmos t "  m e a n s 

tha t  bot h letter s ar e rightmost  i n thei r  respectiv e 

strings .  T h e slippage s "pre d ~ > pred "  a n d "lef t  ~ > 

left "  indicat e tha t  eac h letter' s lef t  ne ighbo r  i s it s 

predecessor .  A  correspondenc e be twee n th e A  a n d th e 

P i s bein g considered ,  w h i c h w o u l d b e compat ib l e 

wit h th e C - S correspondence .  M e a n w h i l e ,  alternativ e 

correspondence s o n th e to p lin e ar e bein g considered . 
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lBOSl->lBOS t 
XUCC->TUCC 

rlght->rlgh t 

r«ost->nios t 
pr«d->pr«( l 
Ui\->U{ \ 

5.  T h e A - P correspondenc e ha s bee n built ,  an d ther e i s 

a compet in g tentativ e correspondenc e betwee n A  an d 

S,  base d o n th e notio n tha t  th e A  i s leftmos t  an d th e 

S rightmost ,  t w o concept s clos e enoug h i n th e Slipne t 

t o allo w a  correspondenc e t o b e considered ,  but ,  i t 

turn s out ,  no t  clos e e n o u g h i n thi s contex t  fo r  tha t 

correspondenc e t o compete .  Incompatibl e tentativ e 

correspondence s ca n coexist ,  bu t  incompatibl e genuin e 

correspondence s cannot ,  s o variou s incompatibl e set s 

of  correspondence s compet e o n th e basi s o f  strength . 

T h e m a p p i n g betwee n a b c an d a b d i s  complete , 

bu t  a n alternativ e correspondenc e i s bein g considered . 

1 Beplacf t  raos t  lette r 

y ^ < ^ Z ^ < ^ 
a b a 

p q  r 
lao>t->laos t 
JUCC->«UCC 

rtght->rl9ht 

1 Replac e naos t  lette r 

^ " " ^ O ^ : : ^ - . 
—> a b d 

X 
^ \  - > 7 

nost->r»oi t 
pr«d->pre d 
l6£t->l.f t 

by successo r  o f  mos t  lette r  | 

7.  T h e rul e ha s bee n "translated "  fo r  us e o n th e targe t 

string ,  an d appear s a t  th e bottom .  T h e slippage s 

underlyin g th e correspondence s ar e use d a s translatio n 

rules ;  i n thi s proble m ther e i s  nothin g t o translate , 

sinc e "rightmost" ,  "successor" ,  an d "letter "  pla y th e 

same rol e i n p q r s a s i n abc .  A s wil l  b e seen , 

however ,  thi s i s no t  s o whe n th e targe t  i s ssrrqqpp . 

E v e n thoug h th e rul e ha s bee n translated , 

alternative s t o th e mapping s ar e stil l  bein g considered . 

I f  an y o f  thes e alternative s wer e t o succeed ,  the n th e 

curren t  rul e woul d b e discarde d an d a  ne w on e woul d 

hav e t o b e constructed . 

Replac e raos t  lette r  b y succe«so r  a l  naos t  lette r 

l«0J«->l»Oj t r»oit->r»oi t 
prBd->pr« d rucc->s%jc c 

rl9h<->ri9h » lif<->l.f » 

6.  T h e tentativ e A - P correspondenc e w a s w e a k ,  an d 

died .  A  rul e describin g th e chang e fro m a b c t o a b d 

ha s bee n writte n a t  th e top .  Copyca t  currentl y i s 

limite d t o situation s wher e jus t  on e objec t  i s  changed , 

s o rule s ar e m a d e b y fillin g i n a  templat e o f  for m 

"Replac e b y " .  T h e rule-buildin g 

codele t  finds  th e change d object ,  an d probabilisticall y 

choose s a  descriptio n o f  it ,  preferrin g salien t  an d 

abstrac t  ones .  E.g. ,  "rightmos t  letter "  i s  m o r e abstrac t 

tha n "instanc e o f  C" ,  thoug h th e latte r  i s  occasionall y 

chosen .  Likewise ,  a  descriptio n o f  th e correspondin g 

objec t  i n th e secon d strin g i s probabilisticall y chosen . 

Replac e nK>s t  lette r  b y saccesso r  o f  mos t  lette r 

r«ost->r»os t 
pred->pre d 
lef«->laf t 

p q 
lBOSt->lBO« t 
iucc->suc c 

righ»->ri9h t 

[  Replac e mos t  lette r  b y successo r  o f  rmos t  lette r 

8.  T h e p r o g r a m ha s use d th e translate d rul e t o creat e a n 
a n s w e r :  p q r t . 

Notic e tha t  n o correspondenc e w a s eve r  m a d e 

betwee n th e B  i n a b c an d anythin g i n p q r s .  Thi s 

reflect s th e fac t  tha t  i n a n analog y betwee n t w o 

situations ,  no t  ever y aspec t  o f  eac h situatio n ha s t o b e 
m a p p e d .  I n th e cas e o f  thes e miniatur e situations , 

ther e i s n o goo d counterpar t  fo r  B  i n pqrs . 
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Next ,  th e progra m i s ru n o n th e proble m "I f  ab c — > abd ,  thenssrrqqp p — > ? "  Thi s ru n 

produce d th e answe r  ssrrqqoo ,  bu t  not e tha t  th e answe r  ttrrqqp p i s als o produce d quit e often , 

and o n rar e occasion s rigid  answer s suc h a s ssrrqqp q an d ssrrqqp d ar e produced . 

1.  Th e progra m i s presente d wit h th e thre e strings . 2.  Successor/predecesso r  relation s Gigh t  soli d arcs )  an d 

samenes s relation s (dari c soli d arcs )  betwee n letter s ar e 

beginnin g t o b e noticed ,  an d s o m e tentativ e 

correspondence s hav e bee n se t  u p betwee n ab c an d 

abd .  I n addition ,  a  tentativ e correspondenc e ha s bee n 

m a de betwee n th e A  i n ab c an d th e leftmos t  S  i n 

ssrrqqpp . 

f  ^ 
1 
1 

s a t 

c 

.  R 
r 

—> 

q q 

a 

P 

v. 
b 

P 

d 

—> 7 

3.  A  grou p i s forme d ou t  o f  th e tw o R' s bonde d b y a 

samenes s relation .  Th e grou p i s represente d b y a 
parameter-lette r  R  (th e boldfac e R  appearin g abov e th e 

group) .  A  parameter-lette r  act s muc h lik e a  letter ,  bu t 

exist s a t  a  mor e abstrac t  level . 

—> 7 

4.  Th e grou p o f  Q' s ha s bee n perceived ,  an d i s 

characterize d b y th e parameter-lette r  Q .  Thi s allow s a 

successor/predecesso r  relatio n t o b e notice d betwee n 

th e parameter-letter s R  an d Q . 

S o me correspondence s betwee n ab c an d ab d hav e 

bee n built ,  an d other s ar e bein g considered . 
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1ms<->1»> < 

5.  Al l  th e group s i n ssrrqqp p hav e bee n noticed ,  an d 

al l  th e successor/predecesso r  relation s a t  th e 

parameter-lette r  leve l  hav e bee n noticed .  (Th e 

already-perceive d successor/predecesso r  an d samenes s 

relation s a t  th e lette r  leve l  ar e stil l  present ,  bu t  ar e 

suppresse d fro m th e graphics. )  Also ,  a  mappin g 

betwee n ab c an d ab d ha s bee n completed .  I n addition , 

a correspondenc e ha s bee n buil t  betwee n th e A  i n ab c 

and th e leftmos t  lette r  S  i n ssrrqqp p (jigge d line) . 

It s onl y (trivial )  slippag e i s  "leftmos t  ~ > leftmost" . 

However ,  a  riva l  correspondenc e i s bein g considere d 

betwee n th e A  an d th e parameter-lette r  S . 

s 
s s 

R 
r  r q q 

p 
p p 

laost->l«os t 
l«»ter->p-l«tte r 

succ->prv d 
rt9ht->rlght 

r»ojt->r»os t 
l«t*er->p-l«tt« r 

pred->fuc c 
le£t->lef t 

7.  T h e diagona l  competitio n i s  gone .  I n contras t  t o 

th e prev iou s p r o b l e m ,  diagona l  co r respondence s 

(representin g th e v ie w tha t  th e string s hav e th e s a m e 

alphabeti c order ,  bu t  opposit e spatia l  directions )  ar e a s 

stron g a s th e vertica l  correspondence s (representin g th e 

v i e w tha t  th e string s ar e rea d i n th e s a m e spatia l 

direction ,  bu t  wit h alphabeti c directio n reversed) .  Bo t h 

thes e v iew s ar e reasonable ,  thoug h onl y o n e ca n exis t 

at  a  time .  T h e diagona l  m a p p i n g los t  onl y becaus e o f 

a n un luck y th ro w o f  th e dice .  T h e compat ib l e 

correspondenc e (fro m C  t o parameter-lette r  P )  ha s bee n 

built ,  complet in g th e vertica l  mapp ing . 

f ' ^ 

H 
t  r 

r -  °  - 1 
q q 

p 
p p 

Uo<t->lai>t i 
l«<t>r->p-ltt<« r 

iucc->pr« d 
ri9ht->right 

6.  I n a  fight,  th e latte r  destroye d th e former ,  becaus e i t 

i s supporte d b y m o r e slippage s ( 4 vs .  1 ) ,  m e a n i n g 

m o r e similaritie s ar e bein g take n int o account ,  a n d 

becaus e the y involv e m o r e abstrac t  concept s (lik e 

"parameter-letter") ,  m e a n i n g deepe r  similaritie s ar e 

bein g take n int o account .  It s  slippage s tel l  us : 

"leftmost "  play s th e s a m e rol e i n bot h strings ;  "letter " 

i n a b c correspond s t o "parameter-letter "  i n s s r r q q p p ; 

"successor "  t o "predecessor" ,  a n d "right "  t o "right" , 

sinc e a b c increase s alphabeticall y t o th e right ,  whil e 

s s r r q q p p decrease s (a t  th e parameter-lette r  level) . 

M e a n w h i l e ,  "diagonal "  competitio n ha s appeared . 

Rcplac a rmon t  lette r  b y successo r  o f  raos t  lette r 

s 
s s 

R 
r  r q q 

p 
p p —> 

l«05t->U0j t 
l.«*6r->p-l«*t« r 

«ucc->pre d 
rt9ht->rlgh« 

nost->rBOf t 
lttt«r->p-l«t«« r 

pr«d->»uc c 

8.  A  rul e expressin g th e chang e i n th e first  lin e ha s 

bee n constructe d (th e ver y s a m e on e a s w a s constructe d 

i n th e first  p rob lem) .  B u t  not e tha t  i f  i t  w e r e applie d 

directl y t o s s r r q q p p ,  i t  w o u l d yiel d th e rigi d a n d 
unappealin g answe r  s s r r q q p q ;  therefore ,  i t  wil l  hav e 

t o b e translated . 

A n o t h e r  attemp t  i s  be in g m a d e t o construc t  a 

diagona l  mappin g (her e betwee n th e A  an d th e 

parameter-lette r  P) .  I f  i t  wer e successful ,  the n th e tw o 

existin g correspondence s woul d b e destroyed . 
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I  »epl»c « n»i>s t  lette r  b y SBcce«»o r  o f  r»o« t  l«tte r  | 

s _ 
a s 

R _ 
r  r 

l _ Q  _ 
q q 

p 
p p —> 

liot<->l«os « 
ltt<er->p-litU r 

jucc->pr« d 
ri9ht->rlgh < 

r»oft->r»o» t 
l»»t«r->p-lett« r 

pr»d->jue c 
l«ft->lef t 

Replac e n»os t  paraweter-lette r  b y predecesso r 
of  raos t  paraseter-lette r 

Replac e raos t  lette r  b y snccesso r  o f  raos t  lette r 

l»ott-)l»oi t 
•t*«r->p-l«tt« r 

tucc->pr« d 
rl9ht->H9h t 

r«eit->r»oi t 
litter->p-l«*ti r 

pr«(i->»uc c 
le£t->l.£ t 

Replac e raos t  parancter-lette r  b y predecesso r 
of  naos t  paraaeter-lette r 

9.  T h e rul e ha s b e e n translate d accordin g l o th e 

translatio n recipe s e m b o d i e d i n th e slippage s 

underlyin g th e correspondences . 

10 .  T h e answe r  s s r r q q o o ha s bee n create d accordin g 

t o th e translate d rule .  I f  th e diagona l  correspondence s 

h a d w o n ,  th e rul e w o u l d h a v e bee n "Rep lac e th e 

leftmos t  parameter-lette r  b y th e successo r  o f  th e 

leftmos t  parameter-letter" ,  yieldin g answe r  t t r rqqpp . 

Thes e run s demonstrat e Copycat' s curren t  capabilities ;  solvin g th e subtle r  analog y problem s 

mentione d abov e wil l  requir e som e addition s t o th e architecture .  Ou r  plan s fo r  futur e wor k ar e 

discusse d i n Hofstadter ,  Mitchell ,  &  Frenc h (1987 )  an d i n Mitchel l  (1988) .  W e ar e als o testin g th e 

generalit y o f  ou r  approac h b y usin g simila r  architecture s i n differen t  domain s (Hofstadter ,  Mitchell , 

& French ,  1987 ;  Meredith ,  1986) .  Comparison s betwee n Copyca t  an d othe r  model s o f 

analogy-makin g (especiall y wor k b y Centner ,  198 3 an d Falkenhaine r  e t  al. ,  1986 ,  an d b y Holyoa k 

and Thagard ,  1987 )  ar e give n i n Hofstadter ,  Mitchell ,  &  Frenc h (1987 )  an d i n Mitchel l  (1988) . 
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Di rec t  Inference s i n a  Connect ion is t  K n o w l e d g e St ructur e 

S. C. HoUbach 

Universit y o f  Rocheste r 

Abstract 

A mode l  o f  huma n cognitio n i s propose d i n whic h al l  concep t  propertie s ar e contex t 

dependent .  Concept s ar e comprise d o f  multipl e facets ,  eac h motivate d b y a  differen t 

functiona l  property .  A  connectionis t  implementatio n i s presente d i n whic h conceptua l 

modificatio n yield s th e 'direc t  inferences '  implici t  i n th e structur e o f  a  knowledg e base . 

Introduction 

When a noun is modified by a descriptive adjective, the result is often a significant mod-

ificatio n o f  th e origina l  concep t  denote d b y th e noun .  Fo r  example ,  whil e a  peac h i s soft , 

juic y an d tangy ,  a  gree n peac h i s hard ,  dr y an d bitter .  Clearly ,  th e adjectiv e 'green '  whe n 

applie d t o a  peac h convey s mor e tha n merel y th e colour . 

Thi s pape r  advancce s a  computationa l  mode l  o f  conceptua l  modificatio n tha t  capture s 

th e 'direc t  inferences '  arisin g fro m propert y correlations .  Th e domai n o f  thi s investigatio n 

i s concret e noun s an d thei r  attendan t  descriptiv e adjectives .  Eac h nou n denote s a  concept , 

wher e a  concep t  i s represente d b y a  structure d collectio n o f  propertie s an d values ,  indexe d b y 

function .  Fo r  example ,  a n appl e viewe d a s foo d bring s differen t  propertie s t o min d tha n a n 

appl e viewe d a s a  projectile .  Ultimatel y i t  i s th e goal s an d plan s o f  th e agen t  tha t  determin e 

ho w a n objec t  i s  though t  of :  a  hungr y agen t  think s o f  apple s differentl y tha n a n angr y one . 

Thu s th e functiona l  propertie s o f  a n objec t  provid e th e contex t  fo r  interpretation ,  i n tha t 

the y selec t  onl y th e currentl y relevan t  face t  o f  th e complet e description . 

We hav e buil t  a  connectionis t  implementatio n o f  th e functiona l  context-sensitiv e mode l 

of  cat^or y representation .  Th e syste m run s o n a  Su n Workstatio n a s a n applicatio n o f  th e 

Rocheste r  Connectionis t  Simulato r  [Goddar d 1987] ,  th e result s o f  whic h ar e visibl e i n iconi c 

for m thank s t o th e Graphic s Interfac e [Lynn e 1987] .  Th e syste m use s a n extensiv e knowl -

edg e bas e o f  categorie s an d thei r  interrelation s t o dra w direc t  inference s abou t  modifie d 

categories ,  answe r  querie s abou t  objec t  properties ,  an d mode l  propert y dominanc e effect s 

[Whitne y 1986 ,  Taboss i  1986] . 

The Structure of Knowledge 

This investigation focusses on the mental representation of physical objects. The build-

in g bloc k o f  thes e menta l  representation s ar e categories ,  classification s o f  physica l  object s 

sharin g on e o r  mor e c o m m o n properties .  A  propert y i s a  se t  o f  descriptor s applicabl e t o a 

physica l  object ,  wher e th e element s o f  th e se t  ar e propert y values .  W e classif y propertie s 

int o thre e groups ,  perceptual ,  constitutiv e an d functional .  Perceptua l  propertie s pertai n 

t o th e five  senses ,  functiona l  propertie s relat e t o a n object' s usefulnes s b y humans ,  an d 

constitutiv e propertie s ar e i n som e sens e th e definitiona l  propertie s o f  a  category ,  ofte n ex -

presse d i n term s o f  genetics ,  compositiona l  makeu p an d s o on .  Functiona l  propertie s pla y a 

specia l  rol e i n categor y representation ,  supplyin g a s the y d o th e variou s perspective s fro m 
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Figur e 1 :  Circle s represen t  categories ,  diamond s propert y value s an d triangle s binde r  node s associatin g 

categorie s wit h thei r  attendan t  values .  Line s d o no t  represen t  direc t  links ,  bu t  rathe r  indirec t  connection s 

mediate d b y subne t  structure s o f  varyin g complexity . 

which the category can be viewed. For example, the is edible property provides the focus 

of  relevanc e fo r  th e tang y an d ha s seed s propertie s o f  apples . 

Categories ,  i n additio n t o havin g a  comple s interna l  structure ,  ar e relate d t o on e an -

othe r  i n a  hierarchica l  subsumptio n taxonomy .  ( A familia r  exampl e o f  suc h structurin g i s 

ontologica l  knowledge ,  th e orderin g o f  natura l  kind s accordin g t o c o m m o n biologica l  char -

acteristics. )  Th e link s i n th e taxonom y represen t  subsumptio n relation s betwee n categories . 

Thus t o som e degre e a  lowe r  leve l  categor y participate s i n th e highe r  leve l  category .  Th e 

for m thi s participatio n take s differ s dependin g o n whethe r  on e i s lookin g u p o r  dow n th e 

taxonomy .  Al l  th e propertie s an d value s possesse d b y th e highe r  leve l  categor y ar e als o 

possesse d b y th e lowe r  leve l  one .  An d fo r  eac h propert y o r  valu e possesse d b y a  lowe r  leve l 

categor y i t  i s  tru e o f  th e highe r  leve l  categor y tha t  ther e exist s a n elemen t  o f  tha t  se t  havin g 

tha t  propert y o r  value .  Fo r  example ,  sinc e al l  thing s hav e colou r  a s a  property ,  al l  apple s 

must  als o hav e a  colour .  Furthermor e ther e exist s a  re d (o r  gree n o r  yellow )  apple ,  b y virtu e 

of  th e colou r  value s associate d wit h th e variou s appl e varieties . 

Th e connectionis t  implementatio n o f  thi s cognitiv e mode l  follow s th e 'localist '  paradig m 

of  F e M m an an d Ballar d [1982] .  Eac h categor y i s represente d b y a  singl e exempla r  object . 

Each object ,  propert y an d valu e i s represente d b y a  distinc t  (named )  networ k node .  Al l 

relation s betwee n thes e node s ar e capture d i n separat e subnet s o f  regula r  structure ,  allowin g 

th e networ k t o b e compile d fro m a  serie s o f  hig h leve l  inpu t  languag e statements .  Concept s 

ar e represente d a s pattern s o f  activit y ove r  al l  th e node s i n th e network .  'Thoughts '  ar e 

forme d i n th e networ k b y keyin g i n activatio n o n a  nou n an d (optionally )  adjectives ,  an d 

allowin g th e simulatio n t o ru n a  fe w step s t o permi t  thes e activation s t o propagat e fully . 

Activatio n flows  ou t  fro m th e nou n denotin g th e categor y t o al l  relevan t  propertie s an d 

values .  Relevanc e i s determine d b y context ,  o r  mor e specifically ,  b y th e currentl y activ e 

functiona l  propert y o f  th e category .  Eac h categor y ha s associate d wit h i t  a  defaul t  contex t 

or  facet ;  fo r  example ,  th e defaul t  vie w o f  'apple '  i s  edible .  S o whe n th e nou n i s activate d 

i n isolation ,  th e syste m respond s b y selectivel y activatin g it s definin g propertie s an d value s 

wit h respec t  t o it s defaul t  context .  Fo r  example .  Figur e 1  depict s th e graphic s displa y 

of  certai n ke y element s o f  th e networ k afte r  keyin g i n activatio n o n th e 'apple '  nod e an d 

allowin g th e simulatio n t o ru n a  fe w step s t o stability .  Th e selectiv e effect s o f  contex t  mea n 

tha t  onl y a  subse t  o f  al l  possibl e propert y value s o f  th e concep t  ar e activ e a t  on e time , 

althoug h a  give n propert y valu e ca n participat e i n an y numbe r  o f  facets . 
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Di rec t  Inference s 

A major feature of the connectionist knowledge base is its dynamic nature. Rather than 

havin g th e knowledg e encode d i n a  purel y passiv e (declarative )  forma t  requirin g a  distinc t 

reasonin g componen t  t o interpre t  an d appl y it ,  th e knowledg e encode d i n a  connectionis t 

networ k incorporate s severa l  simpl e form s o f  inferencin g directl y i n th e structur e o f  th e 

network .  Thes e direc t  inferences ,  tha t  is ,  inference s no t  requirin g a n interprete r  bu t  con -

taine d entirel y withi n th e terminologica l  component ,  ca n b e eithe r  mediate d o r  immediate . 

Immediat e inference s ar e draw n abou t  objec t  propertie s a t  th e leve l  o f  th e objec t  itself , 

whil e mediate d inference s involv e propert y inheritance .  Mediate d inference s ca n b e draw n 

eithe r  fro m mor e genera l  knowledge ,  or ,  i f  th e informatio n i s no t  availabl e a t  a  highe r  level , 

a weake r  anwe r  ca n b e derive d fro m mor e specifi c  knowledge . 

Bot h form s o f  direc t  inference ,  mediate d an d immediate ,  aris e fro m thi s fundamenta l 

m o de o f  operatio n o f  th e network ,  a s demonstrate d i n Figur e 1 .  On e o f  th e man y imme -

diat e inference s draw n abou t  apple s i s th e fac t  tha t  the y ar e crunchy ;  on e o f  th e mediate d 

inference s i s th e fac t  tha t  the y ar e edible .  A  furthe r  inference ,  a s t o th e existenc e o f  re d 

apples ,  i s  obtaine d b y rangin g dow n th e hierarchy ,  rathe r  tha n u p a s i s customary . 

Property Queries 

Property queries take the general form "does (modified) category x have property value 

y?" .  Phrase d mor e naturally ,  thi s become s "ar e y' s  a:? "  o r  "d o j/' s  hav e x's?" .  O f  course , 

give n tha t  eac h categor y i s represente d b y a  singl e exemplar ,  a  mor e accurat e portraya l  o f 

th e quer y form s woul d b e t o sa y "i s a  y  z? "  o r  "doe s a  y  hav e x?" ,  fo r  example ,  "i s a  blac k 

bir d large? "  o r  "doe s a  re d appl e hav e seeds?" .  Eac h propert y valu e i s represente d b y tw o 

nodes ,  on e correspondin g t o th e adjectiv e a s a  categor y modifier ,  th e othe r  correspondin g 

t o a  quer y o n tha t  propert y value .  S o t o pos e a  quer y t o th e system ,  th e use r  activate s 

th e adjectiv e an d nou n formin g th e targe t  category ,  thu s invokin g th e fundamenta l  mod e 

of  opeftitio n o f  th e network ,  namely ,  th e drawin g o f  direc t  inferences .  Th e querie d propert y 

valu e i s the n keye d i n o n th e query-specifi c  twi n o f  th e propert y valu e node . 

Ther e ar e fiv e possibl e response s t o a  query :  a  'yes '  o r  'no '  i n context ,  a  'yes '  o r  'no ' 

out  o f  context ,  an d 'categor y error' .  A n 'yes '  i n contex t  occur s whe n th e propert y valu e i s 

an elemen t  o f  th e se t  characteristi c o f  th e curren t  facet .  A  'no '  i n contex t  occur s whe n a 

modifie r  negate s th e querie d value ,  a s i n "i s a  gree n appl e red?" .  A  'yes '  ou t  o f  contex t  i s 

reporte d whe n a  shif t  o f  contex t  i s  require d t o answe r  i n th e affirmative ,  a s i n "ar e swee t 

apple s easil y thrown?" .  A n answe r  of'no '  ou t  o f  contex t  result s whe n th e propert y valu e i s 

not  associate d wit h th e categor y i n an y context ,  althoug h othe r  value s o f  tha t  propert y are , 

as i n th e quer y "ar e smal l  apple s purple?" .  Answer s ou t  o f  contex t  tak e a  littl e longe r  tha n 

answer s i n context ,  sinc e contex t  shiftin g take s time .  A  categor y erro r  occur s whe n th e 

propert y associate d wit h th e valu e i s no t  a  propert y o f  th e categor y ("ar e idea s purple?") . 

Categor y error s ar e interestin g no t  onl y fo r  thei r  possibl e rol e i n cognitiv e developmen t 

[Kei l  1979] ,  bu t  als o fo r  th e fac t  tha t  whe n the y occu r  i n conversatio n i t  i s  generall y t o 

signa l  a  metaphor .  W e ar e currentl y i n th e proces s o f  extendin g th e mode l  t o accoun t  fo r 

metaphori c interpretatio n o f  suc h categor y errors . 
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Once th e quer y ha s bee n keye d in ,  th e simulatio n i s ru n t o a  poin t  wher e eithe r  a n 

answer  o f  'yes '  o r  'no '  i n contex t  o r  a  repor t  o f  a  categor y erro r  woul d b e detecte d b y th e 

system .  K  neithe r  conditio n exists ,  alternat e facet s ar e explore d i n paralle l  unti l  eithe r  a n 

answer  o f  'yes '  ou t  o f  contex t  i s  reporte d o r  th e possibilitie s ar e exhausted ,  resultin g i n a 

'no '  (ou t  o f  context) . 

Property Dominance Effects 

In addition to participating in a subsumption taxonomy, the mental representation of an 

objec t  ha s a  comple x interna l  structure .  Th e desig n o f  thi s interna l  structur e i s base d o n th e 

premis e tha t  al l  objec t  propertie s ar e contex t  dependent .  Thi s ide a aros e fro m th e debat e 

betwee n Whitne y [1986 ]  an d Taboss i  [1986 ]  ove r  th e proble m o f  lexica l  acces s modelling , 

or  th e questio n o f  whethe r  th e meanin g o f  a n ambiguou s wor d i s selecte d a t  th e lexica l 

acces s stag e o r  interprete d later .  Whitne y present s relate d result s concernin g th e semanti c 

acces s o f  unambiguou s word s i n suppor t  o f  th e multipl e acces s mode l  (aki n t o th e delaye d 

interpretatio n mode l  fo r  ambiguou s words) .  I n Whitney' s work ,  al l  th e propertie s german e 

t o a  concep t  (a s denote d b y a  concret e noun )  ar e accesse d o r  prime d i n parallel ,  b y mentio n 

of  th e noun ,  regardles s o f  an y bia s buil t  int o th e sententia l  context .  Th e effec t  o f  th e 

bias ,  t o promot e som e propertie s t o prominenc e an d inhibi t  others ,  i s  onl y visibl e severa l 

hundre d millisecond s afte r  inita l  mentio n o f  th e nouns ,  an d mus t  thu s b e occurrin g a t  a 

late r  (post-lexical )  processin g stage .  Tabossi ,  o n th e othe r  hand ,  contend s tha t  th e stimul i 

use d i n Whitney' s wor k ar e to o neutra l  wit h respec t  t o th e targe t  concep t  t o induc e an y 

significan t  bias ,  an d present s result s t o suppor t  th e competin g notio n o f  selectiv e access ,  o r 

lexica l  leve l  biasin g an d inhibitio n o f  properties . 

Th e questio n o f  whethe r  o r  no t  lexica l  acces s i s contex t  sensitiv e i s stil l  a n ope n one . 

Ther e i s agreemen t  i n th e literature ,  however ,  o n th e fac t  tha t  certai n concep t  propertie s 

ar e correlated ,  bot h positivel y an d negativel y [Mal t  an d Smit h 1984] ,  an d tha t  contex t  i s 

use d t o decid e whic h o f  a  numbe r  o f  competin g propert y association s o r  coalition s shoul d b e 

permitte d t o dominat e [Cohe n an d Murph y 1984] .  A s Taboss i  point s out ,  ic e i s bot h har d 

and cold ,  ye t  a  sentenc e lik e "Th e bartende r  serve d th e drink s wit h ice "  tha t  prime s th e 

propert y valu e 'cold '  als o inhibit s th e valu e 'hard '  an d vic e versa ,  whil e a  neutra l  sentenc e 

neithe r  prime s no r  inhibit s eithe r  property . 

Thes e result s ar e consisten t  wit h th e mode l  advance d i n thi s work ,  i n tha t  competin g 

context s ar e mutuall y exclusive ,  neutra l  context s ar e unrelated ,  an d reinforcin g context s ar e 

mutuall y excitatory .  Dominanc e effect s ar e modelle d b y asymmetri c lin k weight s betwee n 

th e tw o competin g facets ,  permittin g a  hig h dominanc e propert y {eg .  ic e temperature )  t o 

exhibi t  stronge r  effect s tha n a  lo w dominanc e on e (eg .  ic e hardness) . 

A fundamenta l  assumptio n underlyin g thi s wor k i s tha t  categories ,  a s menta l  construct s 

of  activ e agents ,  ar e inseparabl y linke d wit h th e agent' s plannin g goals .  Thes e goal s o r 

situationa l  context s ar e s o influentia l  o n th e menta l  structur e o f  categorie s tha t  a  categor y 

i s meaningles s whe n ou t  o f  context .  Sinc e categorie s (indeed ,  al l  ideas )  ar e b y definitio n 

meaningful ,  the y mus t  carr y wit h the m a  defaul t  contex t  t o suppl y meanin g i n th e absenc e 

of  othe r  information .  Ver y often ,  particularl y fo r  physica l  objects ,  thi s defaul t  contex t  i s 

simpl y visua l  recognition .  W h e n th e wor d 'apple '  i s  spoken ,  a  menta l  imag e i s conjure d u p 

of  th e visua l  appearanc e o f  a n apple .  I f  th e agen t  i s hungr y a t  th e time ,  th e apple' s tast e 
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might spring to mind. If the agent is angry, its properties as a handy projectile might leap 

int o significance .  An d s o on .  Thu s whil e a  categor y appear s stabl e t o th e agent ,  sinc e th e 

same basi c se t  o f  propertie s an d value s ar e bein g draw n o n a t  al l  times ,  th e structur e i s 

actuall y dynamic ,  shape d b y context . 

Context s interac t  amongs t  themselve s i n differen t  way s tha n d o categories .  Wher e 

categorie s ca n combin e wit h eac h othe r  i n a n arbitraril y  comple x fashion ,  context s affor d 

les s latitude .  A  contex t  i s  nothin g mor e tha n a  particula r  wa y o f  lookin g a t  a  category . 

T wo perspective s o n a  categor y ar e eithe r  th e sam e o r  different .  S o context s ca n b e eithe r 

mutuall y supportiv e o r  mutuall y inhibitory ,  dependin g o n whethe r  the y ar e compatibl e o r 

not.  Fo r  example ,  i f  th e agent' s goa l  i s  t o ea t  a n apple ,  h e mus t  firs t  locat e on e visually . 

Thu s th e edibl e an d visual-i d context s ar e compatible .  O n th e othe r  hand ,  i f  th e agen t 

decide s t o thro w th e appl e a t  a  passin g car ,  an y though t  o f  eatin g i t  wil l  b e suppressed ,  a s 

throwin g an d eatin g ar e mutuall y inhibitor y contexts. ^ 

Th e genera l  characteristic s o f  th e mode l  deriv e partl y fro m th e psychologica l  mode l 

describe d abov e an d partl y fro m propertie s o f  connectionis t  models .  Categorie s ar e repre -

sente d b y th e variou s pattern s o f  activit y ove r  th e se t  o f  propertie s an d value s associate d 

wit h tha t  category .  Eac h distinctiv e patter n i s characteristi c o f  a  differen t  contex t  o r  goal . 

Ther e i s a  defaul t  contex t  associate d wit h eac h category .  I f  i n th e proces s o f  specifyin g 

th e structur e o f  th e knowledg e bas e th e use r  fail s  t o nam e a  defaul t  contex t  fo r  a  category , 

th e 'visual-identification '  contex t  i s  used ,  sinc e thi s i s generall y appropriat e fo r  th e chose n 

domai n o f  physica l  objects . 

Propert y value s ca n b e eithe r  neutra l  o r  biasing .  A  neutra l  valu e display s n o stron g 

correlatio n wit h on e contex t  ove r  an y other ,  whil e a  biasin g valu e i s characteristi c o f  onl y 

one context .  Fo r  example ,  th e modifie r  'red '  i s  neutra l  i n th e phras e 're d pillow '  bu t  biasin g 

i n th e phras e 're d rose' ,  raisin g a s i t  doe s vision s o f  romanc e an d long-stemme d floral 

offerings .  Thu s contex t  ca n b e establishe d implicitl y  b y mentionin g a  biasin g propert y 

value ;  i t  ca n als o b e establishe d explicitly ,  b y turnin g o n th e contex t  nod e b y hand .  No t  al l 

propert y value s ar e biasing ,  or ,  mor e accurately ,  no t  man y propert y value s ar e sufficientl y 

biasin g t o overrid e th e currentl y activ e o r  th e defaul t  contex t  i n favo r  o f  another .  Th e value s 

biase d towar d th e contex t  ca n b e guesse d a t  wit h greate r  confidenc e tha n th e mor e neutra l 

ones ,  althoug h ther e i s a  sligh t  bia s buil t  int o neutra l  values .  I n fact ,  th e neutral/biasin g 

distinctio n i s no t  a  ver y goo d one ,  a s i t  represent s th e attemp t  t o quantif y a  gradua l  change . 

A mor e accurat e characterizatio n woul d b e t o spea k o f  strong ,  moderate ,  wea k an d negligibl e 

biases . 

Result s o f  runnin g th e simulatio n ar e show n i n Figure s 2 ,  3  an d 4 .  Show n ar e th e iconi c 

representation s o f  individua l  networ k nodes .  Activatio n wa s keye d o n th e phras e 'expensiv e 

diamond '  an d th e simulatio n allowe d t o ru n t o stability .  Figur e 2  show s thi s initia l  stat e 

of  th e network .  Figur e 3  show s th e networ k i n a n intermediat e stat e shortl y afte r  changin g 

context s fro m th e adornmen t  aspec t  o f  diamond s t o th e industria l  aspect ,  achieve d b y 

shiftin g th e externa l  activatio n o f  'expensive '  ove r  t o 'hard' .  Tha t  is ,  th e syste m i s bein g 

force d t o conside r  th e phras e 'har d diamond '  afte r  bein g prime d wit h th e phras e 'expensiv e 

diamond' .  A s Tabossi' s propert y dominanc e studie s predict ,  ther e i s a  significan t  latenc y 

perio d betwee n presentatio n o f  th e stimulu s an d recognitio n o f  it s appropriateness ,  a s show n 

'Thi s versio n o f  event s i s admittedl y simplistic ,  bu t  i t  suffice s fo r  th e proble m a t  hand . 
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Figur e 2 :  Graphic s Interfac e depictio n o f  changing s contexts . 
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i n Figur e 4 .  Th e detail s o f  th e implementation ,  includin g a  descriptio n o f  a  connectionis t 

interprete r  tha t  translate s statement s i n a  hig h leve l  languag e int o a  structure d network , 

ar e give n i n [Hollbac h 1988] . 

Summary and Conclusions 

This research advances a context sensitive model for conceptual modification and uses it to 

captur e no t  onl y propert y dominanc e effect s bu t  als o direc t  inferences ,  bot h immediat e an d 

mediated .  Concept s ar e denote d b y concret e nouns ,  optionall y modifie d b y on e o r  mor e 

descriptiv e adjectives .  Th e agent' s curren t  plan s an d goal s suppl y th e relevanc e criteri a fo r 

focussin g o n a  coheren t  subse t  o f  a  give n object' s disparat e propertie s an d values .  Goal s ar e 

represente d simpl y b y a  concept' s functiona l  properties .  A  characteristi c us e o f  a n objec t 

wil l  dominat e u n c o m m o n ones ,  a s wil l  al l  perceptua l  an d constitutiv e propertie s associate d 

wit h tha t  functiona l  property ,  leadin g t o propert y dominanc e effects .  Th e interpropert y 

assocation s yiel d immediat e inferences ,  an d propert y inheritanc e give s ris e t o mediate d 

inferences .  Th e connectionis t  implementatio n o f  thi s mode l  operate s a s a  question-answerin g 

system ,  permittin g th e use r  t o pos e querie s abou t  th e variou s propertie s o f  a  concept . 

Acknowledgements 

Thanks to Jerry Feldman, and to Gary Dell and Josh Tenenberg for invaluable comments. 

References 

[Cohen and Murphy 1984] Benjamin Cohen and Gregory L. Murphy, "Models of Concepts", Cog-
nitiv e Science ,  8:27-58 ,  1984 . 

[Feldma n an d Ballar d 1982 ]  Jerom e A .  Feldma n an d Dan a H .  Ballard ,  "Connectionis t  Model s an d 
T-hei r  Properties" ,  Cognitiv e Science ,  6:205-254 ,  1982 . 

[Goddar d 1987 ]  Nige l  Goddard ,  "Th e Rocheste r  Connectionis t  Simulato r  Use r  Manual" ,  Technica l 

Report ,  Compute r  Scienc e Department ,  Universit y o f  Rochester ,  Apri l  1987 . 

[Hollbac h 1988 ]  Susa n C .  Hollbach ,  Automati c compilatio n o f  a  connectionis t  knowledg e base ,  1988 , 

submitte d t o AAAr88 . 

[Kei l  1979 ]  Fran k C .  Keil ,  Semanti c an d Conceptua l  Developmen t  A n Ontologica l  Perspective ,  Har -

var d Universit y Press ,  Cambridge ,  Mass. ,  1979 . 

[Lynn e 1987 ]  Kento n Lynne ,  "Graphic s Interfac e t o th e Rocheste r  Connectionis t  Simulator" ,  Tech -

nica l  Report ,  Compute r  Scienc e Department ,  Universit y o f  Rochester. ,  Apri l  1987 . 

[Mal t  an d Smit h 1984 ]  Barbar a C .  Mal t  an d Edwar d E .  Smith ,  "Correlate d Propertie s i n Natura l 

Categories" ,  Journa l  o f  Verba l  Learnin g and~Verha l  Behaviour ,  23:250-269 ,  1984 . 

[Taboss i  1986 ]  Patrizi a Tabossi ,  Effect s o f  contex t  o n th e immediat e interpretatio n o f  unambiguou s 

nouns ,  1986 ,  Universit a d i  Bologna ,  Italy .  Unpublished . 

[Whitne y 1986 ]  Pau l  Whitney ,  "Processin g categor y term s i n context :  Instantiation s a s inferences" , 

Memory &  Cognition ,  14(l):39-48 ,  1986 . 

614 



Kochevar ,  Johnso n 

Problem Solving is What You Do When You Don't Know What to Do 

Laura K. Kochevar 

Departmen t  o f  Psycholog y 

Paul E. Johnson 

Carlso n Schoo l  o f  M a n a g e m e n t 

Universit y o f  Minnesot a 

Expert s m a k e i t  loo k easy .  The y perfor m thei r  task s efficiently ,  an d 

usually ,  correctly .  Task s whic h novice s perfor m onl y a t  th e expens e o f  a 

grea t  dea l  o f  tim e an d effor t  ar e accomplishe d almos t  immediately . 

seemingl y intuitivel y b y th e expert .  I n developin g thes e skill s  individual s 

typicall y los e th e abilit y  t o tel l  u s wha t  the y d o (Johnson ,  1983) .  T h e 

fluenc y o f  exper t  performanc e an d th e taci t  natur e o f  exper t  knowledg e 

ca n b e understoo d i f  viewe d a s th e resul t  o f  adaptation s whic h facilitat e 

performanc e i n a  specifi c  tas k environment . 

Adaptation s ca n b e describe d i n term s o f  environmenta l  specificity , 

goa l  relevance ,  an d function .  T h e specifi c  adaptation s expert s develo p ar e 

collectivel y referre d t o a s "knowledge" .  A n agent' s knowledg e ca n b e 

describe d i n term s o f  h o w th e agen t  k n o w s wha t  ca n b e d o n e t o solv e a 

problem .  I n thi s cas e th e goa l  i s  proble m solution ,  th e environmenta l 

informatio n i s "wha t  ca n b e done "  an d th e functio n i s "knowing" .  I n mos t 

theoretica l  description s on e o r  m o r e o f  thes e aspect s o f  performanc e 

remai n implicit .  Fo r  example ,  sayin g "th e giraff e use s it s lon g nec k t o 

reac h food "  focuse s o n th e relatio n o f  th e adaptatio n t o goa l  directe d 

functio n - -  leavin g environmenta l  specificit y implicit .  Theorie s o f  exper t 

performanc e usuall y addres s th e issu e o f  h o w th e exper t  k n o w s h o w t o 

solv e th e proble m - -  als o leavin g environmenta l  specificit y implicit . 

Of  course ,  i n orde r  fo r  th e giraffe' s lon g nec k t o b e facilitat e 

feeding ,  th e giraffe' s environmen t  mus t  b e structure d s o tha t  foo d exist s 

i n hig h places .  I f  knowledg e i s adaptiv e the n th e proble m environmen t 

must  als o b e structure d s o tha t  knowin g facilitate s goa l  attainment .  I f 

th e structur e o f  th e environmen t  doe s no t  specif y goa l  relevan t  action s 

the n ther e i s nothin g t o adap t  to ,  nothin g t o know . 

Not  al l  animal s ea t  "leave s i n hig h places" .  Anteater s hav e lon g 

tongue s rathe r  tha n lon g necks .  T h e anteater s tongu e i s a  differen t 

adaptatio n t o a  differen t  feedin g environment .  Bot h th e anteater' s tongu e 

an d th e giraffe' s nec k functio n a s "reachers "  t o accomplis h th e "feeding " 

goal .  T h e differen t  adaptation s correspon d t o differen t  environmenta l 
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structures. If we were to develop a model of "food reachers" without 

concer n fo r  th e structur e o f  "food "  w e woul d no t  readil y propos e tw o suc h 

radicall y differen t  mode ls . 

T h e critica l  questio n fo r  thos e constructin g mode l s o f  cognitiv e 

processe s i s "wha t  constitute s foo d fo r  thought? "  W e propos e tha t  th e 

exper t  an d th e novic e functio n i n ver y differen t  tas k environments .  Exper t 

leve l  performanc e i s th e resul t  o f  adaptation s whic h allo w extractio n o f 

informatio n fro m th e environmen t  whic h differ s fro m informatio n 

availabl e t o naiv e performers .  I t  i s  ou r  assertio n tha t  curren t  cognitiv e 

theorie s fai l  t o captur e th e qualitativ e differenc e be twee n exper t  an d 

novic e leve l  performanc e becaus e the y a s s u m e individual s functio n withi n 

th e s a m e nomina l  environment . 

An environment contains information which is structured in a way 

tha t  indicate s wha t  yo u ca n d o wit h i t  (Gibson ,  1979/1986) .  Mos t 

environment s ar e informationall y "rich" .  Tha t  is ,  ther e i s quit e a  lo t  yo u 

ca n d o wit h them ,  hence ,  the y hav e m a n y structura l  descriptions .  Eve n th e 

ver y restricte d "environment "  whic h w e labe l  "tree "  present s variou s 

informatio n structure s whic h specif y "clim b up-able" ,  "obstacle" ,  "hid e 

behind-able" ,  etc .  T h e s e informatio n structure s indicat e th e rea l  physica l 

characteristic s o f  object s an d event s tha t  m a k e the m usefu l  i n tas k 

performance .  A  physicia n i s abl e t o diagnos e a  patient' s disorde r  becaus e 

th e diseas e produce s physiologica l  deficit s whic h i n tur n produc e 

s y m p t o m s .  I n thi s sense ,  th e environmen t  i s objectiv e ~  th e relationshi p 

be twee n s y m p t o m s an d diseas e reliabl y exist s apar t  fro m a n observer . 

T h e tas k environmen t  however ,  i s  subjectiv e i n tha t  i t  consist s o f  th e 

informatio n meaningfu l  t o a  particula r  individua l  seekin g t o attai n a 

particula r  goal . 

T h e environmen t  ca n b e describe d i n term s o f  it s  "surfac e structure " 

or  nomina l  features .  T h e relationship s a m o n g feature s ca n als o functio n 

a s source s o f  information .  Certai n set s o f  feature s an d featur e 

relationship s specif y goa l  relevan t  characteristic s o f  th e environment . 

Give n a  fixe d goal ,  an d a  fixe d behaviora l  potential ,  ther e i s s o m e se t  o f 

feature s an d featur e relationship s whic h specifie s th e optima l  goa l 

directe d behavior .  Thi s i s th e "dee p structure "  o f  th e tas k environment . 

Expert s perfor m b y selectin g fro m th e environmen t  informatio n 

specifyin g th e "dee p structure "  o f  th e domain .  Novice s ar e onl y capabl e o f 

accessin g th e "surfac e structure" .  Sinc e novice s d o no t  acces s tas k 

relevan t  featur e relationship s the y mus t  mentall y c o m b i n e surfac e leve l 

informatio n o r  "deduce "  tas k solution .  T o th e exten t  tha t  th e novice' s 

reasonin g consist s o f  invokin g processe s functionall y simila r  t o 
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environmental structures, the novice will be able to perform the task. 

Expert s nee d no t  reason .  The y ca n behav e intuitivel y becaus e the y ca n 

acces s relationa l  informatio n fro m th e environment . 

T h e distinctio n betwee n exper t  an d novic e leve l  performanc e i s 

parallele d b y th e natur e o f  th e knowledg e underlyin g each .  T h e exper t  ha s 

tas k specifi c  adaptation s whic h correspon d t o th e environmenta l 

structur e relate d t o tas k performance .  "Expertise "  i s thi s bod y o f 

operativ e knowledge .  T h e novice' s adaptation s d o no t  allo w direc t 

knowledg e o f  th e informatio n whic h adequatel y specifie s performance . 

Therefore ,  th e novice' s operativ e knowledg e mus t  b e supplemente d b y 

procedura l  knowledge .  T h e procedura l  knowledg e i s th e se t  o f  cognitiv e 

processe s whic h manipulat e operativ e knowledg e t o deriv e prediction s 

abou t  th e environment . 

T h e fluent ,  implici t  natur e o f  m u c h o f  a n individual' s operativ e 

knowledg e present s a  seriou s proble m i n th e stud y o f  expertis e (Berry , 

1987) .  Mos t  investigation s o f  exper t  performanc e attemp t  t o discove r  th e 

structur e o f  operativ e knowledg e b y placin g th e exper t  i n a  tas k 

environmen t  wher e hi s o r  he r  adaptation s fai l  (Simon ,  1969) .  Thi s force s 

th e exper t  t o invok e procedura l  knowledge .  Althoug h a n explici t  behavio r 

trac e ca n b e generate d b y thi s metho d w e canno t  b e sur e tha t  th e 

knowledg e observe d i s simila r  t o tha t  normall y used . 

Most  cognitiv e theorie s resolv e th e proble m o f  implici t  knowledg e 

by assumin g intrinsic ,  combinatoria l  semantic s (Fodo r  an d Pylyshyn , 

1988) .  T h e meanin g o f  a  particula r  representatio n i s a s s u m e d t o b e 

reducibl e t o th e meanin g o f  it s  constituen t  features .  Sinc e meanin g a t  an y 

leve l  o f  descriptio n ca n b e derive d fro m meanin g a t  anothe r  level ,  i t  ca n 

be a s s u m e d tha t  th e explici t  knowledg e trac e produce d b y a n exper t 

individua l  performin g i n a  nove l  environmen t  i s functionall y equivalen t  t o 

th e underlyin g expertise . 

I n th e mode l  w e hav e presente d th e semantic s ar e environmen t 

referenced .  Thi s allow s varyin g degree s o f  relationship s betwee n 

knowledg e levels .  Give n tha t  knowledg e i s viewe d a s a n adaptatio n t o th e 

environment ,  an d wha t  on e know s abou t  th e environmen t  i s wha t  on e ca n 

do wit h it ,  w e ca n asses s th e structur e o f  implici t  knowledg e directl y b y 

studyin g th e relationshi p betwee n environmenta l  informatio n structure s 

an d behavior . 

We hav e applie d thi s mode l  t o understandin g th e knowledg e use d b y 

an exper t  i n th e diagnosi s o f  congenita l  hear t  diseases .  W e expecte d tha t 

by analyzin g th e histor y o f  a  specifi c  individual' s interaction s wit h th e 

environmen t  w e coul d describ e thi s individual' s functiona l  environment . 

Eventua l  ou tcom e measure s wer e als o available ,  allowin g u s t o describ e a 
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hypothetical optimal knowledge structure. Since multiple individuals 

treate d eac h patien t  w e coul d construc t  a  knowledg e descriptio n o f  a 

composit e "other" ;  i n thi s case ,  a  composit e novice . 

METHX) 

For  thi s analysis,1 5 patien t  chart s wer e chose n fro m th e record s o f 

th e Universit y o f  Minnesot a Hear t  Hospital .  T h e s a m e exper t  physicia n ha d 

diagnose d al l  1 5 cases .  Eac h cas e ha d als o bee n diagnose d b y on e o r  mor e 

les s experienc e physician s (novices) .  Afte r  physicia n diagnosi s eac h 

patient' s actua l  diseas e stat e w a s determine d b y cardia c catheterization . 

Eac h char t  contain s th e recor d o f  s y m p t o m s noted ,  th e diagnosi s eac h 

physicia n assigne d t o th e case ,  an d th e actua l  underlyin g diseas e state . 

Ther e w e r e thre e majo r  disease s represented :  transpositio n o f  th e grea t 

vessel s ( T G V ) ,  ventricula r  septa l  defec t  ( V S D )  an d atria l  septa l  defec t 

( A S D ) .  I t  i s  possibl e fo r  an y patien t  t o hav e eithe r  diseas e i n isolation , 

bot h disease s simultaneously ,  o r  neithe r  disease .  Eac h o f  thes e 1 5 case s 

ha d a t  leas t  o n e disease . 

Of  th e thre e genera l  type s o f  analytica l  m e t h o d s availabl e fo r 

describin g pattern s o f  s y m p t o m variatio n (clustering ,  multidimensiona l 

scaling ,  an d facto r  analysis) ;  facto r  analysi s i s conceptuall y mos t  simila r 

t o th e theor y w e hav e presented .  Unlik e clusterin g methods ,  facto r 

analysi s provide s w a y s t o us e on e s y m p t o m i n combinatio n wit h other s t o 

indicat e m o r e tha n o n e underlyin g pathology .  Fo r  example ,  whil e th e 

combinatio n o f  bloo d pressur e an d ag e m a y indicat e a  cardia c abnormality ; 

th e combinatio n o f  weigh t  an d ag e m a y signa l  tha t  th e patien t  w a s bor n 

prematurel y o r  i s sufferin g fro m malnutrition ,  f^ultidimensiona l  scalin g 

technique s ar e base d o n dissimilaritie s a m o n g case s whil e facto r  analysi s 

m e t h o d s identif y pattern s o f  s y m p t o m covariance .  T h e us e o f  facto r 

analysi s allow s u s t o identif y factor s whic h indicat e a  particula r  diseas e 

withou t  implyin g th e absenc e o f  othe r  disorders . 

Facto r  analyti c m e t h o d s ar e normall y applie d t o a  limite d n u m b e r  o f 

variable s measu re d o n a  larg e number s o f  cases .  T h e goa l  i s  t o explai n 

relationship s a m o n g variable s i n term s o f  fewer ,  m o r e general , 

hypothetica l  constructs .  I n thi s examp l e w e ar e usin g th e techniqu e t o 

mathematicall y describ e thi s particula r  sampl e o f  1 5 cases .  W e ar e no t 

concerne d a t  thi s poin t  abou t  stabilit y  o f  facto r  loading s o r 

generalizabilit y  t o othe r  samples .  Explanatio n an d dat a reductio n ar e 

accompl ishe d b y determinin g whic h s y m p t o m pattern s ar e relate d t o 

diseas e stat e an d diagnosis . 

W h at  th e physicia n k n o w s abou t  th e environmen t  i s h o w s y m p t o m 

structure s ar e relate d t o physica l  defects .  T o describ e thi s knowledg e 
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three separate analyses are performed. Two of these relate the expert or 

novic e physician' s diagnosi s o f  eac h cas e t o availabl e s y m p t o m patterns . 

T h e thir d use s diseas e stat e a s determine d b y catheterizatio n t o s h o w 

whic h o f  th e availabl e s y m p t o m pattern s ar e relate d t o actua l  pathology . 

I n eac h analysi s th e diagnosi s o r  diseas e o f  eac h cas e i s treate d a s a n 

additiona l  "symptom" .  Al l  othe r  s y m p t o m value s ar e constan t  acros s 

analyse s fo r  eac h case .  A n y resultan t  difference s i n facto r  structur e ar e 

du e t o diagnosti c difference s an d reflec t  th e relationshi p o f  s y m p t o m 

pattern s t o diagnosi s an d disease . 

T h e facto r  analyse s onl y indicat e whic h s y m p t o m interrelationship s 

covar y wit h diagnosti c behavio r  o r  disease .  The y d o no t  tel l  u s wha t 

informatio n w a s actuall y used .  No r  doe s th e analysi s indicat e wha t  th e 

informatio n m e a n s t o th e physician . 

To addres s thes e issues ,  sampl e case s wer e presente d t o a  secon d 

exper t  physician .  C a s e pair s i n whic h th e case s differe d wit h respec t  t o a 

singl e exper t  knowledg e facto r  wer e selecte d fro m th e origina l  data .  I n 

addition ,  othe r  case s fro m th e origina l  dat a se t  wer e presente d paire d 

wit h a  fictitiou s cas e constructe d a s a  distortio n o f  th e origina l  wit h 

respec t  t o a  singl e factor .  I n all ,  6  cas e pair s wer e presente d fo r  th e 

expert' s  interpretation .  W e expecte d tha t  th e expert' s  behavio r  woul d 

confor m t o facto r  base d predictions .  W e als o expecte d tha t  th e physicia n 

woul d b e abl e t o tel l  u s h o w case s differe d fro m eac h other ,  givin g 

conceptua l  label s t o th e empiricall y derive d factors . 

RESULTS AND DISCUSSION 

Figur e 1  s h o w s a  simplifie d vie w o f  th e optimal ,  expert ,  an d novic e 

knowledg e structures .  T h e oval s represen t  diseases ,  th e circle s represen t 

orthogona l  s y m p t o m patterns .  A  circl e withi n a n ova l  i s  a  s y m p t o m 

patter n whic h specifie s th e disease .  W h e n tw o disease s ar e relate d t o th e 

s a me factor ,  th e facto r  i s bipola r  an d discriminate s betwee n them .  A  se t 

of  importan t  nomina l  s y m p t o m s appear s t o th e right .  T h e s y m p t o m s whic h 

ar e associate d wit h factor s acros s description s ar e indicate d a t  th e fa r 

right .  T h e number s represen t  th e s y m p t o m pattern s t o whic h the y relate . 

T h e line s betwee n th e knowledg e structure s an d s y m p t o m s indicat e 

additiona l  s y m p t o m s contributin g t o eac h factor .  Eac h analysi s accounte d 

fo r  approximatel y 9 0 % o f  th e diagnosti c o r  diseas e variance . 
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Figur e 1  Knowledg e structure *  fo r  optima l  diagnosis ,  axper t  diagnosis . 
and composit e novto s diagnosis . 

T h e optima l  know ledg e structur e s h o w s fou r  factor s whic h specif y 

T G V,  tw o factor s whic h specif y A S D an d tw o factor s whic h specif y V S D . 

A S D an d V S D shar e a  discriminatin g factor .  T G V i s independen t  o f  th e 

othe r  diseases .  Thi s relationshi p betwee n tw o disease s an d th e 

independenc e o f  th e thir d i s consisten t  wit h th e k n o w n physiolog y o f  th e 

diseases .  A S D an d V S D ar e bot h variant s o f  "lef t  t o righ t  shunts "  whil e 

T GV i s classifie d a s a n admixtur e lesion . 

T h e expert' s  diagnosti c behavio r  i s consisten t  wit h tw o o f  th e 

optima l  factors .  I n thi s structur e V S D an d T G V ar e specifie d b y 

independent ,  singl e factors .  A S D diagnosi s i s relate d t o bot h factors .  T h e 

composit e novic e descriptio n s h o w s a  singl e T G V factor ,  tw o A S D factors , 

an d thre e V S D factors .  I n thi s cas e T G V i s independen t  o f  A S D an d relate d 

t o V S D .  I f  a n individua l  exhibite d a  knowledg e structur e simila r  t o thi s 

composit e novic e w e woul d expec t  h e o r  sh e woul d hav e t o combin e 

informatio n abou t  thes e fou r  factor s t o deriv e a  diagnosis .  W e woul d 

expec t  th e expert' s  behavio r  t o appea r  m o r e fluen t  a s th e exper t  woul d 

onl y hav e t o comb in e tw o factors . 

T h e result s sugges t  tha t  althoug h m u c h o f  th e relevan t  s y m p t o m 

informatio n i s constan t  acros s analyse s ther e ar e s o m e importan t 

differences .  Fo r  example ,  th e facto r  whic h discriminate s betwee n A S D 

an d V S D fo r  th e exper t  i s  nearl y identica l  t o tha t  i n th e optima l 

description .  T h e natur e o f  m u r m u r s whic h occu r  earl y i n th e cardia c cycl e 
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discriminates between these diseases. The composite novice description 

s h o w s a  simila r  facto r  whic h include s informatio n abou t  diastoli c 

murmurs .  Thi s suggest s tha t  novice s us e al l  m u r m u r s t o discriminat e 

betwee n V S D an d A S D .  W e m a y labe l  th e exper t  facto r  "systoli c 

turbulence "  an d th e novic e facto r  "turbulen t  bloo d flow" . 

T h e knowledg e description s als o sugges t  h o w informatio n m a y b e 

used .  T h e informatio n whic h independentl y specifie s T G V i n th e optima l 

descriptio n discriminate s T G V fro m A S D fo r  th e exper t  an d V S D fo r  th e 

composit e novice .  T h e facto r  whic h indicate s V S D i n th e optima l 

descriptio n i s a  combinatio n o f  negativ e distres s finding s an d positiv e 

E KG data .  T h e correspondin g novic e facto r  i s c o m p o s e d o f  positiv e 

distres s finding s an d positiv e E K G data .  T h e novic e facto r  predict s A S D 

diagnosis .  T h e correlatio n betwee n th e optima l  facto r  an d th e novic e 

facto r  i s .95 .  Thi s i s a n exampl e o f  a  mino r  featur e differenc e producin g a 

majo r  knowledg e difference . 

We expecte d tha t  a n exper t  woul d perceiv e varianc e alon g a  s y m p t o m 

facto r  i n term s o f  a  domai n concep t  (suc h a s "systoli c  turbulence") .  W h e n 

paire d case s wer e presente d t o th e secon d tes t  exper t  w e wer e surprise d 

t o fin d tha t  h e w a s unabl e t o articulat e an y conceptua l  differenc e betwee n 

case s othe r  tha n diagnosis .  W h e n presente d wit h a  pai r  representin g lo w 

v s hig h score s o n th e A S D - V S D discriminato r  th e exper t  identifie d eac h 

cas e appropriately .  W h e n presente d wit h case s representin g moderatel y 

hig h v s ver y hig h score s o n th e A S D - V S D facto r  h e immediatel y diagnose d 

bot h case s a s VSD's ,  and ,  pointin g t o th e cas e wit h th e highe r  score ,  sai d 

"tha t  one' s a  larg e one" . 

T h e exper t  als o appropriatel y diagnose d case s whic h varie d alon g 

th e othe r  factor .  T w o o f  th e thre e pair s presente d wer e diagnose d a s 

ASD' s an d TGV's .  Fo r  th e thir d pair ,  th e expecte d T G V w a s diagnose d a s 

Truncus ,  a  differen t  admixtur e lesion .  Thi s differenc e m a y indicat e tha t 

th e " T G V - A S D "  facto r  i s actuall y a n "Admixture-ASD "  factor .  A n 

alternativ e explanatio n i s tha t  thi s expert' s  knowledg e structure s diffe r 

slightl y fro m thos e o n whic h th e cas e construction s we r e based . 

Thes e result s sugges t  tha t  th e factor s obtaine d fro m th e dat a 

provid e a n accurat e descriptio n o f  th e knowledg e th e exper t  use s t o 

intuitivel y diagnos e a  patient' s disease .  Thi s knowledg e provide s hi m 

wit h a  w a y o f  treatin g larg e a m o u n t s o f  diagnosticall y relevan t 

informatio n a s o n e o r  tw o chunks .  Sinc e non e o f  th e individua l  element s 

of  th e novice' s knowledg e sufficientl y specie s a n appropriat e diagnosis , 

th e novic e mus t  reaso n ou t  a  solutio n b y combinin g information . 
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INTRODUCTION 

Verba l  protoco l  dat a ar e collecte d b y askin g subject s t o tal k alou d a s the y solv e a  problem ,  an d 

protoco l  analysi s i s th e proces s o f  interpretin g suc h data .  Protoco l  analysi s i s use d routinel y b y 

psychologist s an d othe r  behavio r  scientists ,  an d mor e recently ,  b y knowledg e engineer s wh o wis h t o 

embed th e knowledg e o f  huma n expert s i n a n exper t  system .  However ,  protoco l  analysi s i s notoriousl y 

difficul t  an d tim e comsuming . 

Severa l  system s hav e bee n develope d t o ai d i n protoco l  analysis .  Waterma n an d Newel l  (1971 , 

1973 )  develope d a  syste m tha t  coul d rea d th e natura l  langaug e o f  th e protoco l  an d produc e a  forma l 

trac e o f  i t  ( a proble m behavio r  graph) .  Th e system ,  however ,  di d no t  produc e a n abstrac t  mode l  o f  th e 

subject .  Bhaska r  an d Simo n (1977 )  avoide d th e natura l  languag e understandin g proble m b y havin g a 

human code r  rea d th e protoco l  an d formaliz e it .  Th e Bhaska r  an d Simo n program ,  however ,  wa s no t 

designe d t o construc t  a  mode l  o f  th e subject ,  bu t  instea d t o tes t  a  specifi c  mode l  o f  thermodynamic s 

proble m solvin g tha t  wa s buil t  int o it .  Fisher' s (1988 )  syste m provide s facilitie s fo r  assignin g forma l  code s 

t o section s o f  protocols ,  interrogatin g a  databas e o f  codes/sections ,  performin g pat h analyses ,  an d 

inferrin g flow-chart-lik e model s o f  th e subject' s behavior . 

Cirru s i s halfwa y betwee n th e theoretica l  neutralit y o f  Fisher' s progra m an d th e theoretica l 

commitmen t  o f  Bhaska r  an d Simon' s program .  I t  require s th e use r  t o provid e a n underdetermine d model , 

namely ,  a  proble m spac e (Newel l  &  Simon ,  1972) .  A  proble m spac e consist s mainl y o f  a  representatio n 

fo r  state s an d a  se t  o f  state-chang e operators .  I t  i s  no t  a  complet e nrode l  o f  th e subject' s behavio r 

becaus e i t  doe s no t  contai n informatio n fo r  selectio n o f  operator s o r  goals .  Th e jo b o f  Cirru s i s t o infe r 

fro m th e dat a th e subject' s selectio n strategies .  A  completel y determined ,  subject-specifi c  mode l  thu s 

consist s o f  th e proble m spac e give n t o Cirru s b y th e use r  an d th e selectio n strategie s constructe d b y 

Cirru s t o maximiz e th e fi t  wit h th e subject' s protoco l  data . 

Cirru s require s a  huma n t o encod e th e verba l  protocol .  However ,  Cirru s ca n no t  accep t  al l  forma l 

codes ,  bu t  onl y thos e tha t  designat e action s (i.e. ,  th e applicatio n o f  a  primitiv e state-chang e operator) . 

Moreover ,  Cirru s require s tha t  al l  th e subject' s action s b e encoded .  A  protoco l  tha t  consist s o f  al l  an d 

onl y th e action s o f  th e subjec t  i s  calle d a n actio n protocol .  Typically ,  actio n protocol s ar e collecte d b y 

implementin g th e experimenta l  tas k o n a  laborator y compute r  an d savin g th e subject' s keystrokes .  A 

verba l  protoco l  i s usuall y tape d a t  th e sam e tim e becaus e subject s ofte n mak e revealin g comment s abou t 

goals ,  plans ,  rationales ,  difficulties ,  etc . 

Cirru s an d th e huma n analys t  hav e distinc t  job s i n analyzin g a  protocol .  Th e huma n analys t 

uncover s th e subject' s proble m spac e b y drawin g upo n commo n sens e an d knowledg e o f  th e tas k 

domai n (somethin g tha t  Cirru s ha s non e of )  i n orde r  t o interpre t  th e whol e protocol ,  bot h action s an d 
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non-action commentaries. Cirrus then tests the adequacy of the human's analysis and deepens it by 

tryin g t o fin d selectio n strategie s tha t  wil l  accuratel y postdic t  th e subject' s  actions .  I f  som e section s o f  th e 

actio n protoco l  ar e no t  adequatel y fit ,  the n th e huma n theoris t  ca n re-examin e th e protoco l  a t  thos e 

points ,  revis e th e proble m space ,  an d ru n Cirru s again .  I n short .  Cirru s i s a  dat a analysi s too l  an d no t  a n 

automate d protoco l  analyst . 

Thi s pape r  describe s th e cun'en t  versio n o f  Cirrus .  (A n earlie r  versio n i s reporte d i n VanLeh n an d 

Garlick ,  1987. )  Th e firs t  sectio n describe s th e theor y o f  proble m solvin g tha t  Cirm s assumes .  Althoug h 

th e theor y i s quit e standar d an d noncommittal ,  i t  i s  nonetheles s th e sourc e o f  mos t  o f  Cinojs '  limitation s a s 

an analytica l  tool .  Th e secon d sectio n describe s ho w Cirm s works .  Th e thir d sectio n discusse s Cirrus ' 

analysi s o f  protocol s fro m tw o differen t  tas k domains .  Th e las t  sectio n discusse s ou r  plan s fo r  removin g 

th e curren t  restriction s impose d b y Cirrus '  theor y o f  proble m solving . 

ASSUMPTIONS ABOUT PROBLEM SOLVING 

Thi s sectio n present s som e assumption s abou t  th e representatio n an d interpretatio n o f  procedura l 

knowledge .  Al l  o f  th e assumption s ar e fairl y  standar d i n th e field ,  bu t  th e particula r  combinatio n o f 

assumption s use d i n Cirru s nee d t o b e mad e explicit .  First ,  th e basi c proble m solvin g architectur e wil l  b e 

described ,  the n th e assumption s behin d i t  wil l  b e discussed . 

The basi c cycl e o f  proble m solvin g i s t o (1 )  selec t  a  goal ,  (2 )  selec t  a n operato r  tha t  i s  relevan t  t o 

achievin g tha t  goal ,  (3 )  execut e th e operator ,  an d (4 )  delet e th e goal .  Som e operator s ar e primitive ,  i n 

tha t  executin g the m change s th e stat e o f  th e problem .  Othe r  operator s ar e macro-operators ,  i n tha t 

executin g the m cause s ne w goal s t o b e created .  Thi s basi c cycl e i s initiate d wit h a  to p leve l  goal ;  i t 

finishe s whe n ther e ar e n o goal s left . 

The knowledg e representatio n consist s o f  (1 )  a  se t  o f  operators ,  (2 )  a  strateg y tha t  determine s 

whic h operato r  t o choos e fo r  an y give n goal ,  (3 )  a  strateg y fo r  determinin g whic h goa l  t o choose ,  an d (4 ) 

a stat e descriptio n vocabulary ,  whic h i s a  lis t  o f  th e attribute s o f  state s tha t  ar e considere d relevan t  fo r 

makin g strategi c decisions .  Th e use r  provide s Cirru s wit h th e se t  o f  operators ,  th e operato r  selectio n 

strateg y an d th e stat e descriptio n vocabulary .  Cirru s infer s th e subject' s goa l  selectio n strategy .  Soon , 

Cirru s wil l  als o b e abl e t o infe r  th e subject' s operato r  selectio n strateg y a s well .  Thi s capabilit y  i s  a 

standar d techniqu e i n machin e learnin g (see ,  e.g. ,  Langle y an d Ohisson ,  1984) ,  an d w e anticipat e n o 

problem s incorporatin g i t  i n Cirms .  Thus ,  Cirm s wil l  requir e onl y th e proble m spac e (i.e. ,  operator s an d 

stat e descriptio n language )  fro m th e user ,  an d wil l  infe r  th e res t  o f  th e subjec t  mode l  itself . 

Ther e ar e severa l  taci t  feature s o f  thi s proble m solvin g architectur e tha t  distinguis h i t  fro m other s i n 

th e GPS/STRIP S class .  First ,  i t  lack s GPS' s commitmen t  t o differenc e reductio n a s th e metho d fo r 

choosin g operators .  Th e operato r  selectio n strateg y can ,  i n principle ,  b e an y functio n o f  th e curren t  state , 

and no t  on e tha t  reduce s th e differenc e betwee n th e curren t  stat e an d th e goal .  Currently ,  Cirm s use s a 

simpl e representatio n fo r  operato r  selectio n strategies .  Eac h operato r  ha s a  conditio n attache d t o it .  Afte r 

th e architectur e ha s foun d whic h operator s ar e relevan t  t o th e curren t  goal ,  i t  test s th e condition s 

attache d t o th e operators .  I f  exactl y on e operato r  ha s a  tm e condition ,  i t  i s  selected ;  othenwis e a n 

impass e occur s (Brow n &  VanLehn ,  1980) .  Currently ,  Cirm s doe s no t  mode l  subject' s reaction s t o 

impasses . 

In orde r  t o bac k u p durin g proble m solving ,  mos t  GPS-styl e proble m solver s hav e a  stat e selectio n 
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phase that immediately precedes the goal selection phase. Cirais does not, In part because backing up is 

not  tha t  common ,  an d whe n i t  doe s occur ,  th e subjec t  ofte n jus t  start s th e proble m ove r  (Newel l  &  Simon , 

1972) .  Whe n startin g ove r  occurs ,  i t  i s usuall y eas y fo r  a  huma n analys t  t o spot ,  s o th e code r  ca n merel y 

give n Cirru s a  protoco l  tha t  ha s tw o solution s o f  th e sam e problem ,  th e firs t  o f  whic h happen s t o en d i n 

failure .  Thus ,  Cirru s ca n "handle "  th e mos t  commo n type s o f  backup ,  albei t  crudely . 

Lik e G P S ,  Cirru s doe s no t  mode l  learnin g durin g th e cours e o f  proble m solving . 

Lik e G P S ,  Cirru s ha s ver y limite d plannin g abilities .  Subject s sometime s pla n ahea d b y mentall y 

simulatin g th e nex t  fe w actions .  Cirru s ca n no t  mode l  this .  No r  ca n Cirm s mode l  abstractio n planning , 

suc h a s tha t  use d b y Newel l  an d Simon' s logi c subjects .  No r  ca n Cirru s mode l  envisioning ,  wherei n a 

subjec t  mentall y simulate s th e workin g o f  a  physcia l  device .  Cirm s ca n no t  d o thes e thing s becaus e i t 

onl y represent s on e proble m state .  Usually ,  th e curren t  proble m stat e represent s curren t  stat e o f  th e real , 

physica l  world ,  althoug h i t  ca n represen t  a n imaginar y world ,  a s whe n th e subjec t  i s  doin g menta l 

mulitplication .  Cirru s ca n no t  represen t  someon e wh o i s workin g i n bot h a  menta l  worl d (ofte n a s a  wa y o f 

developin g a  plan )  an d a  rea l  world .  Thi s mean s tha t  th e onl y kin d o f  plannin g tha t  Cirru s ca n represen t 

i s operato r  subgoaling ,  wherei n on e develop s a  stac k o f  subgoal s befor e finall y arrivin g a t  a n operato r 

tha t  ca n b e execute d directl y (e.g. ,  "I n orde r  t o ge t  fro m Pittsburg h t o Montreal ,  I'l l  fly ;  bu t  a  preconditio n 

of  flyin g i s bein g a t  th e airport ,  s o I'l l  tak e a  ca b t o th e airport ;  bu t  a  preconditio n o f  takin g a  ca b i s  ...") . 

However ,  Cirru s doe s hav e a  flexibl e approac h t o sulDgoaling .  I t  doe s no t  insis t  o n a  depth-firs t 

traversa l  o f  th e goa l  hierarchy .  Instead ,  i t  assume s peopl e hav e a  goa l  selectio n strategy .  Fo r  instance ,  i f 

takin g a  ca b spawn s th e subgoal s o f  (1 )  bein g a t  a  ca b an d (2 )  havin g enoug h mone y t o tak e a  cab ,  the n 

th e goa l  selectio n strateg y woul d hav e t o decid e whic h o f  thes e ne w goal s t o wor k on .  Indeed ,  i t  coul d 

eve n decid e t o wor k o n a n olde r  goal ,  suc h a s obtainin g mone y fo r  airfare .  Thus ,  Cirru s ca n nx>de l 

subject s wh o jum p aroun d i n th e goa l  hierarchy .  Thi s ha s turne d out ,  somewha t  surprisingly ,  t o b e 

necessar y eve n fo r  nx)delin g simpl e skills ,  suc h a s subtractio n (VanLeh n &  Ball ,  1987) . 

The goa l  selectio n strateg y o f  Cirru s i s represente d a s a  se t  o f  conditiona l  preference s o f  th e for m 

"Prefe r  <goal-l > ove r  <goal-2 > whe n <condition>. "  Fo r  instance ,  i n subtraction ,  i t  i s  importan t  t o execut e 

borrowin g action s tha t  effec t  th e to p digi t  o f  a  colum n befor e on e answer s th e column .  T o represen t  this , 

one ca n us e preference s suc h a s "Prefe r  (AddI O ?C1 )  ove r  (Dif f  ?C2 )  whe n C1=C2. "  Thi s say s tha t 

when tx3t h th e goa l  o f  addin g te n t o th e to p o f  a  colum n an d th e goa l  o f  takin g th e differenc e i n a  colum n 

occur ,  an d the y refe r  t o th e sam e column ,  the n on e shoul d d o th e additio n o f  te n first .  Suc h preference s 

ar e use d i n man y contemporar y proble m solvers ,  suc h a s Soa r  (Laird ,  Newell ,  &  Rosenbloom ,  1987 )  an d 

Prodig y (Minto n e t  al. ,  1987) . 

Cirru s ha s bee n describe d a s proble m solver .  However ,  tha t  i s onl y a  smal l  fractio n o f  it s job .  It s 

mai n tas k i s t o fin d th e goa l  selectio n strateg y o f  th e subjec t  (and ,  soon ,  th e operato r  selectio n strategie s 

as well) .  Whe n thos e ar e found ,  th e complet e mode l  o f  th e subjec t  i s  execute d b y th e proble m solve r  i n 

orde r  t o measur e it s fi t  t o th e protocol . 

THE ANALYSIS METHOD 

Thi s sectio n describe s th e technique s use d b y Cirru s t o infe r  th e goa l  selectio n strategy .  Not e that , 

i n contras t  t o th e precedin g section ,  thes e processe s ar e no t  claime d t o b e psychologica l  processes . 

Neithe r  th e subjec t  no r  th e huma n analys t  doe s anythin g remotel y simila r  t o wha t  i s describe d i n thi s 
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section. 

The firs t  ste p i n th e analysi s o f  a n actio n protoco l  i s  t o pars e th e protoco l  usin g th e operato r  se t 

provide d b y th e user .  Th e algorith m use d i s a  modificatio n o f  a  standar d top-dow n algorith m fo r  parsin g 

wit h context-fre e grammars .  Th e result ,  i n th e idea l  case ,  i s a  singl e tre e fo r  eac h problem .  Th e tre e 

represent s th e goal-subgoa l  decompositio n tha t  th e subjec t  too k o n tha t  problem .  Th e leave s o f  th e tre e 

ar e th e primitiv e operato r  application s tha t  constitut e th e subject' s actions ,  i n th e less-than-idea l  case , 

parsin g a  proble m produce s mor e tha n on e tree .  Cirru s ask s th e use r  t o choose .  I n th e wors t  case ,  som e 

problem s ca n no t  b e parse d a t  all .  Thi s indicate s a n inadequac y i n th e se t  o f  operator s whic h th e use r 

must  correct . 

The secon d ste p i n th e analysi s i s t o conver t  eac h goal-subgoa l  tre e int o th e trac e tha t  th e proble m 

solve r  woul d produc e i f  i t  ha d generate d thi s tree .  Th e trac e contain s eac h operato r  selectio n even t  an d 

eac h goa l  selectio n even t  tha t  th e proble m solve r  woul d hav e ha d t o perform .  Cirru s generate s thi s trac e 

by traversin g th e tree ,  an d outputin g th e appropriat e selectio n event s eac h tim e i t  visit s a  goa l  i n th e tree . 

Unfortunately ,  th e trac e i s no t  alway s uniquel y determined .  Sometime s th e tre e ca n b e traverse d i n 

hundred s o f  way s whil e stil l  remainin g faithfu l  t o th e chronolog y o f  th e actio n protocol .  Cinu s currentl y 

use s heuristic s t o guid e th e tre e traversal .  Th e heuristic s ar e base d o n th e assumptio n tha t  solver s ten d 

t o minimiz e thei r  wort<in g memor y load .  Th e heuristic s guid e th e tre e traversa l  alon g a  pat h tha t 

minimize s th e numbe r  o f  activ e goals .  I t  i s  no t  ye t  clea r  whethe r  thi s heuristi c wil l  alway s b e a  goo d on e 

or  ho w t o detec t  whe n i t  ha s le d th e analysi s of f  o n a  garde n path .  Thi s woul d b e a  goo d plac e fo r  Cirru s 

t o hav e acces s t o th e non-actio n part s o f  th e verba l  protocol ,  becaus e som e o f  th e subject' s comment s 

migh t  indicat e i n whic h orde r  th e goal s ar e considered . 

The nex t  ste p i n th e analysi s i s t o conver t  th e goa l  selectio n event s int o preferences .  Thi s occur s 

i n tw o phases .  First ,  preference s ar e constructe d withou t  condition s attache d t o them .  Suc h preference s 

ca n b e eithe r  consisten t  w\i h a  goa l  selectio n event ,  o r  inconsistent ,  o r  inelevant .  Thus ,  i f  th e preferenc e 

i s "Prefe r  A  ove r  B" ,  an d th e even t  i s tha t  goa l  A  i s chose n whe n bot h A  an d B  exist ,  the n th e preferenc e 

i s consisten t  wit h th e event .  Th e preferenc e woul d b e inconsisten t  wit h th e even t  i f  B  wer e chose n 

instea d o f  A .  Th e preferenc e i s relevan t  onl y t o event s wher e bot h A  an d B  exist .  Preference s ar e 

constructe d onl y i f  the y ar e consisten t  wit h a t  leas t  on e event . 

The secon d phas e build s condition s fo r  preferences .  I f  a  preferenc e i s consisten t  wit h som e event s 

and inconsisten t  wit h others ,  the n a  conditio n i s induce d tha t  i s tru e o f  al l  th e consisten t  event s an d fals e 

of  al l  th e inconsisten t  ones .  Th e conditio n i s a  boolea n combinatio n o f  attribute-valu e pair s draw n fro m 

th e stat e descriptio n vocabulary .  (Thi s i s th e mai n reaso n fo r  havin g a  stat e descriptio n vocubulary. )  Th e 

ID 3 algorith m i s use d t o perfor m conditio n inductio n (Quinlan ,  1983) .  Ther e ar e som e biase s buil t  int o 

ID S a s wel l  a s al l  othe r  conditio n inductio n algorithms .  W e hav e experimente d wit h severa l  othe r 

inductio n algorithms :  th e Chi-square d varian t  o f  ID S (Quinlan ,  1986) ,  th e standar d versio n spac e 

algorith m (Mitchell ,  1982) ,  a  noise-handlin g versio n spac e algorith m (Mitchell ,  1978) ,  an d som e 

algorithm s o f  ou r  own .  Ou r  experienc e i s tha t  th e bia s inheren t  i n th e conditio n inducin g algorith m i s no t 

as importan t  a s th e bia s inheren t  i n th e stat e descriptio n vocabulary .  A n inadequat e vocabular y wil l  hur t 

the m all ,  an d a  goo d vocabular y allow s al l  o f  the m t o succeed ,  mor e o r  less .  W e us e ID S becaus e i t 

seems bes t  a t  handlin g nois y data . 

The las t  ste p i n th e analysi s i s t o tes t  th e mode l  b y executin g i t  an d comparin g it s "protocol "  wit h 
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the subject's. Tliis step is purely for the user's benefit, because the current version of Cirrus can not go 

bac k an d reconside r  th e heuristicall y determine d choice s i t  mad e durin g analysis .  Th e use r  i s responsibl e 

fo r  feedin g th e result s o f  th e analysi s bac k int o th e Cirrus ,  typicall y vi a change s i n th e stat e descriptio n 

vocabulary . 

The origina l  versio n o f  Cirru s (VanLeh n &  Garlick ,  1987 )  use d a  completel y differen t  representatio n 

fo r  goa l  selectio n stategie s an d a  completel y differen t  metho d fo r  inferrin g it .  Kowalsk i  an d VanLeh n 

(1988 )  discus s it s shortcoming s an d th e experiment s tha t  le d t o th e curren t  versio n o f  Cirrus . 

RESULTS 

Cirru s ha s bee n extensivel y teste d o n protocol s collecte d fro m eigh t  grade-schoo l  student s solvin g 

multi-colum n subtractio n problem s (Kowalsk i  &  VanLehn ,  1988) .  Preliminar y testin g ha s als o bee n don e 

on tw o protocol s collecte d vi a th e us e o f  Sketch ,  a  tutorin g syste m tha t  train s student s t o grap h 

transcendenta l  equation s (Trowbridge ,  Larki n &  Sheftic ,  1987) .  Thi s sectio n discusse s ou r  experience s 

usin g Cirru s t o analyz e thes e data . 

The subtractio n protocol s wer e collecte d a s par t  o f  a  stud y reporte d earlie r  (VanLeh n &  Ball ,  1987) , 

so th e subjects ,  method s an d result s wil l  no t  b e detaile d here .  Th e chie f  findin g i s tha t  eigh t  subject s i n a 

biase d sampl e o f  2 6 third-grader s execute d subtractio n procedure s i n non-standar d orders .  Fo r  instance , 

some student s woul d d o al l  th e tx)rrowin g i n a  proble m first ,  movin g fro m righ t  t o left ,  the n fil l  i n th e 

answer s t o th e columns ,  rrwvin g fro m lef t  t o right .  A  secon d findin g i s tha t  student s frequentl y chang e 

thei r  executio n ordering ,  ofte n i n th e middl e o f  solvin g a  problem .  Thi s make s i t  see m likel y tha t  the y ar e 

usin g a  non-standar d goa l  selectio n strateg y tha t  i s conditiona l  o n th e characteristic s o f  th e proble m state , 

rathe r  tha n havin g leame d a  non-standar d algorith m fo r  solvin g subtractio n problems .  However ,  whe n 

thes e protocol s wer e analyze d b y hand ,  w e wer e onl y partiall y  successfu l  a t  findin g goa l  selectio n 

strategie s tha t  woul d explai n th e subject s behavior .  U p t o one-thir d o f  th e choic e point s i n som e protocol s 

wer e lef t  undetermine d (VanLeh n &  Ball ,  1987) .  Th e tediu m o f  tryin g t o improv e thi s fi t  wa s a  majo r 

motivatio n fo r  th e Cirru s project . 

When Cirru s analyze s th e actio n protocol s o f  th e eigh t  non-standar d orde r  subjects ,  th e subjec t 

model s obtaine d ar e nearl y perfect .  Excep t  fo r  on e ambiguou s choic e poin t  i n th e protoco l  o f  on e 

subject ,  th e model s infere d b y Cirm s exactl y matc h th e protocols .  No t  onl y doe s Cirm s d o th e jo b i t  wa s 

designe d t o do ,  i t  outperform s huma n analyst s i n it s abilit y  t o matc h th e students '  protocols . 

However ,  perfec t  matchin g o f  protocol s i s t o b e expecte d fro m Cirms .  Th e inductio n technique s 

use d i n Cirru s ar e powerfu l  enoug h t o analyz e an y goa l  selectio n strategy ,  provide d tha t  th e use r  ha s th e 

patienc e t o kee p augmentin g th e stat e descriptio n vocabular y unti l  Cirru s find s appropriat e condition s fo r 

al l  th e preferences .  Thus ,  th e appropriat e measur e o f  Cirrus '  perfonnanc e i s whethe r  th e preference s i t 

find s mak e sens e a s goa l  selectio n strategies .  Thi s i s no t  a n eas y evaluatio n t o mak e objectively ,  s o w e 

can onl y presen t  ou r  experiences .  I n general ,  whe n Cirru s build s a  smal l  conditio n ( 3 t o 5  attributes) ,  ou r 

intuitio n agree s wit h it s condition ;  th e studen t  reall y doe s see m t o hav e tha t  preference .  However ,  whe n 

Cirru s build s a  large ,  deepl y neste d conditio n ( 7 t o 9  predicates) ,  ou r  intuitio n i s tha t  th e subjec t  probabl y 

has n o preferenc e (i.e. ,  the y choos e whimsicall y betwee n thes e tw o type s o f  goals )  o r  ha s a  defin e 

preferenc e bu t  occasionall y slip s i n applyin g it .  However ,  durin g th e earl y stage s o f  usin g Cirm s o n thes e 

protocols ,  mos t  o f  th e large ,  uninterpretabl e condition s turne d ou t  t o b e du e t o inadequacie s i n th e stat e 
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description vocabulary. 

The Sketc h dat a wer e collecte d directl y fro m th e use r  interfac e o f  a  tutorin g system .  Preliminar y 

analysi s o f  th e Sketc h protocol s showe d tha t  Cirai s i s a  feasibl e syste m t o us e t o analyz e thes e i n greate r 

depth .  Th e protocol s shar e a  characteristi c wit h th e subtractio n protocol s i n tha t  subject s ten d t o alte r 

subtas k orderin g dependin g o n th e proble m context .  Cirru s ha s don e a n adequat e jo b o f  characterizin g 

th e proble m feature s tha t  lea d t o th e reorderin g o f  subtasks ,  althoug h a  theoris t  ha s no t  ye t  spen t  tim e i n 

th e loo p wit h Cirru s refinin g th e stat e descriptio n vocabular y t o full y  captur e th e pattern s i n th e data . 

DISCUSSION AND FURTHER WORK 

Cirru s ha s potentia l  bot h a s a  dat a analysi s too l  fo r  scientist s an d a s th e studen t  modellin g 

componen t  o f  a n intelligen t  tutorin g syste m (VanLehn ,  1988) .  Indeed ,  Cirm s gre w ou t  earlie r  tw o studen t 

modeller s fo r  th e subtractio n task ,  Debugg y (Burton ,  1982 )  an d A C M (Langle y &  Ohisson ,  1984) .  Lik e 

Cirrus ,  thes e system s analyz e dat a off-line ,  becaus e the y ar e to o slo w fo r  real-tim e us e i n a n intelligen t 

tutorin g system .  A  mor e importan t  limitatio n i s tha t  al l  thre e systems .  Cirrus ,  ACfy/ 1 an d Debugg y (bu t  no t 

IDebuggy ,  a  varian t  o f  Debuggy) ,  expec t  dat a fro m ai l  th e problem s t o b e availabl e initially ,  wherea s 

real-tim e studen t  modellin g require s takin g i n proble m solution s a s the y ar e generated ,  an d revisin g th e 

studen t  mode l  incrementally .  Incrementa l  version s o f  al l  th e analysi s algorithm s use d b y Cirru s exis t  i n 

th e machine-learnin g literature ,  bu t  w e hav e no t  ye t  trie d t o conver t  the m becaus e w e are ,  a t  present , 

more intereste d i n developin g Cirru s a s a  too l  fo r  scientists . 

The mos t  importan t  directio n fo r  improvin g Cirru s i s t o rela x th e assumption s abou t  proble m solvin g 

tha t  ar e buil t  int o it .  W e woul d lik e t o us e Cirru s t o analyz e protocol s o f  colleg e student s solvin g physic s 

problems ,  whic h wer e graciousl y give n t o u s b y M.T.H .  Chi .  Almos t  al l  th e wor k o n physic s t o dat e ha s 

use d coarse-graine d protoco l  analyses ,  suc h a s constrastin g th e orde r  i n whic h novice s an d expert s writ e 

equations .  Thi s misse s som e interestin g behavior ,  suc h a s plannin g an d envisioning ,  whic h i s reveale d i n 

some o f  th e subjects '  verba l  commentary .  A s mentione d earlier ,  Cirois '  assumption s d o no t  alto w fo r 

"dua l  world "  proble m solving ,  s o thi s kin d o f  behavio r  ca n no t  b e modelled .  Significan t  extensio n t o Cirru s 

wil l  b e required . 

The curren t  versio n o f  Cirru s i s definitel y useful ,  althoug h i t  i s  stil l  a  researc h prototyp e rathe r  tha n 

robust ,  distributabl e software .  Nonetheless ,  i t  demonstrate s tha t  huma n protoco l  analysi s ca n b e aide d 

by computer-base d tools ,  i t  ha s take n longe r  t o develo p thes e tool s tha n i t  too k t o develo p statistica l 

package s becaus e th e underlyin g machin e learnin g technolog y wa s develope d onl y recently . 

Nonetheless ,  th e wa y seem s clea r  fo r  furthe r  developmen t  o f  protoco l  analysi s tools ,  whic h shoul d allo w 

much easie r  interpretatio n o f  a  particularl y ric h an d revealin g windo w o n huma n cognition . 
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For  man y year s r esea rche r s assume d tha t  al l  concep t s cou l d b e adequa te l y 

d e s c r i b e d b y a  se t  o f  de f i n i n g (necessar y an d s u f f i c i e n t )  f e a t u r e s :  ana lyse s 

of  c o n c e p t s suc h a s bache lo r  int o fea tu re s suc h a s " u n m a r r i e d "  an d " m a l e "  wer e 

though t  t o b e e x t e n d i b l e t o o rd ina r y concep t s suc h a s bir d an d chai r  (Kat z & 

Fodo r ,  1 9 6 3 ) .  A  mor e recen t  v ie w i s tha t  fea tu re s ar e d i s t r i b u t e d acros s 

m e m b e rs o f  mos t  c a t e g o r i e s i n a  " fami l y r e s e m b l a n c e "  fash io n suc h tha t 

f ea tu re s wil l  b e tru e o f  som e subse t  o f  member s o f  th e c a t e g o r y ,  bu t  wil l 

neve r  b e s ing l y necessa r y o r  jo in t l y su f f i c ien t  fo r  ca tegor y m e m b e r s h i p (Rosc h 

& M e r v i s ,  1 9 7 5 ;  W i t t g e n s t e i n ,  1 9 5 3 ) .  Unde r  thi s v iew ,  man y commo n concept s 

cons is t  o f  a  se t  o f  f ea tu re s tha t  ar e onl y assoc ia te d wit h th e ca tego r y wit h 
some p r o b a b i l i t y . 

The importance of non-defining features in concept representations is by 

no w u n d e n i a b l e (Rosc h &  M e r v i s ,  1975 ;  Smi th ,  S h o b e n ,  &  R i p s ,  1 9 7 4 ) .  Thei r 

impo r tanc e doe s n o t ,  h o w e v e r ,  p rec lud e th e poss ib i l i t y  tha t  de f i n in g feature s 

ar e a ls o invo lve d i n concep t  r e p r e s e n t a t i o n s .  A r m s t r o n g ,  G l e i t m a n ,  an d 

G l e i t m a n ( 1 9 8 3 )  hav e show n tha t  pa t te rn s o f  reac t io n t ime s an d typ ica l i t y 

ra t i ng s take n a s suppor t  fo r  th e fami l y resemb lanc e v ie w ca n a ls o b e obta ine d 

fo r  c o n c e p t s suc h a s bache lo r  tha t  p resumab l y d o invo lv e de f in in g f e a t u r e s . 

O the r s (e .g .  Oshe rso n &  Smi th ,  1981 ;  Rey ,  1985 )  hav e argue d o n logica l  g round s 

tha t  a  pur e fami l y resemb lanc e vie w ma y no t  b e su f f i c ien t  t o accoun t  fo r  fact s 

abou t  ho w w e us e c o n c e p t s . 

To solve these problems, concepts are now sometimes said to contain both 

n o n - d e f i n i n g f e a t u r e s an d a  c o n c e p t  " c o r e "  o f  d e f i n i n g f e a t u r e s ( e . g . 

A r m s t r o n g e t  a l . ,  1 9 8 3 ; ,  K e i l ,  1986 ;  Medi n &  Smi th ,  1 9 8 4 ;  Rey ,  1 9 8 5 ) .  Ye t 

eve n th i s sor t  o f  hybr i d proposa l  i s  no t  en t i re l y s a t i s f a c t o r y .  A  var ie t y o f 

e v i d e n c e sugges t s tha t  a r t i fac t  concep t s ( toy .  furn i  tu re .  game .  e t c . )  ma y 

d i f fe r  i n impor tan t  way s fro m natura l  Icin d concep t s ( b i  r  d .  f i sh ,  t r ee ,  e tc . ) 

For  i n s t a n c e ,  eve n th e mos t  a typ ica l  member s o f  natura l  kin d ca tego r i e s see m 

t o t ru l y be lon g t o thei r  ca tegor y (e .g .  a  pengu i n i s a  f u l l - f l edge d member  o f 

th e ca tego r y "b i rd "  n o mat te r  ho w l i t t l e i t  resemb le s othe r  b i r d s ) ,  wherea s 

a typ ica l  m e m b e r s o f  a r t i fac t  ca tego r i e s see m t o onl y "sor t  o f "  be lon g t o th e 

ca tego r y (e .g .  a  lam p i s a  ver y marg ina l  member  o f  th e ca tegor y " f u rn i t u re " ) 

[Rey ,  1 9 8 5 ;  L a k o f f ,  1 9 8 7 ] .  S im i l a r l y ,  unc lea r  case s see m t o ar is e fo r  natura l 

kin d c a t e g o r i e s du e t o insu f f i c ien t  know ledg e abou t  c r i t i ca l  p rope r t i e s o f  th e 

c a t e g o r i e s (e .g .  i n t ry in g t o decide -  whethe r  a  tomat o i s a  frui t  o r  a 

v e g e t a b l e ) ,  wh i l e the y see m t o ar is e fo r  a r t i fac t  ca tego r i e s du e t o lac k o f 

c lea r  b o u n d a r i e s be twee n th e ca tego r i e s (e .g .  i n t ry in g t o dec id e whethe r  a  T V 

i s f u rn i t u r e o r  a n e lec t r i ca l  a p p l i a n c e )  [Rey ,  1983 ;  M a l t ,  1 9 8 5 ] .  Thes e 

o b s e r v a t i o n s sugges t  tha t  natura l  kin d concep t s posses s someth in g muc h mor e 

c o r e - l i k e tha n a r t i fac t  concep t s do . 

But if, as previous investigations (e.g. Rosch & Mervis, 1975) suggested, 

peop l e o f te n d o no t  kno w necessa r y an d su f f i c ien t  fea tu re s fo r  natura l  k i nds . 

630 



MALT 

then what underlies the difference between the two types of concepts? First, 

th e n a t u r e o f  th e f e a t u r e i n fo rma t i o n ma y s t i l l  d i f f e r  b e t w e e n th e tw o i n a 

sub t l e bu t  impor tan t  way :  Wh i l e na tu ra l  k in d c o n c e p t s ma y i n c l u d e a t  leas t 

vagu e n o t i o n s abou t  th e e x i s t e n c e o f  cor e f e a t u r e s ,  a r t i f a c t  c o n c e p t s ma y no t 

inc lud e any th i n g r esemb l i n g po ten t ia l  cor e f e a t u r e s a t  a l l .  S e c o n d ,  ve r y 

d i f f e ren t  be l i e f s ma y b e hel d abou t  th e c o m p l e t e n e s s o f  th e f e a t u r e s a s a 

d e s c r i p t i o n o f  th e c a t e g o r y the y r e p r e s e n t :  W h i l e na tu ra l  k in d c o n c e p t s ma y 

inc lud e a  be l ie f  tha t  mor e c o m p l e t e cor e i n f o r m a t i o n i s i n p r i n c i p l e k n o w a b l e , 

an d i s i n fac t  know n b y e x p e r t s ,  a r t i f ac t  c o n c e p t s ma y i nc l ud e a  be l i e f  tha t 

th e c h a r a c t e r i s t i c  f e a t u r e s r e p r e s e n t e d ar e al l  t he r e i s t o kno w abou t  th e 

ca tego ry . 

The experiments reported below explore the possibility that these two 

separa t e type s o f  c o n c e p t s e x i s t .  The y a ls o i n v e s t i g a t e th e p o s s i b i l i t y  tha t 

a thir d kin d o f  concep t  e x i s t s :  thos e suc h a s b a c h e l o r  an d g  r a n d m o t h e r  fo r 

whic h th e t r ad i t i ona l  a n a l y s i s i n te rm s o f  de f i n i n g f e a t u r e s hav e seeme d mos t 

sa t i s f ac to r y ( hence fo r t h t o b e re fe r re d t o a s " r e l a t i o n a l  k i n d s " ,  s i n c e the i r 

d e f i n i t i o n o f te n invo lve s a  r e l a t i o n s h i p b e t w e e n on e p e r s o n o r  ob jec t  an d 

a n o t h e r ) .  Thes e la t te r  c o n c e p t s woul d p r e s u m b a b l y i nc lud e bot h n e c e s s a r y an d 

su f f i c ien t  f e a t u r e s an d a  be l ie f  tha t  k n o w l e d g e o f  r e l evan t  f e a t u r e s i s 

c o m p l e t e . 

EXPERIMENT 1 

Lakoff (1972) argued that linguistic hedges (e.g. "loosely speaking;" 

" t e c h n i c a l l y " )  d i f f e r  amon g t h e m s e l v e s i n th e k ind s o f  f e a t u r e s tha t  the y 

refe r  to .  I f  s o ,  look in g a t  a c c e p t a b i l i t y  j udgmen t s fo r  s e n t e n c e s c o m b i n i n g 

d i f fe ren t  hedge s wit h va r i ou s ca tego r y term s shou l d she d l igh t  o n wha t  so r t s 

of  f ea tu re s th e concep t  r e p r e s e n t a t i o n s c o n t a i n .  S u b j e c t s i n th i s e x p e r i m e n t 

rea d s e n t e n c e s c o n t a i n i n g a  hedg e an d a  ca tego r y ter m (e .g .  " L o o s e l y s p e a k i n g , 

that ' s a  b i rd "  an d " T e c h n i c a l l y ,  tha t ' s a  p iec e o f  c l o t h i n g " ) ,  an d judge d 

whethe r  eac h s e n t e n c e wa s sens ib l e o r  n o t . 

The four hedges used were by "by definition," "technically," "according 

t o e x p e r t s , "  an d " l oose l y s p e a k i n g . "  A  va r ie t y o f  a r g u m e n t s ( L a k o f f ,  1 9 7 2 ; 

M a l t ,  1 9 8 5 )  s u g g e s t  t h a t  "b y d e f i n i t i o n "  s h o u l d o n l y b e a c c e p t a b l e i n 

c o m b i n a t i o n w i t h c a t e g o r i e s fo r  w h i c h o n e k n o w s d e f i n i n g f e a t u r e s ; 

" t echn i ca l l y "  shou l d b e a c c e p t a b l e wit h thos e fo r  wh ic h d e f i n i n g f e a t u r e s ar e 

ei the r  know n o r  ar e be l i eve d t o e x i s t ;  " acco rd in g t o e x p e r t s "  shou l d b e 

accep tab l e on l y whe n th e c o m p l e t e mean in g o f  th e wor d i s a s s u m e d t o b e know n 

t o expe r t s i n a  doma i n bu t  no t  t o eve ryon e e l s e ;  an d " l oose l y s p e a k i n g "  shou l d 

be a c c e p t a b l e whe n a  ca tego r y doe s no t  hav e c lea r  b o u n d a r i e s .  Thu s i f  th e 

propose d d i s t i n c t i o n s amon g c o n c e p t s ar e c o r r e c t ,  "b y d e f i n i t i o n "  shou l d b e 

most  a c c e p t a b l e w i t h r e l a t i o n a l  k i n d c a t e g o r i e s s u c h a s " b a c h e l o r " ; 

" t e c h n i c a l l y "  wit h bot h re la t iona l  k ind s an d na tu ra l  k i n d s ;  " a c c o r d i n g t o 

e x p e r t s "  wit h na tu ra l  k i n d s ;  an d " l oose l y s p e a k i n g "  wit h a r t i f ac t  c a t e g o r i e s . 

A previous experiment (Malt, 1985) tested similar predictions using a 

tota l  o f  twe lv e c a t e g o r i e s .  Resu l t s suppo r te d th e p r e d i c t i o n s :  fo r  i n s t a n c e , 

sen tence s comb in in g " l oose l y s p e a k i n g "  wit h na tu ra l  k in d te rm s (e .g .  " L o o s e l y 

speak ing ,  tha t ' s a  t r e e " )  rece ive d lo w r a t i n g s ,  wh i l e s e n t e n c e s c o m b i n i n g 

" loose l y s p e a k i n g "  wit h a r t i f ac t  term s (e .g .  " Loose l y s p e a k i n g ,  tha t ' s a 

too l " )  rece ive d s i g n i f i c a n t l y h ighe r  r a t i n g s .  Peop l e c l e a r l y t rea te d th e 

d i f fe ren t  c o n c e p t s d i f f e r e n t l y i n thi s task ,  an d th e d i f f e r e n c e s c o r r e s p o n d e d 
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t o th e p r o p o s e d d i s t i n c t i o n s i n th e n a t u r e o f  th e r e p r e s e n t a t i o n s .  Th e 

p r e s e n t  e x p e r i m e n t  wa s d e s i g n e d t o p rov i d e a d d i t i o n a l  suppor t  fo r  thes e 

r e s u l t s i n tw o w a y s :  f i r s t ,  t o e s t a b l i s h the i r  g e n e r a l ! 

bu t  no t  t o th e a v e r a g e l anguag e use r 

Me tho d 

Twenty-four Lehigh University undergraduates participated. Four artifact 

t e rm s ( s p o r t ,  toy ,  a p p l i a n c e ,  m a c h i n e ) ,  fou r  na tu ra l  k in d te rm s (s ta r , 

p l a n e t ,  m i n e r a l ,  g r a s s ) ,  an d fou r  re la t i ona l  k in d te rm s ( o r p h a n ,  m a j o r i t y , 

h o l e - i n - o n e ,  s t e a l i n g )  wer e used .  A s note d a b o v e ,  th e fou r  hedge s wer e 

" t e c h n i c a l l y , "  " b y d e f i n i t i o n , "  " l o o s e l y s p e a k i n g , "  an d " a c c o r d i n g t o 

e x p e r t s . "  Eac h hedg e wa s pa i re d wit h eac h c a t e g o r y ,  an d ever y sub jec t  sa w al l 

ta rge t  s t i m u l i .  Targe t  s t imu l i  wer e mixe d wi t h f i l le r  s e n t e n c e s invo lv in g 

h e d g e s an d c a t e g o r i e s no t  o f  in te res t  i n th i s e x p e r i m e n t ,  an d tw o rando m 

o r d e r s o f  s e n t e n c e s wer e c o n s t r u c t e d .  Th e ra t in g sca l e wa s f ro m " 1 "  t o " 7 , " 

w i t h h i g h n u m b e r s i n d i c a t i n g h i g h j u d g e d s e n s i b i l i t y  an d lo w n u m b e r s 

i n d i c a t i n g lo w judge d s e n s i b i l i t y . 

Results 

Mean ratings for each category type and hedge combination are given in 

th e tab l e b e l o w . 

re la t i ona l  kin d na tura l  k in d a r t i f ac t 

by d e f i n i t i o n 

a c c o r d i n g t o e x p e r t s 

l oose l y s p e a k i n g 

t echn i ca l  l y 

5 . 8 

3. 4 

3. 3 

5. 5 

5. 5 

5. 5 

3. 0 

5. 1 

5. 3 

3. 7 

4. 2 

5. 3 

TABLE 1 

R e s u l t s r e p l i c a t e d t h o s e o f  M a l t  ( 1 9 8 5 ) :  A s p r e d i c t e d ,  " l o o s e l y 

s p e a k i n g "  wa s judge d mor e sens ib l e wi t h a r t i f ac t  c a t e g o r i e s tha n wit h th e 

o t h e r s ;  " a c c o r d i n g t o e x p e r t s "  wa s judge d mos t  s e n s i b l e wit h na tu ra l  kin d 

c a t e g o r i e s ,  an d "b y d e f i n i t i o n "  wa s judge d mos t  sens ib l e wit h re la t iona l 

k i n d s .  Th e p a t t e r n fo r  " t e c h n i c a l l y "  wa s no t  a s p r e d i c t e d ;  i t  rece ive d 

a p p r o x i m a t e l y e q u a l  r a t i n g s fo r  al l  c a t e g o r y t y p e s .  T h i s f i n d i n g i s 

c o n s i s t e n t  wit h a  marg ina l  resul t  fo r  " t e c h n i c a l l y "  i n th e ea r l i e r  e x p e r i m e n t . 
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and will be discussed later- For the other three hedges, ratings again 

suppor t  th e p roposa l  tha t  a r t i f a c t ,  natura l  k ind ,  an d re l a t i o n k in d c o n c e p t s 

d i f fe r  i n th e i n f o rma t i o n con ta ine d i n th e menta l  r e p r e s e n t a t i o n .  (Not e tha t 

co lum n c o m p a r i s o n s ar e no t  m e a n i n g f u l ,  s inc e th e hedge s t h e m s e l v e s var y 

somewhat  i n f a m i l i a r i t y an d " g o o d n e s s " ) . 

Statistical analysis confirms these observations. An overall ANOVA 

showe d a  s i gn i f i can t  i n te rac t i o n be twee n hedg e an d c a t e g o r y t y p e ,  F ( 6 ,  138 )  = 

3 3 . 5 4 ,  p  <  . 001 .  Ind iv idua l  con t ras t s o n row s showe d tha t  " l o o s e l y s p e a k i n g " 

was judge d mor e sens ib l e wit h a r t i fac t  ca tego r i e s tha n wit h th e o t h e r s [F (1 , 

69 )  =  2 2 . 0 5 ,  p  <  . 0 0 1 ] ;  "accord in g t o e x p e r t s "  wa s judge d mos t  s e n s i b l e wit h 

natura l  kin d c a t e g o r i e s [F(1 ,  6 9 )  =  6 1 . 2 5 ,  p  <  . 0 0 1 ] ;  an d "b y d e f i n i t i o n "  wa s 

judge d mos t  sens ib l e wit h re la t iona l  k ind s [F(1 ,  6 9 )  =  3 . 2 0 ,  .1 0 <  p  <  . 0 5 ] . 

Rat ing s fo r  " t e c h n i c a l l y "  di d no t  confor m t o th e p red i c te d pa t te r n [F (1 ,  6 9 )  = 

0. ) 

EXPERIMENT 2 

The second experiment asked about beliefs about concept completeness more 

exp l i c t l y .  Sub jec t s wer e tol d t o imagin e the y wer e t ry in g t o teac h ob jec t 

names t o a  v i s i to r  fro m anothe r  p l a n e t .  The y wer e the n g ive n s c e n a r i o s i n 

whic h the y encoun te r  a n a r t i f a c t ,  natura l  k ind ,  o r  re la t i ona l  k in d exemp la r 

tha t  i s  d i f f i cu l t  t o c l ass i f y .  Fo r  i ns tance ,  a  scenar i o wit h na tu ra l  k ind s 

was a s f o l l o w s : 

"In an orchard on the outskirst of town, you see a tree that seems 

t o yo u t o b e sor t  o f  ha l fwa y be twee n a n o rang e tre e an d a  lemo n t r e e . 

You exp la i n th e d i lemm a t o th e v i s i t o r ,  an d yo u say : 

a. "If I could think about it long enough, I could tell you 

whic h i t  i s . " 

b .  "We' d hav e t o as k a n exper t  t o tel l  u s whic h i t  i s . " 

c .  " W e l l ,  I  gues s yo u ca n cal l  i t  wh icheve r  yo u w a n t . " 

If people actually know the defining features for a category, they should 

be l iev e tha t  the y wil l  b e abl e t o mak e a  correc t  c l a s s i f i c a t i o n d e c i s i o n eve n 

i n d i f f i cu l t  c a s e s ,  an d the y shoul d choos e op t io n ( a ) .  I f  the y be l i ev e tha t 

the y don' t  hav e al l  th e re levan t  in fo rmat io n bu t  a n exper t  d o e s ,  the y shou l d 

fee l  tha t  consu l t i n g someon e els e woul d b e necessar y [opt io n ( b ) ) .  I f  the y 

bel iev e tha t  the y hav e al l  th e poss ib l e in fo rmat io n bu t  th e b o u n d a r i e s o f  th e 

ca tegor ie s ar e fuzzy .  the y shoul d fee l  tha t  th e c l a s s i f i c a t i o n i s s imp l y 

inde te rm ina t e [opt io n ( c ) ] . 

Method 

Forty Lehigh University undergraduates participated. There were 22 

t a r g e t  s c e n a r i o s ,  c o n s i s t i n g o f  8  n a t u r a l  k i n d s c e n a r i o s ,  8  a r t i f a c t 

s c e n a r i o s ,  an d 6  r e l a t i o n a l  k i n d s c e n a r i o s .  E a c h s c e n a r i o i n v o l v e d a 

desc r ip t i o n o f  a n objec t  tha t  appeare d t o b e ha l fwa y be twee n tw o fami l i a r 

ca tego r i es .  Th e pai r s o f  ca tegor ie s fo r  natura l  k ind s wer e r o b i n - s p a r r o w ; 

oak -map le ;  s a r d i n e - a n c h o v y ;  r o s e - c a r n a t i o n ;  c h i c k e n - t u r k e y ;  o rang e t r e e - l e m o n 

t ree ;  t r o u t - b a s s ,  an d m a r i g o l d - d a n d e l i o n .  Th e pa i r s fo r  a r t i f ac t s wer e cha i r -

couch ;  b o a t - s h i p ;  s h i r t - b l o u s e ;  hid e an d seek - tag ;  b o o k c a s e - s h e l f ;  c a r - t r u c k ; 

s o c k s - s t o c k i n g s .  Th e pai r s fo r  re la t iona l  k ind s wer e b a c h e l o r - w i d o w e r ; 
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triangle-square; prime number-odd number; homerun-triple; grandmother-aunt; 

an d eve n n u m b e r - o d d n u m b e r .  Thes e pa i r s wer e ob ta ine d i n a  p r e l i m i n a r y 

e x p e r i m e n t  i n whic h a  s e p a r a t e g rou p o f  2 4 sub jec t s wa s g ive n th e f i rs t  member 

of  eac h pa i r  an d s t a n d a r d i n s t r u c t i o n s fo r  ob ta i n i n g l i ngu is t i c con t ras t  set s 

("I f  i t ' s  no t  a n X ,  wha t  migh t  i t  b e ? " )  Th e mos t  f r e q u e n t l y l is te d respons e 

was use d a s th e secon d member  o f  eac h pai r -

Target scenarios were mixed with filler scenarios involving categories 

an d r e s p o n s e o p t i o n s no t  o f  in te res t  i n thi s e x p e r i m e n t .  Tw o d i f f e ren t 

s t i m u l u s se t s wer e c o n s t r u c t e d ,  eac h con ta i n i n g hal f  th e s c e n a r i o s o f  eac h 

c a t e g o r y t y p e .  Hal f  th e s u b j e c t s rece ive d eac h se t .  Tw o v e r s i o n s o f  eac h se t 

wer e u s e d ,  d i f f e r i n g i n th e orde r  o f  s c e n a r i o s an d th e orde r  o f  respons e 

o p t i o n s . 

R esu I t s 

The table below gives the number of subjects out of 40 who chose each 

op t i o n o n th e m a j o r i t y o f  t r i a l s fo r  eac h o f  th e th re e ca tego r y t y p e s . 

op t i o n (a ) 
" . . t h i n k . . " 

op t i o n (b )  op t io n (c )  mixe d 

" . . e x p e r t . . "  " . . w h i c h e v e r . . " 

a r  t  i  fac t 

na tu ra l  k in d 

re l a t i ona l  k in d 

5 

3 0 

10 

25 

5 

21 

TABLE 2 

C h i - s q u a r e va lue s wer e compute d compar in g respons e pa t t e rn s fo r  eac h 

c a t e g o r y typ e t o th e pa t t e r n expec te d i f  cho i ce s wer e random .  Response s fo r 

al l  t h re e c a t e g o r y type s d i ve rge d s i g n i f i c a n t l y fro m r a n d o m n e s s ,  X  =  32.3 2 

fo r  a r t i f a c t s an d X  =  41 .1 8 fo r  na tura l  k i n d s ,  p  <  .00 1 fo r  bo th ;  X  =  8 .58 , 

p <  .02 5 fo r  re la t i ona l  k i n d s . 

The pattern of responding clearly supported the predictions for artifact 

an d na tu ra l  k in d c a t e g o r i e s .  Sub jec t s tende d t o choos e op t io n (c )  fo r 

a r t i f a c t s an d op t i o n (b )  fo r  natura l  k i n d s ,  sugges t i n g tha t  the y be l iev e 

c l a s s i f i e i a t i o n i s no t  c l ea r - cu t  fo r  a r t i f a c t s bu t  i s  fo r  na tura l  k ind s an d 

ca n b e d e t e r m i n e d b y e x p e r t s .  Respons e pa t t e rn s fo r  bot h type s d i ve rge d 

s i g n i f i c a n t l y fro m r a n d o m n e s s . 

Contrary to prediction, people tended to choose either option (b) or 

o p t i o n ( c )  fo r  re la t i ona l  k i n d s .  On e i n t e r p r e t a t i o n i s tha t  re la t iona l  k ind s 

a r e no t  q u a l i t a t i v e l y d i f f e r e n t  f r o m a r t i f a c t s o r  n a t u r a l  k i n d s .  A n 

a l t e r n a t i v e ,  h o w e v e r ,  i s  tha t  sub jec t s foun d i t  od d t o eve n p ropos e th e 

e x i s t e n c e o f  a n en t i t y ha l fwa y be twee n tw o re la t iona l  kin d c a t e g o r i e s an d 

assume d tha t  thei r  know ledg e woul d b e i nsu f f i c i en t  t o dea l  wit h suc h anoma lou s 

c a s e s .  Thi s p o s s i b i l i t y  woul d b e fu r the r  ev i denc e fo r  th e w e l l - d e f i n e d na tu r e 

of  thes e c a t e g o r i e s an d wil l  b e exp lo re d i n fu tu r e e x p e r i m e n t s . 
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D I S C U S S I ON 

Armstrong et al.'s (1983) experiments mentioned earlier demonstrate that 

s tanda r d r e a c t i o n t im e an d t y p i c a l i t y ra t in g task s canno t  p r o v i d e d e f i n i t i v e 

e v i d e n c e abou t  th e e x i s t e n c e o f  d e f i n i n g f e a t u r e s i n a  c o n c e p t .  A l t e r n a t i v e 

task s mus t  b e foun d tha t  re f lec t  u n d e r l y i n g k n o w l e d g e abou t  a  c a t e g o r y ra the r 

tha n p e r f o r m a n c e s t r a t e g i e s ,  an d tha t  d o no t  r equ i r e c o n s c i o u s a c c e s s t o th e 

k n o w l e d g e .  Th e e x p e r i m e n t s repor te d he r e d e m o n s t r a t e tha t  p e o p l e m a k e 

d i s t i n c t i o n s amon g c o n c e p t s i n task s tha t  cal l  o n the i r  l i n g u i s t i c i n t u i t i o n s 

ra the r  tha n p e r f o r m a n c e i n a  speede d task .  T h u s ,  th e l i n g u i s t i c j u d g m e n t 

task s use d i n thes e e x p e r i m e n t s appea r  t o p r o v i d e a n a p p r o a c h tha t  i s 

sens i t i v e t o sub t l e v a r i a t i o n s i n th e con ten t  o f  c o n c e p t s . 

The most striking outcome of the two experiments is that subjects show a 

shar p d i s t i n c t i o n i n th e ex ten t  t o whic h the y fee l  na tu ra l  k in d an d a r t i f a c t 

concep t s ca n b e use d i n a  l oose ,  n o n - t e c h n i c a l  way .  I n bot h E x p e r i m e n t  1  an d 

th e e a r l i e r  h e d g e s s t u d y ,  s u b j e c t s f o u n d " l o o s e l y s p e a k i n g "  m u c h m o r e 

a c c e p t a b l e wit h a r t i f a c t s tha n wit h na tu ra l  k in d t e r m s ,  w h i l e the y foun d 

"acco rd in g t o e x p e r t s "  (o r  " s c i e n t i f i c a l l y s p e a k i n g "  i n th e e a r l i e r  s t u d y ) 

mor e a c c e p t a b l e wit h na tu ra l  k i n d s .  A  s u b s e q u e n t  e x p e r i m e n t  ha s c o n f i r m e d 

tha t  th e resu l t  ho ld s eve n whe n th e na tura l  k in d an d a r t i f a c t  c a t e g o r i e s ar e 

c lose l y equa te d fo r  leve l  o f  a b s t r a c t i o n ;  t h u s ,  th i s resu l t  i s  no t  a n a r t i f a c t 

of  mor e c o n c r e t e c o n c e p t s i n th e na tu ra l  k in d d o m a i n .  I n E x p e r i m e n t  2 , 

sub jec t s c o n s i s t e n t l y chos e th e respons e "Yo u ca n cal l  i t  w h i c h e v e r  yo u w a n t " 

fo r  a m b i g u o u s a r t i f a c t s ,  wh i l e the y chos e "We' d hav e t o as k a n e x p e r t "  fo r 

natura l  k i n d s .  Thes e resu l t s toge the r  c l ea r l y i n d i c a t e tha t  th e a v e r a g e 

co l leg e s tuden t  p a r t i c i p a n t  be l i e ve s ther e i s a  c o m p o n e n t  o f  m e a n i n g t o 
natura l  k in d te rm s tha t  ma y no t  b e p resen t  i n h i s o r  he r  ow n men ta l 

r e p r e s e n t a t i o n o f  th e c a t e g o r y .  A  s im i l a r  be l ie f  doe s no t  see m t o ex is t  fo r 

a r t i f a c t s ;  th e s t u d e n t s appea r  t o b e w i l l i n g t o us e th e te rm s i n a  loose r 

fash io n an d t o be l i e v e tha t  suc h a s us e i s a p p r o p r i a t e .  Thes e r e s u l t s thu s 

suppor t  th e ide a tha t  na tura l  k in d an d a r t i f ac t  concep t  r e p r e s e n t a t i o n s 

d i f f e r ,  an d fu r the r  tha t  be l i e f s abou t  c o m p l e t e n e s s o f  k n o w l e d g e ar e a n 

impor tan t  c o m p o n e n t  o f  a  concep t  i n a d d i t i o n t o th e ac tua l  f e a t u r e s tha t  ar e 

r e p r e s e n t e d . 

Given that the linguistic judgments are sensitive to variations in 

c o n c e p t  r e p r e s e n t a t i o n s ,  o n e q u e s t i o n t h a t  r e m a i n s i s w h y t h e h e d g e 

" t e c h n i c a l l y "  di d no t  p roduc e th e p r e d i c t e d d i f f e r e n c e amon g th e c a t e g o r y 
type s i n E x p e r i m e n t  1  an d p roduce d onl y a  marg ina l  d i f f e r e n c e i n th e e a r l i e r 

hedge s s t u d y .  S u b j e c t s '  commen t s p rov id e som e ins igh t  o n th i s i s s u e .  Seve ra l 

po in te d ou t  tha t  i t  i s  o f te n p o s s i b l e t o imag in e c o n t e x t s w h e r e i t  wou l d b e 

a p p r o p r i a t e t o spea k t echn i ca l l y o f  a r t i f ac t  c a t e g o r i e s .  Fo r  i n s t a n c e ,  a 

depa r tmen t  s to r e migh t  es tab l i s h a  rul e t o d e t e r m i n e whe n a n ob jec t  shou l d b e 

d i sp laye d a s spo r t s e q u i p m e n t  v s .  whe n i t  b e l o n g s i n th e to y d e p a r t m e n t .  Thu s 

a techn ica l  d e f i n i t i o n ca n p o t e n t i a l l y ex is t  fo r  a n a r t i f a c t  ter m eve n i f  th e 

genera l  usag e i s no t  o f  th i s n a t u r e . 

Finally, it important to note that although there was enough consistency 

among th e na tu ra l  k ind ,  a r t i f a c t ,  an d re l a t i ona l  k in d te rm s t o p r o d u c e 

s i gn i f i can t  d i f f e r e n c e s amon g th e th re e g r o u p s ,  the r e wa s a ls o n o t i c e a b l e i te m 

v a r i a b i l i t y  i n th e e x p e r i m e n t s repor te d her e an d i n th e e a r l i e r  h e d g e s s tud y 

an d th e con t ro l  s tud y m e n t i o n e d a b o v e .  Fo r  e x a m p l e ,  " g r a s s "  r e c e i v e d r e c e i v e d 
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relatively low ratings for "according to experts" compared to the other 

natura l  kin d terms ,  an d "ship "  receive d a  relativel y hig h numbe r  o f  choice s o f 

"you' d hav e t o as k a n expert "  compare d t o othe r  artifac t  categories . 

I n almos t  al l  cases ,  th e discrepancie s see m t o involv e highl y familia r  natura l 

kind s bein g treate d mor e lik e artifac t  categorie s an d vic e versa .  Thes e 

observation s sugges t  tha t  categor y typ e pe r  s e i s no t  th e onl y determine r  o f 

concep t  representation .  Familia r  natura l  kin d concept s ma y ten d t o b e 

represente d mor e lik e artifac t  categorie s are ,  an d concept s fo r  unfamilia r 

artifact s use d mainl y i n restricte d setting s ma y ten d t o resembl e thos e fo r 

natura l  kinds .  Thi s possibilit y  i s  bein g explore d i n studie s i n progress . 
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I n t r o d u c t i o n 

Language is planned behavior: speakers produce complex combinations of utterzmces to cause certain effects 

on thei r  hearers ,  suc h a s persuadin g them ,  informin g the m o r  requestin g somethin g fro m the m (Aus75] , 
[Gri75] ,  [CP79] ,  [AP80] ,  [AppSl] ,  [CL85] .  Researcher s i n th e field  o f  tex t  generatio n hav e concentrate d thei r 

effort s o n producin g a  computationa l  mode l  o f  th e proces s o f  generatin g coheren t  tex t  t o achiev e a  speaker' s 

conversationa l  goals .  Bu t  producin g tex t  i s  onl y a  smal l  par t  o f  a  muc h broade r  cognitiv e facult y o f  languag e 

whic h include s suc h task s a s respondin g t o follow-u p questions ,  elaboratin g o r  clarifyin g text s tha t  wer e no t 

completel y understoo d b y th e hearer ,  an d learnin g rhetorica l  strategie s t o achiev e conversationa l  goals .  T o 
perfor m thes e othe r  tasks ,  i t  i s no t  sufficien t  t o simpl y produc e coheren t  text .  A n agen t  mus t  understan d 

th e tex t  i t  produce s i n term s o f  h o w eac h pai t  o f  th e tex t  relate s t o th e other s an d ho w th e complet e tex t 
achieve s it s goal . 

Computationa l  model s o f  tex t  generatio n pu t  fort h t o dat e fal l  int o tw o extremes :  plan-hase d approache s 

and scAema-base d approaches .  Usin g a  plan-base d approac h [CP79 ]  [AppSl] ,  a  tex t  pla n i s  produce d b y 
reasonin g abou t  th e belief s o f  th e heare r  an d speake r  an d th e effect s o f  variou s speec h act s (e.g. ,  REQUEST, 
inform )  o n thes e beliefs .  Thi s approac h thu s capture s th e intende d effect s o f  a n utteranc e o n th e hearer . 
However ,  i t  doe s no t  includ e rhetorica l  knowledg e whic h i s  knowledg e abou t  h o w t o combin e individua l 

speec h act s int o large r  piece s o f  coheren t  text .  A s a  result ,  system s usin g th e plein-base d approac h canno t 

produc e text s t o describ e objects ,  compar e an d contras t  tw o entities ,  expleii n h o w a  devic e works ,  o r  justif y 
a result . 

To produc e large r  bodie s o f  text ,  researcher s hav e turne d t o schema-base d approache s (e.g. ,  [McK82] , 

[McC85] ,  [Par87] )  whic h emplo y script-lik e structure s (schemata )  t o generat e coheren t  multi-sententia l  text s 

achievin g a  give n discours e goal .  Schemat a encod e standar d pattern s o f  discours e usin g rhetorica l  predicates , 

but  d o no t  includ e knowledg e o f  ho w th e variou s part s o f  th e schem a relat e t o on e anothe r  o r  wha t  thei r 

intende d effec t  o n th e heare r  is .  A s a  result ,  i f  th e heare r  doe s no t  understan d th e text ,  i t  i s  ver y har d t o 
recover ,  i.e. ,  t o kno w whic h par t  o f  th e schem a faile d t o achiev e it s effec t  o n th e heare r  an d produc e tex t  t o 

correc t  th e misunderstanding . 
Recently ,  Hov y ha s begu n t o incorporat e rhetorict J relation s int o th e plan-base d approac h t o produc e 

multi-sententia l  texts ,  bu t  ha s concentrate d solel y o n orderin g a  se t  o f  proposition s [Hov88] .  Hi s syste m 

assumes tha t  th e informatio n t o b e sai d i s chose n i n advanc e an d give n t o th e syste m ai s input .  W e believ e 
tha t  th e task s o f  choosin g wha t  t o sa y an d ho w t o organiz e i t  canno t  b e divide d i n thi s way :  the y ar e 

intertwine d an d ca n influenc e on e another .  Th e choic e o f  wha t  t o sa y nex t  i s i n fac t  largel y dependen t  o n 

what  ha s akead y bee n said . 

I n thi s work ,  w e ar e concerne d wit h generatin g coheren t  multi-sententia l  texts ,  decidin g bot h wha t  t o 

say an d ho w t o organiz e it ,  i n suc h a  wa y tha t  a  syste m ca n recove r  fro m failure .  W e wan t  ou r  generatio n 
syste m t o explicitl y  recor d ho w th e differen t  part s o f  th e tex t  ar e relate d an d h o w the y affec t  th e hearer' s 

beliefs .  T o thi s end ,  w e propos e a  pla n structur e whic h relate s discours e goals ,  expresse d i n term s o f  thei r 

intende d effect s o n th e hearer ,  t o th e rhetorica l  mean s use d t o achiev e them .  Rhetorica l  mean s migh t  b e lo w 

'Th e researc h describe d i n thi s pape r  wa s supporte d unde r  D A R PA Gran t  # M D A 903-8l-C-0335 .  Th e author s woul d lik e 
t o than k Eduar d Hov y an d Willia m Swartou t  fo r  thei r  comment s an d suggestion s o n thi s paper . 
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level speech acta, such as INFORM, or rhetorical relations, Jis defined in Rhetorical Structure Theory (RST) 

[MT87) ,  suc h a s MOTIVATION . 

Thi s pape r  present s th e structur e o f  th e tex t  plannin g operator s i n ou r  mode l  an d th e plannin g mechanis m 

tha t  use s thes e operator s t o construc t  text .  T o illustrat e ho w a  tex t  pla n i s produced ,  w e sho w a n example . 

We discus s th e advantage s o f  thi s approac h an d sho w ho w i t  ca n b e see n a s a  computationa l  mode l  tha t 

unifie s bot h th e schema-base d an d th e plan-base d approache s presente d t o date . 

The Plan Language and the Planning Mechanism 

The plcinning mechanism we use is a conventional top-down hierarchical expansion planner [Sac75). The 

planne r  begin s wit h a  high-leve l  discours e goa l  o f  th e speake r  an d successivel y refine s i t  int o othe r  dbcours e 

subgocd s o r  rhetorica l  mean s fo r  achievin g them .  Thi s proces s continue s unti l  th e entir e pla n i s refine d 

int o primitiv e operators ,  i.e. ,  speec h acts .  Discours e goal s ar e represente d i n term s o f  th e effect s tha t  th e 

speake r  intend s hi s o r  he r  utteranc e t o hav e o n th e hearer' s knowledge .  Followin g Hov y i n (Hov88 )  w e hav e 

adopte d th e terminolog y fo r  expressin g belief s develope d b y Cohe n an d Levesqu e i n thei r  theor y o f  rationa l 

interactio n [CL85]. ^ 

Ther e ar e tw o type s o f  pla n operator s i n ou r  system :  operator s whos e effect s ar e characterization s o f  th e 

hearer' s beliefs ,  an d operator s tha t  achiev e a  particula r  rhetorica l  relation .  Figur e 1  show s a  pla n operato r 
whos e effec t  i s  th e stat e wher e th e speake r  believe s tha t  th e heare r  an d speeike r  mutuall y believ e tha t  i t  i s  a 

goa l  o f  th e heare r  tha t  a  give n ac t  eventuall y b e don e b y th e hearer .  Figur e 2  show s a  tex t  pla n capabl e o f 

achievin g th e rhetorica l  relatio n MOTIVATIO N whic h relate s a n ac t  t o th e goa l  i t  achieves .  W h e n instantiated , 

th e pla n wil l  infor m th e heare r  tha t  th e ac t  i s  a  ste p toward s achievin g th e goa l  an d m a y elaborat e a s t o 

w hy thi s i s th e case . 

Eac h pla n operato r  consist s of : 

• an effect: a characterization of what goal(s) this operator can be used to achieve. 

• a constraint list: a list of conditions that must be true before the operator can be applied. Constraints 

m ay refe r  t o fact s o r  relation s i n th e domai n o f  discours e o r  state s o f  th e hearer' s knowledge .  Som e o f 

th e constraint s correspon d t o th e constraint s o n a  nucleu s an d satellit e a s specifie d i n R S T .  Additiona l 

constraint s ha d t o b e introduce d i n orde r  t o actuall y construc t  text ,  a s R S T wa s develope d a s a  too l 

fo r  analyzin g text . 

• a nucleus and a satellite: each is a partially ordered sequence of operators that, when executed, may 

achiev e th e effect s o f  thi s operator .  Th e nucleu s i s th e focu s o f  th e tex t  produce d b y thi s operato r  an d 

must  b e present .  I t  coul d b e a  speec h ac t  o r  a  desire d state ,  whic h ca n late r  b e expanded .  Satellite s 

ar e additiona l  pairt s o f  th e plan .  The y m a y b e require d o r  optional . 

When a goal is posted, the planner finds all the plan operators whose effects match the goal and whose 

constraint s ar e satisfied .  I t  select s on e suc h operato r  an d post s th e step s liste d i n th e nucleu s an d satellit e 

as subgoal s t o b e satisfied .  Th e complete d tex t  pla n i s give n a s inpu t  t o a  tex t  generatio n system ,  Penma n 

i n ou r  cas e (MM83 ] . 

An Example 

One of the prototype systems we cire building is an explanation component for an expert svstem that aids 

user s i n improvin g thei r  LIS P cod e b y recommendin g transformation s tha t  enhanc e th e user' s cod e alon g 

th e dimension s o f  readability ,  maintainability ,  o r  efficiency. ^  Th e mos t  natura l  wa y fo r  a  dialogu e t o begi n 

i s wit h a  recommendatio n b y th e system .  Th e use r  i s the n fre e t o as k question s abou t  thi s recommendation . 

Suppos e fo r  exampl e tha t  th e use r  wante d t o enhanc e th e readabilit y  o f  th e progra m unde r  consideration . 

Th e exper t  syste m migh t  wis h t o recommen d tha t  th e use r  replac e call s t o th e functio n C A R wit h call s t o 

th e functio n FIRST .  T o d o so ,  th e exper t  syste m woul d pos t  th e followin g discours e goa l  t o th e tex t  planner : 

(BMB S H (goal H Eventually(DONE H replace-l))) 

'Spac e limitation s prohibi t  a n expositio n o f  thei r  terminolog y i n thi s paper .  Fo r  clarity ,  w e wil l  paraphras e th e terminolog y 
i n Englis h i n ou r  example s 

D̂etail s  regardin g th e exper t  syste m ca n b e foun d i n [NSM85] . 
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EFFECT:  (BM B S  H  (GOA L H  Ev(DON E H  ?act)) ) 
CONSTRAINTS:  non e 
NUCLEUS:  (BM B S  H  (GOA L S  (GOA L H  Ev(DON E H  ?act)) ) 
SATELLITES:  (BM B S  H  (COMPETENT H  (DON E H  ?act)) )  *optiona l 

(PERSUADE H  (GOA L H  Ev(DON E H  ?act)) )  *optiona I 

Figure 1: High-level Text Plan for Recommending an Act 

EFFECT:  (MOTIVATIO N ?ac t  ?goaI ) 
CONSTRAINTS:  ((GOA L S  ?goal )  an d 

(BMB S  H  (GOA L H  ?goal) )  an d 
(STEP ?ac t  ?goal) ) 

NUCLEUS:  (INFOR M S  H  (STE P ?ac t  ?goal) ) 
SATELLITE:  (BM B S  H  (STE P ?ac t  ?goal) )  *optiona l 

Figur e 2 :  Tex t  Pla n fo r  Motivatio n 

wher e 
replace- 1 — (replac e (ACTO R user )  (rEPLACE E car-function )  (REPLACER first-function)) 

This goal says that the speaker would like to achieve the state where the speaker believes that the hearer and 

speake r  mutuall y believ e tha t  i t  i s a  goa l  o f  th e heare r  tha t  th e replacemen t  eventuall y b e don e b y th e hearer . 
One o f  th e plan s fo r  achievin g thi s goa l  i s  show n i n Figur e 1 .  Thi s pla n operato r  ha s n o constraint s o n it s 

application .  Th e nucleu s become s a  subgoa l  t o achiev e a  stat e i n whic h th e he2ire r  an d speeike r  mutuall y 
believ e tha t  i t  i s a  goa l  o f  th e speake r  tha t  th e heare r  d o thi s act .  Thi s subgoa l  wil l  b e achieve d b y th e 

pla n operato r  show n i n Figur e 3 .  R E C O M M E ND i s a  primitiv e speec h act ,  s o thi s nod e wil l  b e a  lea f  i n th e 
complete d tex t  plan . 

Satellite s o f  a  pla n operato r  captur e th e kin d o f  discours e pattern s tha t  wer e capture d i n th e schema -

base d approac h an d indicat e othe r  informatio n tha t  coul d b e sai d t o giv e a  mor e elaborate d text .  I n thi s 

pla n operator ,  th e first  satellit e correspond s t o makin g th e heare r  competen t  t o perfor m th e ac t  b y tellin g 
hi m o r  he r  anythin g tha t  h e o r  sh e need s t o kno w t o d o so .  Th e secon d satellit e caU s fo r  persuadin g th e 

heare r  t o perfor m th e act . 

The satellite s o f  th e high-leve l  pla n i n Figur e 1  ar e bot h mjirke d "optional, "  indicatin g tha t  i t  woul d b e 

sufficien t  t o simpl y stat e th e recommendation .  Th e planne r  coul d choos e no t  t o expan d an y o f  th e satellite s 

and awai t  feedbac k firo m th e hearer .  I n thi s cjise ,  th e syste m woul d simpl y recommen d tha t  th e heare r 
perfor m th e action .  I f  th e heare r  i s no t  satisfie d wit h thi s tex t  an d indicate s thi s b y askin g a  question , 

suc h a s "why?" ,  th e syste m ca n examin e th e recorde d pla n t o find  optiona l  part s o f  th e pla n tha t  wer e no t 

expande d cin d determin e i f  an y o f  thes e coul d b e use d i n answerin g th e question .  Fo r  example ,  th e goa l  o f 

persuadin g th e heare r  woul d b e poste d i n respons e t o th e hearer' s "why?" . 

Alternatively ,  th e planne r  coul d choos e t o pos t  an y o f  th e optiona l  satellite s a s subgoals .  I n th e contex t 
of  thi s exper t  system ,  w e assum e tha t  th e use r  i s competen t  t o perfor m th e recommende d transformation . 

Therefore ,  th e first  satellit e wil l  no t  caus e an y tex t  t o b e generated .  Suppos e th e secon d optiona l  satellit e i s 

E F F E C T:  ( B M B S  H  ( G O A L S  ( G O A L H  E v ( D O N E H  ?act)) ) 
C O N S T R A I N T S:  non e 
N U C L E U S:  ( R E C O M M E ND S  H  ?act ) 
SATELLITES :  non e 

Figure 3: Text Plan for Recommending an Act 

639 



M O O R E,  PARI S 

EFFECT:  (PERSUADE H  (GOA L H  Ev(DON E H  ?act)) ) 
CONSTRAINTS:  G  =  th e se t  o f  g  s.t .  ((BM B S  H  (GOA L H  g) )  an d (STE P ?ac t  g) ) 
NUCLEUS:  loo p fo r  g  i n G 

(MOTIVATIO N ?ac t  g ) 
SATELLITES:  non e 

Figure 4: Text Plan for Persuading by Motivating an Act 

poste d a s a  subgoal .  Th e plcinne r  mus t  the n find  rhetorica l  mean s fo r  achievin g th e discours e goa l  "persuade. " 

O ne o f  th e plan s fo r  persuadin g a  heare r  t o d o a n ac t  i s show n i n Figur e 4 .  Thi s pla n ha s a  constrain t  whic h 

require s finding  a  non-empt y se t  o f  goal s whic h ar e mutuall y believe d t o b e goal s o f  th e heare r  an d whic h th e 

recommende d ac t  i s  a  ste p toward s achieving .  Thi s informatio n m a y b e retrieve d fro m th e exper t  system' s 

problem-solvin g knowledg e an d th e use r  model . 

Constraint s referrin g t o th e hearer' s belief s ar e checke d agains t  a  use r  mode l  whic h represent s th e stat e 

of  th e hearer' s knowledge .  W e d o not ,  however ,  wis h t o depen d o n thi s use r  mode l  bein g eithe r  complet e o r 

correct .  Furthermore ,  sinc e w e ar e assumin g a  highl y interactiv e mode l  o f  conversatio n i n whic h w e rel y o n 

th e feedbac k fro m th e heare r  t o indicat e lac k o f  understanding ,  th e planne r  m a y assum e tha t  a  constrain t 

on th e hearer' s knowledg e i s  tru e eve n i f  i t  i s  no t  explicitl y  indicate d i n th e use r  model ,  keepin g trac k o f 

an y suc h sissumption s made .  I f  th e heare r  indicate s dissatisfactio n wit h a  text ,  th e syste m ca n examin e th e 

recorde d tex t  pla n t o determin e wha t  assumption s coul d hav e bee n erroneous .  I t  ca n the n re-pla n th e tex t 

usin g a  pla n operato r  tha t  doe s no t  requir e thes e sissumption s o r  b y providin g th e heare r  wit h th e additiona l 

knowledg e necessar y t o mak e thes e constraint s true .  I f  mor e verbos e tex t  i s  desire d (e.g. ,  becaus e th e syste m 

has informatio n tha t  th e heare r  i s a  novice) ,  th e planne r  m a y immediatel y pla n tex t  t o mak e th e constrain t 

true . 

I n thi s example ,  ther e i s on e goa l  whic h satisfie s th e constraint ,  namel y E N H A N C E - 1,  th e goa l  t o enhanc e 

th e readabilit y o f  th e program .  Th e plemne r  thu s post s a  singl e subgoal : 

( M O T I V A T I O N replace- 1 enhance-1 ) 

Motivatio n i s a  rhetoricj d relatio n define d i n R S T .  Not e tha t  thi s pla n operato r  combine d wit h th e operato r 

whic h satisfie s th e MOTIVATIO N subgoa l  show n i n Figur e 2 ,  operationaliz e thi s rhetorica l  relation .  W e hav e 

adde d th e necessar y constraint s t o indicat e w h e n thi s relatio n ca n b e use d i n constructin g a  text ,  indicatin g 

h o w an d wha t  t o loo k fo r  i n th e knowledg e bas e i n orde r  t o us e thi s rhetorica l  strateg y t o achiev e thi s 

discours e goal .  Fo r  th e sak e o f  brevity ,  w e wil l  no t  g o throug h th e res t  o f  thi s exampl e i n detai l  here . 

Figur e 5  present s th e final  tex t  pl< m fo r  achievin g th e origina l  high-leve l  discours e goal .  Onc e th e tex t  pla n i s 

completed ,  i t  i s  transforme d int o a  representatio n suitabl e a s inpu t  fo r  th e P e n m a n tex t  generatio n system . 

Th e tex t  tha t  wil l  b e generate d is: ^ 

You shoul d replac e ( C A R x )  wit h (FIRS T x )  becaus e tha t  wil l  enhanc e th e readabilit y  o f  th e program . 
To enhanc e th e readabilit y o f  th e program ,  th e syste m applie s readabilit y  enhancin g transformations . 
CAR-to-FIRS T i s a  readabilit y  enhancin g transformatio n becaus e it s left-hand-sid e i s a  functio n whos e 
functio n nam e i s a  technica l  wor d an d it s right-hand-sid e i s a  functio n whos e functio n nam e i s a n Englis h 
word . 

Note in Figure 5 that the rhetorical relations provide a context for choosing appropriate cue words to 

lin k th e differen t  part s o f  th e tex t  whe n realizin g th e tex t  i n Englis h [Hov88J .  Fo r  example ,  th e tw o piece s 

of  tex t  linke d wit h th e rhetorica l  relatio n MOTIVATION ,  ar e connecte d wit h th e cu e wor d "because" . 

Advantages of this Approach 

The Need for a Detailed Text Plan 

As we have seen in the example, a text plan produced using this method provides a detailed representation of 

th e tex t  produce d b y th e system ,  indicatin g ho w part s o f  th e pla n ar e relate d an d whic h purpose s differen t 

'Th e implementatio n o f  th e tex t  planne r  i s no t  ye t  complete .  However ,  w e expec t  t o complet e i t  b y th e tim e o f  th e conference . 
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(BM8 S  H  (GOA L H  E v (DON E H  actl)) ) 

(BMB S  H  (GOA L S  (GOA L H  E w (DON E H  actl))) ) 

(RECOMMENDS Hactl ) 

•You should replace CAR with FIRST" 

(PERSUADE H  (GOA L H  E v (DON E H  actl)) ) 

'because' 

(MOTIVATION actl goall) 

(INFORM S H (STE P act l  goall) )  (BM B S  H  (STE P act l  goall) ) 

'that mill enhance the readability of the program" 
N 

(ELABORATE-PROCESS-STEPgoall stepi actl) 

N ^^ \ S 

(INFORMSH (STE P step i  goall) ) 

"To enhance the readability of the program the system 
applie s readabilit y  enhancin g transformations ' 

(BMB (STEPact l  stepi) ) 

(ELABORATE-GENERAL-SPECIFIC goal l  goal2 ) 

act l  replac e CAR wit h FIRS T 
goal l  enhanc e readabilit y 
step i  appl y readabilit y  enhancin g 

transformation s 
goal l  appl y readabilit y  enhancin g 

transformation s 
Ci  =  readabilit y  enhancin g transformation s 
Ql  CAR-to-FIR5 T 

(INFORM S  H  (instance-o f  C2 Ci ) 

"CAR-to-FIRST is a readability 
enhancin g transformations " 

(PERSUADE S H (instance-o f  c a Ci) ) 

N 

"because" 

(EVIDENCE (Instance-of C2 c,)) 

N 

(INFORM SH(satisfies-definitio n C2 Ci) ) 

"its left-hand-side is a function mhose function 
name i s a  technica l  wor d an d it s right-hand-sid e i s 
a functio n whos e functio n name i s a n Englis h word " 

Figur e 5 :  Complete d text-pla n fo r  justificatio n o f  C A R - t o - F I R S T transformatio n 
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parts of the generated text serve. This structure can be useful in aiding several of the cognitive tasks 

tha t  hav e thu s fa r  bee n difficul t  fo r  natura l  languag e generatio n systems ,  suc h a s disambiguatin g follow-u p 

questions ,  selectin g perspectiv e whe n describin g o r  comparin g objects ,  an d providin g furthe r  explanations.' * 

I n addition ,  th e complete d tex t  pla n ca n b e use d t o updat e a  use r  mode l  upo n receivin g follow-u p questions , 

as i t  i s  possibl e t o examin e th e complete d pla n t o determin e whethe r  informatio n take n from  th e use r  mode l 

migh t  hav e bee n inaccurate . 

Unifying the Schema-based and Plan-based Approaches 

Bot h th e schema-base d approac h an d th e plzui-base d approac h ar e usefu l  i n a  tex t  generatio n system :  th e 
plcin-base d approac h i s  necessar y t o reaso n abou t  th e hearer' s belief s t o produc e a n utteranc e th e heare r 

wil l  understand ;  an d th e schema-base d approac h i s usefu l  i n situation s wher e standar d pattern s o f  discours e 

ca n b e identified .  A  generatio n syste m shoul d thu s hav e acces s t o bot h o f  thes e kind s o f  tex t  plans .  I n fact , 

instea d o f  bein g tw o ver y differen t  approaches ,  thes e tw o approache s shoul d b e tw o extreme s o f  a  continuum , 

wher e a  schem a ca n b e viewe d a s a  compile d versio n o f  a  text-plan ,  wit h al l  th e non-termina J node s prune d 

out  an d onl y th e leave s remaining .  The y ca n produc e th e sam e behavior ,  bu t  al l  o f  th e rational e fo r  th e 

behavio r  ha s bee n compile d out. ^  Becaus e o f  thi s "compilation, "  a  schem a i s computationall y efficient .  I t 
m ay b e necesscir y howeve r  t o recove r  th e informatio n whic h ha s bee n compile d ou t  i n orde r  t o handl e som e 

discours e situations . 

We believ e tha t  th e approac h propose d i n thi s pape r  provide s a  computationa l  mode l  tha t  unifie s th e 

schema-base d an d th e plan-base d approaches .  Th e pla n structur e propose d ca n expres s th e whol e spectru m 

of  plans :  fro m primitiv e plan s fo r  speec h act s t o plan s tha t  achiev e ver y high-leve l  discours e goal s an d 
resembl e schemata .  Onc e a  pla n fo r  achievin g a  high-leve l  discours e goa l  ha s bee n constructed ,  i t  wil l  b e 

possibl e t o us e it s  "compiled "  for m (jus t  th e leaves )  fo r  th e sak e o f  computationa l  efficiency .  B y keepin g 

th e detaile d pla n tha t  resulte d i n thi s schema ,  th e syste m wil l  stil l  b e abl e t o recove r  fro m failure .  Mos t 

plans ,  however ,  lik e th e one s presente d i n ou r  exajnples ,  ca n b e considere d a s a  middl e groun d betwee n th e 

schemat a an d th e plan s tha t  wer e use d i n previou s plan-base d approaches . 

Future Work 

Many issues remain to be addressed. In particuljir, we must develop a set of heuristics for plan selection as 

wel l  a s fo r  decidin g whe n a n optiona l  satellit e shoul d b e expanded .  W e mus t  als o devis e a  contro l  mechanis m 

fo r  thes e heurictics . 

We hav e mentione d tha t  th e rhetorica l  relation s used  t o for m a  pla n ca n provid e informatio n a s t o whic h 

cu e wor d i s  appropriate .  Rhetorica l  relation s m a y relat e paragraph s a s wel l  a s simpl e propositions .  Th e 
planne r  mus t  recogniz e thi s fac t  an d ac t  upo n i t  i n th e appropriat e wa y t o ensur e tha t  th e resultin g tex t 

i s  eas y t o read :  fo r  example ,  th e curren t  focu s migh t  hav e t o b e reintroduce d befor e a  ne w propositio n i s 

presented .  W e wil l  investigat e th e us e o f  critic s tha t  wil l  examin e a  pla n fo r  globa l  interaction s an d mak e 

decision s abou t  h o w t o realiz e a  leirg e tex t  pla n i n understandabl e English . 

We ar e als o investigatin g th e possibilit y  o f  rememberin g "good "  plans ,  namel y plan s tha t  wer e successfu l 
i n presentin g th e informatio n t o th e use r  withou t  triggerin g a  flock  o f  follow-u p questions .  I n a  simila r 

vein ,  w e ar e lookin g int o "learning "  plan s fo r  achievin g high-leve l  discours e goals ,  base d o n th e informatio n 

presente d t o th e use r  an d follow-u p question s asked .  W e woul d lik e th e syste m t o b e abl e t o leeir n schemat a 

tha t  ar e use d often . 

Conclusions 

In this paper, we proposed a computational model for text planning which relates effects on the hearer's 

belief s t o th e rhetorica l  mean s tha t  ca n b e use d t o achiev e thes e effects .  A s a  result ,  w e ar e operationalizin g 

Rhetorica l  Structur e Theor y fo r  constructin g text .  W e hav e argue d tha t  a  detaile d tex t  pla n whic h explicitl y 

record s th e rhetorica l  mean s used  t o construc t  th e tex t  i s  necessar y i n orde r  t o respon d t o follow-u p questions . 

Th e tex t  planne r  propose d ca n b e used  t o generat e eithe r  verbose  text s o r  answer s t o follow-u p questions , 

i n a  mor e interactiv e situation . 

*See [MS88 ]  fo r  mor e detail s abou t  a  syste m tha t  use s suc h a  pla n t o d o thes e tasks . 
^Not e tha t  thi s i s simila r  t o Swartout' s argumen t  i n th e XPLAI N syste m [Swa83] ,  wher e Swartou t  point s ou t  tha t  havin g 

impHci t  knowledg e i s usuall y no t  enough :  on e migh t  nee d t o recove r  th e knowledg e omitte d i n a  compile d form . 

642 



MOORE,  PARI S 

References 

[AP80] James F. Allen and C. Raymond Perrault. Analyzing intention in utterances. Artificial Intelligence, 

15:143-178 ,  1980 . 

[App8lj Douglas E. Appelt. Planning Natural Language Utterances to Satisfy Multiple Goals. PhD thesis, 

Stanfor d University ,  1981 . 

[Aus75] J. L. Austin. How to Do Things With Words. Harvard University Press, Cambridge, MA., 1975. 

Second Edition . 

(CL85] Philip R. Cohen and Hector J. Levesque. Speech acts and rationality. In Proceedings of the Twenty-

Thir d Annua l  Meetin g o f  th e Associatio n fo r  Computationa l  Linguistics ,  page s 49-60 ,  Universit y 

of  Chicago ,  Chicago ,  Illinois ,  Jul y 8-1 2 1985 . 

[CP79] Philip R. Cohen and C. Raymond Perrault. Elements of a plan-based theory of speech acts. 

Cognitiv e Science ,  3:177-212 ,  1979 . 

[Gri75] Joseph E. Grimes. The Thread of Discourse. Mouton, The Hague, Paris, 1975. 

[Hov88] Eduard H. Hovy. Planning coherent multisentential text. In Proceedings of the Twenty-Sixth 

Annual  Meetin g o f  th e Associatio n fo r  Computationa l  Linguistics ,  Stat e Universit y o f  Ne w York , 
BuflFalo ,  Ne w York ,  7-1 0 Jun e 1988 . 

[McC85] Kathleen F. McCoy. Correcting Object-Related Misconceptions. PhD thesis. University of Pennsyl-

vania ,  Decembe r  1985 .  Publishe d b y Universit y o f  Pennsylvani a a s Technica l  Repor t  MS-CIS-85-57 . 

(McK82) Kathleen R. McKeown. Generating Natural Language Text in Response to Questions About 

Databas e Structure .  Ph D thesis .  Universit y o f  Pennsylvania ,  1982 .  Publishe d b y Universit y o f 

Pennsylvani a a s Technica l  Repor t  MS-CIS-82-5 . 

[MM83] William C. Mann and Christian Matthiessen. Nigel: A Systemic Grammar for Text Generation. 

Technica l  Repor t  RR-83-105 ,  USC/Informatio n Science s Institute ,  Februar y 1983 . 

[MS88] Johanna D. Moore and William R. Swartout. A reactive approach to explanation. 18-21 July 1988. 

To b e presente d a t  th e Fourt h Internationa l  Worksho p o n Natura l  Languag e Generation . 

[MT87] William C. Mann and Sandra A. Thompson. Rhetorical structure theory: a theory of text or-

ganization .  I n Livi a Polanyi ,  editor .  Th e Structur e o f  Discourse ,  Able x Publishin g Corporation , 

Norwood ,  N.J. ,  1987 .  Als o availabl e a s USC/Informatio n Science s Institut e Technica l  Repor t 

Number  RS-87-190 . 

[NSM85] Robert Neches, William R. Swartout, and Johanna D. Moore. Enhanced maintenance and ex-

planatio n o f  exper t  system s throug h explici t  model s o f  thei r  development .  IEE E Transaction s o n 

Softwar e Engineering ,  SE)-ll(ll) ,  Novembe r  1985 . 

[Par87] Cecile L. Paris. The Use of Explicit User Models in Text Generation: Tailoring to a User's Level 
of  Expertise .  P h D thesis ,  Columbi a University ,  Octobe r  1987 . 

[Sac75l Earl D. Sacerdoti. A structure for plans and behavior. Technical Report TN-109, SRI, 1975. 

[Swa83) William R. Swartout. XPLAIN: a system for creating and explaining expert consulting systems. 

Artificia l  Intelligence ,  2l(3):285-325 ,  Septembe r  1983 .  Als o availabl e a s ISI/RS-83-4 . 

643 
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C O N C E PT COMBINAT ION A N D DEFEASIBILIT Y 

What are the semantic relations within and between lexical concepts that constrain their combination? 

The positio n advance d i s tha t  the y ar e criteria l  relations .  Suc h a  vie w ha s advantage s ove r  extensiona l 

and standar d intensiona l  approaches ,  whic h fai l  t o captur e adequatel y th e characteristic s o f  defeasibilit y 

at  pla y durin g suc h combinations .  W e wil l  examin e thes e question s wit h respect  t o th e adjectiva l 

modificatio n o f  nouns . 

Approaches To Concept Combination 

Treatment s o f  concep t  combinatio n divid e int o "extensional "  an d "intensional "  theories .  Th e majo r 

failing s o f  bot h approache s ca n b e trace d t o som e share d assumptions .  Extensiona l  approache s includ e 

set-theoreti c treatment s o f  concep t  combination :  concept s ar e treate d a s unanalyze d units ,  an d th e 

detaile d interaction s o f  th e content s o f  th e concept s ar e bypassed .  "Intensional "  view s constru e 

concept s accordin g t o thei r  interna l  properties ,  an d concep t  combinatio n i s reduced  t o th e interactiv e 

mechanis m fo r  th e inheritanc e o f  propertie s fro m th e inputs .  Mos t  writer s postulat e som e partitionin g 

of  th e feature s into ,  fo r  example ,  "necessary "  an d "characteristic "  types :  i n combinations ,  th e 

"necessary"/deductiv e attribute s o f  bot h concept s ar e t o b e inherite d b y th e conjunction ,  whils t  th e 

"characteristic "  attribute s migh t  b e negotiated . 

The shared assumptions of the two views are as follows. Firstly, the crucial attributes are those which 

ar e deductivel y relate d t o th e concept :  a s Jackendof f  (1983 )  ha s pointe d out ,  a  defining-feature s 

intensiona l  accoun t  i s formall y equivalen t  t o a  meaning-postulat e extensiona l  account .  Secondly ,  an d 

linke d t o this :  th e semanti c objec t  i s  a  "tota l  object "  (Landman ,  1986) .  Tota l  object s ar e crucia l  t o 

classica l  logi c an d realis t  semantics .  A n objec t  i s  equate d wit h th e se t  containin g al l  o f  it s  properties : 

thes e propertie s ar e th e deductively-relate d identit y conditions .  Tota l  object s ar e thu s predicate d upo n 

th e assumptio n o f  tota l  evidenc e o r  information ,  eve n thoug h thi s ma y b e beyon d th e gras p o f  a 

particula r  language-user .  Thirdly ,  neithe r  vie w ca n distinguis h betwee n th e condition s o f  applicatio n o f 
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a concept, and the content of that concept. Since they are (total) object-centred, the assumption is that 

th e concep t  ca n b e applie d onl y i f  al l  o f  it s  identit y condition s ar e fulfilled ;  an d thes e ar e usuall y take n 

as condition s o n bein g a  particula r  kin d o f  object . 

Standard intensional approaches have a further quality which is founded upon the above three 

assumptions .  Th e characteristi c propertie s ar e construe d a s defaul t  properties .  A n d a n object-centre d 

approac h demand s tha t  wher e th e characteristi c feature s o f  a  concep t  obtain ,  s o mus t  th e necessar y 

features . 

The major difference between the extensional and intensional approaches is that the former takes the 

necessar y attribute s an d operate s ove r  the m a s a  set ,  i n term s o f  forma l  operation s only .  Th e 

intensiona l  approac h operate s upo n th e attribute s themselves ,  allowin g th e furthe r  us e o f  non-necessar y 

attributes . 

The Criterial Relation 

Th e criteria l  relatio n (henceforth ,  "C-relation" )  i s  a  semanti c relatio n whic h m a y hol d eithe r  betwee n 

tw o differen t  concepts ,  o r  betwee n a  singl e concep t  an d it s  evidentia l  conditions .  Th e notio n derive s 

fairl y directl y fro m th e late r  Wittgenstei n (1953) .  Traditionally ,  criteri a ar e sai d t o hav e th e followin g 

properties .  Firstly ,  th e relationshi p betwee n th e evidenc e (qu a criteria )  an d th e particula r  clai m (qu a 

applicatio n o f  a  concept )  i s  somewher e betwee n deductio n (sinc e i t  confer s certainty) ,  an d inductio n (i t 

i s  defeasible) .  Secondly ,  a s th e criteri a ar e necessaril y  goo d evidenc e fo r  a  claim ,  the y fix  th e semanti c 

conten t  o f  tha t  claim .  Thirdly ,  t o hav e satisfactio n o f  th e criteri a fo r  a  clai m i s  consisten t  wit h 

obtainin g furthe r  informatio n whic h overturn s tha t  claim .  Th e relatio n i s  thu s defeasible .  Fourthly , 

criteri a ar e generall y hel d t o b e multiple .  I n additio n t o criteri a a  concep t  ha s symptoms ,  o r  S-relations . 

Thes e ar e inductivel y relate d features ,  simila r  t o defaul t  propertie s i n tha t  thei r  defea t  wil l  no t  alte r  th e 

identit y o f  th e particula r  claim .  S o bot h semanti c relation s ar e inherentl y defeasible . 

This reflects the received criterial view. The approach adopted here extends the concepts according to 

an anti-realis t  semantics .  Primarily ,  C-relation s gover n th e condition s o f  applicatio n o r  us e o f  a  term , 

rathe r  tha n condition s o n identit y o f  a n objec t  (cf .  Tennant ,  1987) .  T h e criteri a fo r  a  concep t  ar e C -

relate d t o th e menta l  representatio n o f  th e object ,  whic h i s  itsel f  S-relate d an d C-relate d t o it s 

attributes ,  an d t o othe r  concepts .  C-relation s ar e th e conventionall y underpinne d semanti c relation s 

holdin g betwee n th e evidenc e for ,  an d th e applicatio n an d evaluatio n of ,  a  concept .  Hence ,  C-relation s 

e m b o dy partia l  object s base d upo n partia l  information :  the y concer n h o w w e m a y rehabl y "g o beyon d 

th e given "  evidenc e t o infe r  a  particula r  kin d o f  conceptua l  entity .  C-relation s licens e defeasibl e 
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extensions of partial objects to less partial ones. 

This allows us to specify the major difference between S-relations and default properties; since the 

propertie s ar e no t  tie d t o th e identit y condition s o f  objects ,  wher e th e S-relation s o f  a  concep t  obtain , 

ther e i s n o necessit y tha t  th e C-relation s d o so .  Hence ,  a  concep t  ma y b e applie d o n th e basi s o f  S -

relations  alone ,  bu t  wit h les s warran t  tha n a  C-relate d application . 

The final difference between the standard views and the one adopted here is that the central semantic 

relation  i s content-drive n an d non-transitive .  Thi s issue s i n a  typ e o f  defeasibilit y  whic h i s no t  ope n t o 

th e othe r  views . 

Types of Defeasibility 

Thre e kind s o f  defeasibilit y  ar e pertinent :  rebuttal,  undercuttin g an d default .  Th e first  tw o involv e 

inter-conceptua l  conflic t  an d defeat ,  th e las t  on e intra-conceptual .  Bu t  firstly,  w e defin e a 

Defeater :  i f  P  i s evidenc e fo r  Q ,  R  i s a  defeate r  fo r  thi s evidenc e iff : 

R i s consisten t  wit h P ;  an d 

( P &  R )  i s no t  evidenc e fo r  Q . 

Crucially ,  anti-realism' s denia l  o f  exclude d middl e denie s tha t  thi s i s equivalen t  t o evidenc e fo r  (-Q) . 

Rebuttal: Denial of the Claim: 

Rebuttin g Defeater :  I f  P  i s prim a faci e goo d evidenc e fo r  Q ,  R  i s a  rebutting  defeate r  fo r  thi s iff : 

R i s a  defeater ,  an d 

R i s goo d evidenc e fo r  (-Q) . 

N o w,  ther e ar e tw o type s o f  rebuttin g defeaters : 

Typ e I :  R  i s a  typ e I  rebuttin g defeate r  iff : 

R i s a  rebuttin g defeater ,  an d 

R i s goo d evidenc e t o suppor t  th e clai m tha t  P  woul d no t  b e warrantedl y assertibl e unles s 

Q wer e so .  Hence ,  (-P) . 

(Th e secon d claus e is ,  o f  course ,  a  generalizatio n o f  th e definitio n o f  modu s tollen s i n classica l  logic : 

- P unles s Q ) . 

Typ e II :  R  i s a  typ e I I  rebuttin g defeate r  iff : 

R i s a  rebuttin g defeater ;  an d 

R i s goo d evidenc e t o den y th e clai m tha t  P  woul d no t  b e warrantedl y assertibl e unles s Q 

wer e so .  Hence ,  P  ma y b e assertible . 

(Here ,  th e secon d claus e generalize s th e denia l  o f  modu s tollens) . 
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Any defeasible deduction will necessarily be a type I rebutting defeater, since modus ponens supports 

modus tollens .  Hence ,  set-theoreti c an d standar d intensiona l  view s ca n utiliz e onl y thi s type .  H o w 

woul d thi s operate ? A  defeasibl e concep t  i s applicabl e if f  w e ca n sho w tha t  non e o f  th e defeatin g 

condition s obtains .  S o certaint y i s equate d wit h necessity ,  an d necessit y i s rea d a s a  deductiv e relatio a 

Any weake r  relatio n i s inherentl y doubtful .  Th e logica l  possibilit y  o f  doub t  i n an y situatio n i s 

equipollen t  wit h a n actua l  grounde d doub t  i n th e curren t  situation . 

Undercutting: Denied of the C-relation: 

Defea t  o f  C-relation s occur s b y an : 

Undercuttin g Defeater :  I f  P  i s prim a faci e goo d evidenc e fo r  Q ,  R  i s a n undercuttin g defeate r  fo r  thi s 

iff : 

R i s a  defeate r  (no t  a  rebuttin g defeater) ;  an d 

R i s a  goo d evidenc e t o den y th e clai m tha t  P  woul d no t  b e warrantedl y assertibl e unles s 

Q wer e so . 

(Note ,  i n thi s case ,  th e secon d claus e canno t  b e a  generalizatio n o f  modu s tollens ,  sinc e w e d o no t 

hav e a n outrigh t  denia l  o f  Q ) . 

This type of defeater, then, attacks the connection between P and Q rather than Q itself. The defeater is 

a reaso n fo r  denyin g tha t  w e woul d no t  hav e th e evidenc e unles s th e conclusio n wer e true .  Thi s doe s 

not  impl y eithe r  - Q o r  -P :  i t  denie s tha t  a  clai m o r  generalizatio n (Q )  o n th e basi s o f  P  woul d b e 

warrantedl y assertible .  Bu t  th e evidenc e itsel f  i s  stil l  assertible ,  an d indee d th e clai m coul d stil l  b e so . 

The epistemological assumptions upon which C-relations are predicated are a great deal more 

naturalize d tha n thei r  classica l  realis t  counteipart s (Bake r  &  Hacker ,  1984) .  Th e obtainin g o f  a  C -

relatio n provide s certaint y i n th e sens e tha t  i t  i s  conclusiv e evidenc e fo r  th e claim .  An d i t  i s  conclusiv e 

i n th e sens e tha t  th e evidenc e canno t  b e improve d upon ,  eve n i f  i t  i s  multiplied :  an d i t  ca n nonetheles s 

be overturned .  Th e burde n o f  proo f  i s als o altered :  o n th e classica l  view ,  ther e i s a  requiremen t  t o 

chec k an d den y th e (possibl y open-ended )  lis t  o f  potentia l  defeaters .  O n a n anti-realis t  view ,  ther e i s 

no suc h requirement :  i f  th e prim a faci e evidenc e support s th e claim ,  then ,  i f  ther e ar e n o availabl e 

prim a faci e defeaters ,  th e clai m wil l  g o throug h -  eve n thoug h ther e i s a  possibilit y  o f  defeat .  S o th e 

logica l  possibilit y  o f  doub t  i s no t  equivalen t  t o th e existenc e o f  a n actua l  grounde d doubt . 

Default: Denial of Inductive Properties: 

Thi s i s th e approac h exemplifie d i n th e S-relatio n an d utilize d i n fram e an d prototyp e theory .  A  defaul t 

propert y i s eithe r  a  paramete r  o r  a  valu e o f  a  paramete r  whic h i s linke d t o a  concep t  b y a n inductiv e 

647 



FRANKS,  MYERS,  McGLASHAN 

relation: it is a "typical" property. Where the property is overridden, the application of the concept 

itsel f  i s  nonetheles s stil l  justified . 

ADJECTIVE-NOUN COMBINATION 

Noun Phrase Constructions 

One typ e o f  constructio n whic h illuminate s th e differen t  kind s o f  defeasibl e semanti c relation s ar e NP s 

wher e a n A  modifie s th e N ,  a s i n sentence-typ e 1 ,  below ;  th e crucia l  question s concer n ho w thi s 

modificatio n operates ,  especiall y i n case s o f  conflic t  o f  A  an d N  properties ,  an d whethe r  w e ca n deriv e 

sentence-type s 2  an d 3  fro m th e type-1 .  Th e sentence-type s ca n b e rendered : 

1:  Thi s i s a  (A)(N )  2 :  Thi s i s A  3 :  Thi s i s a  N 

I t  wil l  b e eviden t  tha t  th e derivatio n o f  type- 3 sentence s i s equivalen t  t o th e derivatio n o f  th e 

superordinat e categor y o f  th e N  fro m tha t  o f  th e NP ,  wit h th e preservatio n o f  th e sorta l  type .  Fo r 

privativ e adjective-types ,  th e inference s t o type- 2 an d type- 3 sentence s ar e problematic :  th e A  function s 

neithe r  predicativel y no r  attributively .  Conside r  th e followin g case : 

1:  Thi s i s a  fak e Hogbi n 2 :  Thi s i s fak e 3 :  Thi s i s a  Hogbi n 

Here ,  w e canno t  infe r  3  fro m 1 ,  althoug h 2  i s sensical .  I n term s o f  classica l  logic' s set-theoreti c 

treatment ,  privative s ar e modelle d b y a  conditio n whic h requires  that ,  i f  X  i s a  member  o f  th e se t  o f 

entitie s denote d b y N ,  i t  i s  a  member  o f  th e relativ e complemen t  o f  th e N P set ,  i n th e particula r 

domain .  (Hoepelman ,  1983) . 

Now, the kinds of examples with which we are concerned are ones which we term "functional 

privatives" :  one s wher e th e inferenc e t o type- 3 sentence s i s mad e problemati c b y th e interactio n o f  th e 

semanti c propertie s o f  th e N  an d A .  Thu s functionin g privativel y i s no t  a n intrinsi c propert y o f  th e typ e 

of  adjectiv e bein g use d -  rather ,  i t  stem s fro m th e conflic t  o f  semanti c feature s an d th e principle s o f 

defeasibilit y  b y whic h the y ar e resolved.  Example s include : 

Thi s i s a  ston e lio n 

Thi s i s a  plasti c flower 

Thes e adjective s ca n functio n affirmativel y i n othe r  contexts : 

Thi s i s a  ston e bridg e 

Thi s i s a  plasti c chai r 

The y eac h allo w inference s t o thei r  appropriat e sentenc e type s 2  an d 3 .  I n th e functionall y privativ e 

cases ,  th e inferenc e t o typ e 3  i s problematic ,  althoug h no t  completel y nonsensical . 

Problems With The Deductive Approach 
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If we map a deductive relation over total objects, the only form of defeasibilty open is type I rebuttal 

So th e denia l  o f  th e evidenc e fo r  th e necessar y condition s o f  a  concep t  entail s a  denia l  o f  al l  o f  it s 

condition s -  i.e. ,  o f  th e concep t  itself .  Thi s i s precisel y th e effec t  achieve d b y th e set-theoreti c relative 

complemen t  method .  Thre e problem s emerge :  firstiy,  i t  denie s to o much :  wit h functiona l  privatives ,  w e 

woul d lik e t o preserv e a t  leas t  som e o f  th e non-essentia l  propertie s o f  th e "lion "  concept ;  sinc e the y 

suppor t  modu s tollens ,  an d requir e defaul t  propertie s t o b e dependen t  upo n th e obtainin g o f  necessar y 

conditions ,  standar d view s canno t  allo w this .  Secondly ,  ther e i s n o accoun t  o f  th e asymmetrica l  natur e 

of  th e combination .  W e ca n argu e tha t  thi s wil l  largel y b e a t  th e behes t  o f  dependenc y relations,  i n 

whic h th e C-relation s o f  th e A  hav e primac y (cf .  Anderson ,  1986) .  Thirdly ,  th e metho d ca n onl y tel l 

us wha t  tiie  objec t  i s  no t  ratiie r  tha n wha t  i t  is :  a  "fak e Hogbin "  jus t  i s  no t  a  Hogbin ,  an d a  "ston e 

lion "  i s no t  a  lion :  ye t  i t  seem s tha t  a  "fak e Hogbin "  i s somewha t  mor e lik e a  real  Hogbi n i n 

appearanc e tha n i s a  Rothko .  Again ,  a  ston e lio n i s mor e simila r  i n shap e t o a  lio n tha n t o a  frog .  Th e 

argumen t  o f  th e nex t  sectio n wil l  b e tha t  th e C-relatio n view  ca n mak e goo d mos t  o f  thes e flaws. 

THE CRITERIAL APPROACH 

We claim there are two different defeats at work here: one type II rebuttal, the other an undercutting. 

Ordinarily ,  a  C-informatio n base d concep t  o f  "lion "  wil l  functio n a s evidenc e fo r  th e sorta l  identit y o f 

an object :  th e conceptua l  evidenc e (P )  i s C-relate d t o th e identit y clai m (Q) .  Bu t  th e combinatio n o f  th e 

concep t  "stone "  (R )  wit h P  wil l  undercu t  tha t  C-relation .  Th e combinatio n o f  P  wit h R  involve s typ e I I 

rebutta l  o f  th e C-informatio n lodge d i n P  b y th e C-informatio n i n R .  So ,  concep t  Q' s us e i s C-relate d 

t o certai n kind s o f  informatio n whic h i s generate d i n suppor t  o f  th e use :  fo r  example ,  idea s o f  "interna l 

essence "  o f  th e identit y o f  lions ,  derive d fro m conventionall y structure d la y theorie s o f  th e domai n (se e 

Murph y &  Medin ,  1985 ;  Keil ,  1987) .  I f  thes e propertie s wer e necessary/deductiv e condition s o n a  tota l 

semanti c object ,  th e overridin g o f  the m woul d functio n accordin g t o rebutta l  typ e I ;  henc e th e ter m 

coul d no t  b e applied .  Tha t  tiiis  i s  no t  tiie  cas e i s clea r  fro m th e eas e wit h whic h w e ca n understan d 

"ston e lion" .  Th e concept' s us e i s als o S-relate d t o certai n features ,  concernin g "appearances" .  S o w e 

can justifiabl y utiliz e th e ter m "lion "  i f  w e ca n generat e appropriat e C -  an d S-relation s (i.e. ,  P )  o n th e 

basi s o f  curren t  contex t  an d information .  Bu t  w e hav e a n undercuttin g o f  th e connectio n betwee n P  an d 

Q,  b y R :  tha t  is ,  th e applicabilit y  o f  th e ter m "lion "  o n th e basi s o f  P  i s denied .  Thi s denia l  o f  positiv e 

suppor t  fo r  Q  i s no t  equivalen t  t o a n assertio n o f  Q' s falsity .  An d thi s als o leave s P  ope n t o 

negotiation . 

For undercutting, the combination (P & R) must be consistent; this is where the type II rebuttal of the 

noun' s C-infonnation ,  whic h motivate s th e undercutting ,  operates .  Crucially ,  thi s typ e o f  defea t  coul d 
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only be facilitated by a context of an undercutting, and not by a rebuttal of claim Q. The question is 

then ,  whic h ha s priority ,  P  (th e noun) ,  o r  R  (th e adjective) ? O n th e basi s o f  linguisti c dependency ,  th e 

C-relation s o f  "stone "  (suc h a s "inanimate" ,  etc. )  hav e th e effec t  o f  overridin g th e C-relation s o f  "lion " 

by a  typ e I I  rebuttal .  Th e ful l  concep t  o f  "stone "  i s thereb y rendere d consisten t  wit h th e undefeate d 

S-relation s o f  "lion" .  Tw o point s ar e noteworth y here .  First ,  th e surviva l  o f  som e o f  th e S-informatio n 

i s acceptabl e sinc e S-relation s d o no t  requir e th e obtainin g o f  C-relations .  Second ,  i n thi s combinatio n 

not  al l  o f  th e S-informatio n survives :  onl y tha t  whic h i s require d b y th e C-relation s o f  th e "stone " 

concept .  Th e othe r  S-relation s woul d eithe r  b e directl y negate d (b y defaul t  defeat) ,  o r  rendere d 

inconsisten t  (b y genera l  defeat) .  Bu t  th e C-relation s o f  "stone "  positivel y requir e tha t  ther e i s som e 

physica l  structur e o r  shape :  an d i t  i s  thes e qualitie s o f  "lion "  whic h ar e retained .  W e clai m tha t  th e 

defea t  o f  th e C-informatio n o f  "lion "  b y tha t  o f  "stone "  i s typ e I I  rebutta l  becaus e i t  i s a  canceUatio n o f 

th e criteria l  propertie s o f  th e noun ;  an d th e othe r  defea t  i s b y undercuttin g becaus e i t  defeat s a  C -

relate d clai m mad e o n th e basi s o f  suc h properties . 

We have advocated a well-motivated intensional account of the defeasible semantic relations 

constrainin g concep t  combination .  Suc h a n accoun t  seem s t o b e necessitate d b y th e cas e o f  functiona l 

privatives .  It s extrapolatio n t o mor e straightforwar d concep t  combination s shoul d b e perspicuous . 
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Whil e muc h researc h o n tex t 
comprehensio n ha s focuse d o n narrativ e text , 
recen t  researc h ha s examine d th e underlyin g 
conceptua l  networ k representation s an d 
processe s involve d i n th e understandin g o f 
particula r  type s o f  tex t  structure s suc h a s 

narratives ,  procedures ,  conversations , 

problems ,  an d description s (Frederiksen , 

1985) .  O n e particula r  type ,  namel y 

descriptiv e text ,  i s  use d t o presen t 

informatio n abou t  objects ,  states ,  events ,  o r 

processe s t o a  learner .  Th e informatio n give n 

i n a  descriptiv e tex t  allow s th e reade r  t o 

develo p network s o f  descriptiv e semanti c 

informatio n abou t  a  give n topic .  Th e focu s 

of  interes t  i n studie s suc h a s thes e i s t o 

evaluat e bot h th e amoun t  an d typ e o f 
descriptiv e semanti c informatio n whic h th e 

learne r  ha s acquire d fro m th e tex t  an d th e 

rule s tha t  ar e use d t o generat e an d integrat e 

conceptua l  structures . 

However, one may also acquire 

descriptiv e semanti c informatio n abou t  a n 

objec t  fro m informatio n source s othe r  tha n 

text .  Tha t  is ,  descriptiv e semanti c structure s 

ar e no t  languag e bound .  Ther e exis t 

informatio n source s whic h ar e non-linguisti c 
and fro m whic h on e als o ca n generat e a 

semanti c descriptio n o f  a n object .  Th e abilit y 

t o assig n meanin g t o a n object ,  regardles s o f 

th e mediu m o f  presentation ,  i s  a n importan t 

comprehensio n abilit y  whic h take s plac e i n 

everyda y life . 

Important domains in which 

informatio n i s presente d i n non-linguisti c 
for m ar e thos e tha t  dea l  wit h graphics .  Lik e 

texts ,  graphic s presen t  informatio n abou t  a n 
object ,  bu t  the y d o s o i n a  differen t  way . 

Thomdyk e an d Stas z (1980 )  hav e define d 

one typ e o f  graphic ,  namely ,  a  m a p a s a 

"symboli c 2-dimensiona l  representatio n o f  a n 

are a whic h i s larg e enoug h t o navigate ,  i.e. ,  a 

building ,  a  city ,  o r  a  country. "  Furthermore , 

maps ar e differentiate d fro m othe r  learnin g 

material s i n tw o ways .  First ,  the y ar e mor e 

comple x tha n typica l  textua l  material s becaus e 

the y contai n bot h spatia l  an d conceptua l 

information ,  an d the y represen t 

characteristic s suc h a s shape ,  an d absolut e 

and relativ e positions .  Secondly ,  the y 

presen t  al l  thei r  informatio n simultaneously . 

Thus ,  i n task s i n whic h graphic s ar e use d a s 

source s o f  information ,  th e abilit y  t o 

comprehen d o r  interpre t  thes e source s i s 

essential . 

The purpose of the present research 

was t o examin e th e underlyin g processe s an d 

representation s involve d i n th e 

comprehensio n o f  graphi c informatio n 

source s i n architecture .  Th e workin g 

hypothesi s i s tha t  semanti c processe s an d 

representation s whic h ar e use d i n th e 

understandin g o f  descriptiv e text s shoul d als o 
operat e i n th e understandin g o f  graphi c 

informatio n sources .  Architectur e i s a n 
interestin g domai n i n whic h t o stud y thi s fo r 

tw o reasons .  First ,  graphic s ar e th e 
informatio n source s whic h ar e mos t 

commonl y deal t  with ,  an d secondly , 

architect s ar e traine d t o giv e verba l 

description s o f  building s fro m thei r  variou s 

drawings .  Thi s i s a  crucia l  an d highl y 
develope d skil l  i n architecture ,  an d play s a n 

importan t  rol e i n th e evaluatio n o f 

architectur e students .  Durin g thi s evaluatio n 

session ,  calle d a  Critique ,  student s mus t  giv e 

a ful l  descriptio n o f  th e buildin g whic h the y 

hav e designed ,  t o a  committe e o f  examiners . 
Sinc e thi s skil l  i s  par t  o f  th e professiona l 

trainin g o f  architects ,  th e tas k o f  generatin g a 

verba l  descriptio n base d o n th e drawing s o f  a 
buildin g i s no t  on e whic h interfere s wit h th e 
processin g o r  comprehensio n o f  th e graphi c 

stimul i  themselve s (cf .  Ericsso n an d Simon , 

1980) .  Furthermore ,  sinc e th e outpu t  i s 
verbal ,  i t  allow s fo r  th e appHcatio n o f 

method s o f  semanti c analysi s develope d fo r 

nauira l  languag e t o th e verba l  protocol s 

produce d b y subjects .  Thes e technique s o f 

prepositiona l  an d conceptua l  fram e analysi s 
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(Frederiksen ,  1975 ,  1985 )  ma y b e use d t o 
abstrac t  th e semanti c informatio n fro m 
subjects '  natura l  languag e protocol s an d ar e 
bot h well-define d (i n term s o f  semanti c B N F 
grammars )  an d rigorous  (analysi s i s guide d 
by a  compute r  program) .  Thus ,  the y provid e 
an excellen t  mean s t o ascertai n bot h th e 
amount  an d typ e o f  informatio n a n individua l 
has learne d abou t  a  buildin g fro m it s graphi c 
sources . 

It is important to note that the problem 
tha t  w e ar e intereste d m i s no t  on e o f  ho w 
graphi c informatio n i s perceive d o r  encoded ; 
rather ,  ho w it s meanin g (i.e. ,  a  descriptio n o f 
th e objec t  i t  represents )  i s  represente d i n 
"thin k aloud "  protocol s give n b y th e subjects . 
Therefore ,  th e natur e o f  memor y 
representatio n fo r  visua l  object s i s no t  a n 
importan t  issu e her e sinc e th e tas k wa s a 
"thin k aloud "  interpretatio n o f  th e objec t 
represente d b y th e graphics ,  rathe r  tha n o f  th e 
graphi c informatio n itself .  O f  cours e 
representation s fo r  visua l  object s havin g 
characteristic s whic h ar e symboli c an d spatia l 
i n nature ,  ar e generated .  Furthermore ,  thes e 
ar e require d whe n modellin g th e processe s b y 
whic h semanti c interpretation s ar e assigne d t o 
graphi c objects .  However ,  sinc e ou r  curren t 
interes t  i s  i n th e semanti c representation s o f 
th e object s bein g represente d b y graphi c 
information ,  th e debat e ove r  th e natur e o f 
representatio n fo r  visua l  object s (cf . 
Anderson ,  1977 )  wil l  no t  b e discussed . 

The present research has several 
objectives .  Perhap s th e mos t  importan t  o f 
thes e i s t o examin e th e processe s involve d i n 
comprehendin g a  chose n buildin g fro m it s 
graphi c sources ;  tha t  is ,  ho w d o architect s 
construc t  a  "menta l  model "  (Johnson-Laird , 
1980 )  o f  a  buildin g a s a  three-dimensiona l 
entit y fro m it s graphic s whic h presen t  th e 
informatio n schematicall y i n two-dimensions . 
Comprehensio n o f  graphic s i n architectur e 
involve s th e interpretatio n o f  th e graphic s 
wit h regar d t o th e followin g type s o f 
conceptua l  models :  (a )  th e descriptiv e 
propertie s o f  th e building ,  (b )  it s  supportin g 
structure ,  (c )  it s  geometry ,  (d )  possibl e 
movement  an d circulatio n i n th e building , 
(e )  function s o f  buildin g component s an d 
spaces ,  a s wel l  a s othe r  characteristic s 
includin g it s goal s an d it s interpretatio n b y a 

potentia l  use r  o f  th e building .  I n addition , 
any o f  thes e conceptua l  model s ca n involv e 
differen t  categorie s o f  semanti c informatio n 
whic h ar e use d t o represen t  th e meanin g o f 
graphi c display s b y architects .  Semanti c 
categorie s includ e th e followin g whic h ar e 
identifie d i n propositiona l  models : 
categorization ,  attribution ,  function , 
compositio n (par t  structure) ,  locativ e 
information ,  identity ,  similarit y relations , 
event s involvin g buildin g component s (e.g. , 
movement) ,  an d algebraic ,  an d dependenc y 
relations . 

A second objective is to identify from 
th e verba l  protocol s characteristic s whic h 
differentiat e exper t  an d sub-exper t 
performanc e fo r  thi s tas k base d o n thei r 
semanti c interpretation s o f  th e chose n 
building . 

A third objective is to investigate the 
natur e o f  expertis e i n architectur e whic h i s a 
domai n tha t  i s  bot h highl y symboU c an d 
semanticall y rich. 

The most important previous work 
withi n th e domai n o f  architectur e pertinen t  t o 
th e presen t  stud y i s tha t  o f  Aki n (1979 )  wh o 
has adopte d a  problem-solvin g approac h t o 
desig n i n architecture .  Aki n ha s studie d th e 
heuristic s use d i n th e desig n process . 
However ,  th e semanti c representatio n an d 
interpretatio n o f  th e graphi c informatio n i s 
not  addresse d centrall y i n hi s work .  Thus , 
th e presen t  researc h wil l  contribut e t o th e 
body o f  expert-novic e literatur e wit h 
architectur e a s th e domai n o f  study .  I t  als o 
has th e potentia l  t o contribut e informatio n an d 
method s pertinen t  t o othe r  domain s i n whic h 
th e source s use d ar e primaril y graphi c o r 
pictoria l  i n nature ,  suc h a s cartograph y an d 
radiology . 

Method 

Subjects 

A total of eighteen subjects 
participate d i n thi s study .  Seve n o f  these ,  th e 
"sub-expert "  group ,  wer e student s wh o ha d 
recentl y complete d thei r  fourt h yea r  i n th e 
schoo l  o f  Architectur e a t  McGil l  University . 
A tota l  o f  nin e professiona l  architect s 
comprise d th e exper t  group ,  al l  o f  w h o m ha d 
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a minimu m o f  tw o year s experienc e a s 
professiona l  architects . 

Two professors in the School of 
Architectur e a t  McGil l  Universit y als o 
participate d i n th e stud y fo r  th e purpose s o f 

developin g a n exper t  descriptiv e frame ,  i.e. , 

a Referenc e Mode l  fo r  th e building .  Thes e 

expert s wer e chose n fo r  thei r  particula r 

expertis e pertinen t  t o th e tas k o f  providin g a 

verba l  descriptio n o f  building s base d o n 

graphi c information .  O n e ha s particula r 

expertis e i n th e analysi s o f  buildin g plan s an d 

th e verba l  descriptio n o f  suc h plans ;  th e othe r 

has develope d a  classificatio n syste m fo r  th e 

characterizatio n o f  architectura l  informatio n 

system s whic h i s use d t o teac h student s h o w 

t o interpre t  buildings .  Thes e tw o expert s wil l 

be referre d t o a s "participan t  experts" . 

Materials 

Four plans (ground , second level, 

thu- d level ,  an d roof ) ,  thre e sections ,  a n 
axonometri c drawin g an d tw o aeria l 

photograph s o f  thi s buildin g comprise d th e 
material s fo r  thi s study .  Th e buildin g whic h 

was chose n fo r  thi s stud y i s Th e Atheneum . 

whic h wa s designe d b y Richar d Meier .  Thi s 

building ,  whic h i s locate d i n N e w Harmony , 

Indiana ,  serve s a s a n informatio n an d touris t 

centr e fo r  th e towns '  visitors .  I t  wa s selecte d 
fo r  it s interes t  an d th e availabiUt y o f  thes e 

particula r  graphi c informatio n source s fo r  it . 

Procedure 

The graphic sources were presented 

i n th e followin g order :  plans ,  sections , 

axonometri c drawing ,  an d aeria l 

photographs .  Eac h se t  (plans ,  sections , 

axonometric ,  an d aerials )  presente d additiona l 
informatio n abou t  th e building .  Th e 

procedur e fo r  testin g wa s identica l  fo r  al l 

participants .  Al l  subject s wer e aske d t o giv e 

a "thin k aloud "  interpretatio n o f  th e sources . 

Mor e specifically ,  the y wer e aske d "t o 

describe ,  i n a s muc h detai l  a s possible ,  al l  th e 
informatio n tha t  the y kne w abou t  th e buildin g 

fro m th e source s given ,  specifyin g whic h 

sourc e the y wer e referrin g to ,  an d th e 

locatio n withi n i t  (top ,  bottom ,  left ,  right, 

etc.)" .  Al l  protocol s wer e tap e recorde d an d 

transcribed .  Al l  plan s wer e availabl e 
simultaneousl y fo r  examinatio n b y th e 

subjects ,  an d subsequentl y al l  section s wer e 

simultaneousl y available .  Thu s a  subjec t 

coul d shif t  fro m on e graphi c sourc e t o 

anothe r  o f  th e sam e typ e durin g th e 

performanc e o f  th e task . 

The present study will analyze only 

th e result s from  th e firs t  typ e o f  graphi c 

sourc e given ,  namely ,  plans .  Sinc e th e othe r 

source s wer e introduce d afte r  these ,  th e 

subsequen t  informatio n source s canno t  hav e 

had a n influenc e o n th e interpretatio n o f  th e 

buildin g plans . 

Development of Reference Model from 

Participan t  Experts '  Protocol s 

The coding of subjects' protocols was 

base d o n matchin g the m t o a  Referenc e 

Model  o f  th e building .  T o develo p suc h a 

model ,  protocol s produce d b y th e 

participan t  exper t  architect s wer e analyzed . 

Thi s involve d severa l  steps .  First ,  al l 

statement s i n thei r  protocol s whic h wer e 

description s o f  th e buildin g wer e identifie d 

(i n contras t  t o statement s suc h a s architectura l 

critiques ,  historica l  influences ,  description s 
of  one' s though t  processes ,  etc.) .  Th e 

purpos e t o thi s wa s t o hav e protocol s fo r 

propositiona l  analysi s whic h woul d includ e 
onl y descriptiv e informatio n abou t  th e chose n 
building . 

The second step was to identify all 

graphi c object s whic h wer e referre d t o b y th e 
tw o participan t  expert s an d assig n the m 
alphanumeri c codes .  Thus ,  eac h graphi c 

objec t  wa s assigne d a  numerica l  labe l  fo r 

identificatio n purposes . 

Third, a propositional analysis 
(Frederiksen ,  1986 )  wa s carrie d ou t  o n eac h 

of  th e exper t  protocol s i n orde r  t o ascertai n 

th e semanti c informatio n describe d b y eac h 

expert . 

Fourth, a descriptive semantic network 

(i.e. ,  descriptiv e frame )  wa s constructe d 
base d o n thes e propositions .  Finall y al l  Unk s 

(i.e. ,  correspondences )  betwee n semanti c 

object s i n th e networ k an d graphi c object s 

wer e identified . 

Coding of Subjects' Protocols 

Subjects' protocols were transcribed. 
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descriptiv e statement s wer e identifie d (a s i n 
th e participan t  experts '  protocols) ,  an d thes e 
statement s wer e matche d t o informatio n i n th e 
Referenc e Mode l  an d t o graphi c object s whe n 
referenc e wa s mad e t o graphi c elements .  Th e 
basi c dat a resultin g fro m thi s codin g o f 
subjects '  protocol s i s th e presenc e o f  specifi c 
node s o r  link s o f  th e Referenc e Model ,  o f 
graphi c object s fo r  whic h semanti c 
description s wer e made ,  an d o f  link s betwee n 
semanti c informatio n an d graphi c objects . 
Fro m thes e basi c data ,  frequenc y count s wer e 
made o f  th e variou s categorie s o f  semanti c o r 
graphi c information . 

Categories for Data Analysis 

Graphic categories. These include the 
number  o f  graphi c object s fro m eac h pla n tha t 
ar e linke d t o semanti c descriptions ,  an d th e 
frequencies  o f  particula r  type s o f  graphi c 
informatio n suc h as :  objects ,  structures , 
spaces ,  features ,  etc . 

Types of descriptive models. These 
includ e th e amoun t  o f  semanti c informatio n 
include d i n subjects '  interpretatio n protocol s 
tha t  reflect s differen t  type s o f  model s o f  th e 
building ,  i n particular :  buildin g description , 
supportin g structure ,  geometry ,  an d 
circulatio n an d access . 

Categories of semantic information in the 
network .  Categorie s o f  semanti c 
informatio n wit h example s take n from  th e 
participan t  expert' s  protoco l  wer e a s follows : 

1) object classification or identification: 
thi s categor y consist s o f  object s whos e 
identit y o r  categor y wa s given .  Example s o f 
thi s are : 

"That's probably the space [over the 
auditorium]" ,  "Thi s mus t  b e th e balcon y 
[here ,  ove r  th e stage]" . 

2) attribute description: descriptive 
informatio n give n wit h regar d t o th e physica l 
attribute s o f  th e objects .  Example s are : 

"[It's] a pretty high semi-enclosed 
space" ,  "It' s  a  prett y od d building. " 

3) function: includes information with 
regar d t o th e functio n o f  object s withi n th e 
building ,  an d th e function s o f  th e buildin g 
itself .  Example s are : 

"[I t  doesn' t  see m lik e it' s a  theatr e o f 
sorts] ,  mor e fo r  musi c I  imagine" ,  "[It' s  a 
ramp ]  fo r  th e handicapped" . 

4) information about events, i.e., 
circulatio n an d movemen t  throug h th e 
building :  refer s t o statement s give n wit h 
regar d t o th e path s travelle d b y peopl e wh o 
ar e i n di e building .  Example s are : 

"This is the top level which gives access 
t o thi s stair" ,  "yo u ca n g o from  thi s leve l 
highe r  u p t o th e 3r d floor" . 

5) physical processes underlying building 
structure :  informatio n pertainin g t o th e 
physica l  structur e an d processe s o f  th e 
buildin g o r  it' s  variou s parts .  Example s are : 

". . .which is supported by this column 
here" .  "Insid e thi s spac e whic h i s use d t o 
suppor t  thi s 3r d floo r  par t  o f  th e buildin g 
whic h stick s out. " 

6) composition (part structure): 
informatio n referrin g t o th e variou s part s o f 
th e building .  Example s are : 

"it is a building that has a large 
auditoriu m [whic h i s  fo r  publi c  access]" , 

".  .  i t  seem s t o hav e large r  an d smalle r 
elements .  .  . " 

7) Point location: i.e., an object which 
goes fro m on e poin t  i n a  1 ,  2 ,  o r  3 
dimensiona l  regio n t o anothe r  poin t  i n a  1,2 , 
or  3  dimensiona l  regional ,  o r  a n objec t  whic h 
goes from  on e poin t  i n a  1,2 ,  o r  3 
dimensiona l  regio n bu t  ha s n o specifie d 
secondar y location .  Example s are : 

"This is a stair which you can go from the 
front." ,  "  I t  goe s from  th e groun d floor  t o 
th e 2n d floor,  an d end s u p a t  th e 3r d floor." 

8) Containment location: the location of an 
objec t  whic h i s containe d i n a  l,2,o r  3 
dimensiona l  region .  Example s are : 

"which has a stair which should show up 
at  th e secon d floor",  "It' s outsid e th e buildin g 
envelop e essentially" . 

9) Adjacency location: location which is 
specifie d a s bein g relativ e t o th e locatio n o f 
anothe r  object ,  i.e .  belo w ,  above ,  etc . 
Example s are : 
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"That' s probabl y th e spac e ove r  th e 
auditorium" ,  "There' s a  spac e undeme a 
here. " 

10)  Directio n location :  locatio n whic h i s als o 
specifie d a s bein g relativ e t o a  centr e point ,  o r 

locatio n whic h specifie s th e directio n whic h 

an objec t  goe s toward .  Example s are : 

"The space which is on the north side.", 

"Thes e stair s ar e goin g up" . 

For further definition of types of location see 

Frederikse n (1975) . 

Links between graphic objects and 

semanti c descriptions .  Categorie s ar e base d 

on combination s o f  type s o f  graphi c object s 

and type s o f  semanti c informatio n associate d 

wit h the m i n subjects '  protocols .  Fo r 

example ,  graphi c object s m a y b e assigne d t o 

semanti c categories ,  space s m a y b e assigne d 

functions ,  an d particula r  feature s m a y b e 

associate d wit h relativ e locations . 

Design and Construction of Within Subject 

Variable s 

The design of the study involves one 

between-grou p factor :  leve l  o f  expertise . 

Within-grou p factor s ar e constructe d t o 

correspon d t o th e abov e mentione d 
categories .  I n eac h o f  a  serie s o f  multivariat e 

repeate d measure s analysi s o f  variance , 
particula r  within-grou p factor s wil l  b e 

investigate d i n term s o f  thei r  mai n effect s an d 

thei r  interaction s wit h th e between-grou p 

facto r  (i.e. ,  t o investigat e exper t  an d sub -

exper t  difference s i n term s o f  th e effect) . 

Results and Discussion 

Results in this paper will be restricted 

t o illustrativ e dat a fo r  on e o f  th e participan t 
exper t  architect s an d tw o o f  th e sub-experts . 

Frequencies were tabulated for all of 

th e categorie s o f  semanti c informatio n 
(objects ,  descriptions ,  function ,  circulation , 

structure ,  composition ,  an d th e fou r  locatio n 

categories ,  namely ,  poin t  location , 

containmen t  location ,  adjacen t  location ,  an d 

directio n location )  fo r  th e participan t  exper t 

and eac h o f  th e tw o sub-experts .  Thes e 

categorie s o f  semanti c informatio n wer e 

groupe d int o thre e set s sinc e the y reflec t 

differen t  aspect s o f  th e subjects ' 

interpretation s o f  th e plans . 

The first set of measures consisted of 

frequencie s fo r  tw o categories :  th e numbe r 

of  object s identifie d i n th e building ,  an d th e 

amount  o f  descriptiv e informatio n give n 

abou t  th e object s i n th e building .  Result s ar e 

give n i n Figur e 1 .  Her e w e se e tha t  th e 

participan t  exper t  produce d highe r 

frequencie s tha n cfi d th e sub-expert s fo r  bot h 

thes e categories .  Thus ,  th e participan t  exper t 

identifie d a  greate r  numbe r  o f  object s withi n 

th e buildin g tha n di d th e sub-experts ,  an d h e 

gav e mor e descriptiv e informatio n abou t  th e 

buildin g a s well . 

8 0 - I 

6 0 -

S 4 0 -

2 0 -

•  par-ticipan t 

D sub l 

O sub 2 

Object s Descrip-tive s 

Figure 1 : objects & descripii-ves 

The two sub-experts produced frequencies 
whic h wer e ver y simila r  t o eac h othe r  fo r 

bot h o f  thes e categories ;  however ,  bot h th e 

sub-expert s gav e slighti y mor e descriptiv e 
informatio n tha n objec t  identit y information . 

Thi s i s i n contras t  t o th e participan t  expert , 
w ho gav e a  large r  amoun t  o f  objec t  identit y 
informatio n tha n descriptiv e information . 

Thu s th e expert' s  mode l  o f  th e buildin g 

include d mor e object s an d a  greate r  amoun t 

of  descriptiv e informatio n fo r  thes e objects . 
The sub-experts '  identifie d fewe r  objects ,  bu t 

identifie d a  greate r  amoun t  o f  descriptiv e 

informatio n fo r  thes e objects . 

The second set of frequencies 

consiste d o f  th e followin g categories : 

function ,  geometry ,  circulation ,  structure , 

and composition/part .  Figur e 2  present s 

thes e results .  Th e participan t  exper t 
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produce d highe r  frequencie s tha n di d th e sub -
expert s fo r  thre e o f  th e five  categories , 
namely ,  function ,  circulation ,  an d part / 
composition .  Sub-exper t  1  produce d th e 
highes t  frequenc y fo r  geometry ,  wherea s th e 
participan t  exper t  produce d th e lowes t 
frequenc y fo r  thi s category .  Wit h respec t  t o 
structure ,  th e participan t  exper t  an d sub -
exper t  2  produce d th e sam e frequencies.Th e 
tw o sub-expert s produce d ver y differen t 
pattern s o f  frequencies . 

Since these measures reflect the extent 
of  particula r  type s o f  conceptua l  informatio n 
i n th e "Buildin g Models "  constructe d b y th e 
subjects ,  difference s i n frequencie s o f  a 
categor y ma y reflec t  eithe r  difference s i n 
abilit y  t o generat e particula r  kind s o f  semanti c 
information ,  difference s i n strategie s 
reflectin g th e strategi c importanc e assigne d 
by a  subjec t  t o particula r  kind s o f  semanti c 
information ,  o r  both .  Fo r  example ,  i f  w e 
assume tha t  difference s i n frequencie s acros s 
categorie s fo r  th e Exper t  reflec t  strategi c 
difference s (an d no t  abilit y  differences) ,  w e 
may conclud e tha t  th e exper t  gav e strategi c 
priorit y  to :  (a )  function s o f  buildin g space s 
and components ,  (b )  circulatio n o r  movemen t 
throug h th e buildin g (wha t  w e ma y cal l  th e 
"Wal k Throug h Strategy") ,  (c )  th e 
compositio n o f  th e building ,  tha t  i s  it s  par t 
structure ,  an d (d )  th e supportin g structur e o f 
th e building .  Th e exper t  di d no t  giv e priorit y 
t o th e geometr y o f  th e buildin g a s i t  wa s 
reflecte d i n th e plans . 

Sub-expert 1 gave priority to the 
geometr y o f  th e plan ,  adoptin g a  "geometri c 
strategy" ,  an d t o th e par t  structure ,  i.e. ,  th e 
compositio n o f  th e building .  Thi s subjec t 
als o appear s t o hav e use d th e "Walk-Throug h 
Strategy" .  Th e secon d sub-exper t  als o 
emphasize d geometry ,  bu t  als o generate d 
informatio n i n al l  o f  th e othe r  categories ,  wit h 
th e exceptio n o f  circulation .  Thus ,  thi s 
subjec t  appear s t o hav e adopte d strategi c 
prioritie s mor e lik e thos e o f  th e expert ,  bu t 
was les s successfu l  i n applyin g them .  I t  i s 
interestin g t o not e tha t  th e "Geometri c 
Strategy" ,  unlik e th e othe r  strategies , 
involve d principall y a  descriptio n o f  th e plan s 
rathe r  tha n th e buildin g whic h i s represente d 
by th e plans .  Sub-expert s apparentl y carrie d 
out  "shallower "  processin g o f  th e plans . 

emphasizin g informatio n whic h wa s mor e 
directl y depicte d i n th e plans . 

9 
O 
e 
ft 
9 

30 n 

20 -

10-

•  participan t 
D sub l 

sub2 

Func.  Geom.  Circ .  Struc .  Part . 

Figure 2: categories 3-8 

The third set of frequencies comprises 
th e fou r  locativ e categorie s identifie d 
previously .  Difference s i n th e frequencies  o f 
thes e categorie s reflec t  th e type s an d 
complexit y o f  locativ e description s o f  th e 
building .  Figur e 3  present s thes e results . 
The participan t  exper t  produce d hig h 
frequencies  fo r  thre e o f  th e fou r  locativ e 
categories :  poin t  location ,  containmen t  an d 
direction .  Containmen t  locatio n involve s 
specifyin g inexac t  locatio n o f  a n objec t  wit h 
referenc e t o a  regio n o f  th e buildin g (e.g. ,  a 
floo r  o r  area) .  Poin t  locatio n involve s mor e 
precis e locatio n o f  object s (o r  part s o f  object s 
suc h a s thei r  extremities )  wit h respec t  t o othe r 
objects .  Fo r  containmen t  location ,  th e 
frequencies  o f  th e tw o sub-expert s wer e 
identica l  an d muc h lowe r  tha n thos e o f  th e 
expert ,  whil e fo r  poin t  location ,  th e sub -
experts '  frequencies  wer e lowe r  tha n tha t  o f 
th e exper t  an d wer e differen t  from  eac h other : 
sub-exper t  2  wa s ver y lo w an d sub-exper t  1 
was intermediat e i n frequency. 

With respect to the other two locative 
categories ,  adjacen t  locatio n an d direction , 
difference s betwee n th e exper t  an d sub-exper t 
1 wer e les s apparent .  Sub-exper t  1  showe d 
highe r  frequencies  tha n di d eithe r  th e exper t 
or  th e othe r  sub-exper t  fo r  adjacenc y locatio n 
For  directio n location ,  th e frequency  fo r  th e 
exper t  wa s ver y simila r  t o tha t  produce d b y 
sub-exper t  1 .  Sub-exper t  2  produce d 
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frequencies  tha t  wer e ver y lo w fo r  bot h o f 
thes e categories .  Excep t  fo r  containmen t 
location ,  th e exper t  an d sub-exper t  1  wer e 
simila r  i n th e type s o f  locativ e structure s the y 

generate d t o represen t  th e spatia l 

characteristic s o f  th e building ,  whil e sub -

exper t  2  ha d difficult y generatin g a  spatial -

locativ e representatio n fo r  th e building . 

•  participan i 

D sub l 

sub2 

Point-Loc .  Cont.-Loc .  Dir.-Lo c Adj.-Loc . 

Figur e 3 :  locatio n 

Although these results are only 

preliminary ,  the y illustrat e th e kind s o f 

difference s tha t  a n analysi s o f  th e complet e 

dat a o n thes e measure s i s likel y t o reveal . 

The effect s o f  prio r  knowledg e o f  th e 

buildin g wil l  als o b e analyze d i n orde r  t o se e 

whethe r  ther e ar e an y significan t  effect s o n 

thes e categories .  I t  i s  interestin g t o not e tha t 

many o f  th e sub-expert s i n th e ful l  sampl e 

had som e prio r  knowledg e o f  th e buildin g 

due t o th e fac t  tha t  i t  i s  a  m o d e m on e an d 

m o d em architectur e comprise s par t  o f  thei r 

curriculum ;  however ,  preliminar y analyse s 

suggest s tha t  th e performanc e fo r  thes e 

subject s o n severa l  o f  th e categorie s wa s stil l 

lowe r  tha n tha t  o f  on e participan t  exper t 

architec t  w h o ha d n o prio r  knowledg e o f  th e 

buildin g whatsoever . 

Preliminary analysis of these data 

sugges t  tha t  th e processe s involve d i n 

comprehendin g architectura l  drawing s ar e 

different ,  bot h quantitativel y an d 
quahtatively ,  fo r  expert s tha n the y ar e fo r 

sub-experts .  Thes e differences ,  i f 

substantiate d b y analyse s o f  variance ,  m a y b e 

attribute d t o difference s i n strategie s 

employe d i n generatin g a  semanti c 

descriptio n o f  th e building ,  an d i n th e 

effectivenes s o f  th e processe s associate d wit h 

differen t  categorie s o r  type s o f  descriptive . 

I n addition ,  prio r  knowledg e o f  engineering , 

buildin g functions ,  principle s fo r  structurin g 

space ,  geometri c principle s use d i n design , 

and principle s governin g movemen t  i n 

architectura l  space s ar e certainl y involved . 

What  i s  clear ,  however ,  i s  tha t  ver y comple x 

and differentiate d semanti c informatio n 

structure s ar e involve d i n th e comprehensio n 

of  architectura l  plans ,  an d tha t  thes e 

structure s ca n b e uncovere d throug h a 

semanti c analysi s o f  natura l  languag e 

interpretations . 
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Abstract 

A computationa l  trbatmen t  o f  aspec t  i n Englis h i s presented .  A  se t  o f  aspectua l  value s i s introduce d an d 
discussed .  Th e lexica l  an d contextua l  clue s fo r  determinin g aspectua l  value s ar e determined .  Th e structur e 
of  th e entr y i n th e mai n dictionar y supportin g aspectua l  (a s wel l  a s othe r  type s of )  analysi s i s illustrated .  A 
computationa l  framewor k fo r  a n aspectua l  analyze r  i s described ,  i n whic h th e latte r  i s  conceive d a s on e o f  a 
grou p o f  specialis t  analysi s module s workin g together ,  i n a  distribute d (blackboard-oriented )  computationa l 
environment . 

1.  T h e C o n c e p t  o f  Microtheor le s 

A computational nrxxJel of language behavior must provide treatment of a large number of syntactic, 
semanti c an d pragmati c phenomena .  I t  ma y b e realize d i n a  se t  o f  compute r  program s tha t  obtai n natura l 
languag e inputs ,  extrac t  thei r  meaning s an d represen t  the m i n a  well-define d notation ,  afte r  whic h the y 
reac t  accordingl y t o th e messag e i n th e input .  O f  course ,  som e type s o f  reaction s ma y hav e nothin g t o d o 
wit h natura l  languag e (fo r  instance ,  a  robo t  migh t  perfor m a  motori c operatio n afte r  havin g understoo d a 
verba l  command) .  However ,  a  numbe r  o f  reaction s (a s i n dialo g system s o r  th e variou s tex t  processin g 
systems ,  suc h as ,  fo r  instance ,  thos e o f  machin e translation )  involve s generatin g natura l  languag e text s 
base d o n th e extracte d meanings .  Thus ,  a  complet e mode l  o f  languag e behavio r  mus t  dea l  wit h 
recognition ,  representatio n an d synthesi s o f  natura l  languag e texts . 

Significant progress has been made recently in the field with respect to the theories of syntax. 
Semanti c an d pragmati c phenomen a hav e traditionall y bee n les s amenabl e t o computationa l  analysis .  I t 
doe s no t  see m plausibl e tha t  a n integrate d semanti c theor y tha t  cover s al l  o f  lexica l  an d compositiona l 

phenomen a a s wel l  a s th e variou s pragmati c consideration s i s formulate d i n th e nea r  future .  Thi s 
assessmen t  become s eve n mor e eviden t  i f  on e recognize s th e necessit y o f  providin g heuristic s fo r 
automati c recognitio n o f  th e multipl e meanin g facet s o f  natura l  languag e text s a s a  par t  o f  th e theory .  A t 

th e sam e time ,  linguistic s ha s accumulate d a  significan t  bod y o f  knowledg e abou t  th e variou s 
semanticall y lade n phenomen a i n th e natura l  language s (cf .  Raskin ,  198 7 fo r  a  discussio n o f  ho w thi s 
bod y o f  knowledg e ca n b e applie d t o computationa l  analysis) . 

The above suggests that one of the more feasible ways toward building a comprehensive 
computationa l  mode l  o f  languag e understandin g an d generatio n behavio r  i n human s i s t o develo p a  larg e 
number  o f  microtheorle s tha t  dea l  wit h a  particula r  linguisti c phenomeno n i n a  particula r  languag e o r 
grou p o f  language s an d the n provid e a  computationa l  architectur e tha t  allow s th e integratio n o f  th e 

operatio n o f  al l  th e module s base d o n thes e microtheorles .  Thus ,  on e ca n envisag e a  microtheor y o f  time , 
modality ,  speec h act ,  causality ,  etc .  Thi s pape r  i s devote d t o a  microtheor y o f  aspectua l  meanings . 

To integrate the microtheorles we suggest the use of a version of the blackboard computational 
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architecture ,  i n whic h a  numbe r  o f  processe s co-exis t  and ,  usin g a  variet y o f  backgroun d knowledg e 

nxxlules ,  collectivel y produc e a  desire d output .  Th e structur e o f  th e languag e comprehensio n componen t 
of  a  languag e behavio r  mode l  i s illustrate d i n Figur e 1 .  I n thi s figur e th e processor s ar e computatk^na l 
realization s o f  th e variou s microtheorie s derive d fo r  th e correspondin g linguisti c phenomena .  Thes e 

processor s operat e usin g th e dat a fro m th e backgrourx j  krK>wledg e repositories ,  suc h a s grammar s arn j 

dictionaries ,  a s wel l  a s th e intermediat e result s store d o n th e universall y accessibl e se t  o f  blackboards .  A 
more detaile d descriptio n o f  th e mode l  an d it s component s se e i n Nirenbur g an d Raskin ,  1987 a an d 
Nirenburg ,  1987 . 

Baekaroun d 

Knowi^dg d 
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Figur e 1-1 :  Comprehensio n Componen t  o f  a  Conputationa l  Mode l  o f  Languag e Processin g 
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2.  Treatin g Aspectua l  Meanings :  th e Tas k 

Aspectual meaning is a component of the overall meaning of a natural language utterance. It is 
illustrate d i n example s (1 )  - -  (3 )  below ,  i n whic h th e onl y differenc e betwee n th e ver b meaning s i s 
aspectual :  -t-protracted ,  -culminativ e i n (1) ;  -i-protracted ,  -t-cuiminativ e i n (2 )  and ,  surprisingly ,  -protracted , 
-culminativ e i n (3) . 

(1) I walked in the park for at) hour yesterday 

(2 )  Yesterda y I  walke d t o wor k 

(3 )  A t  8  o'cloc k yesterda y morniri g I  wa s walkin g t o wor k 

Building a semantic analyzer that determines aspectual meanings of input utterances involves 
specifyin g a )  a  se t  o f  value s fo r  aspectua l  meanings ;  b )  a  se t  o f  rule s fo r  assignin g particula r  value s o f 

aspect ;  c )  th e knowledg e (th e clues )  necessar y fo r  th e formulatio n o f  th e condition s i n thes e rule s (t o b e 
foun d i n a )  th e entrie s fo r  verb s i n th e analysi s lexicon ;  b )  th e syntacti c structur e o f  th e inpu t  utterance ; 
and c )  th e presenc e o f  certai n aspectuall y significan t  lexica l  units ,  suc h a s tempora l  modifier s o r  semi -

auxilia. 7 'aspectual '  verb s i n th e inpu t  text) ;  an d d )  a n architectur e fo r  th e analyze r  tha t  wil l  allo w th e 
result s o f  on e processin g modul e (fo r  instance ,  th e syntacti c parser )  t o serv e a s a  decisio n ai d fo r  anothe r 
modul e (suc h a s th e aspec t  analyzer) . 

In what follows we 1) suggest a set of aspectual meaning values, inspired by a theory of aspect 
describe d i n Pustejovsk y (submitted) ;  2 )  describ e th e architectur e o f  a  comprehensive  semanti c analyze r 
of  whic h a n aspec t  analyze r  i s a  component ;  3 )  describ e th e structur e o f  th e analysi s lexicon ;  4 )  sun/e y 
th e languag e materia l  tha t  i s  th e basi s fo r  formulatin g decisio n rules ;  an d 5 )  presen t  a  se t  o f  analysi s njle s 

fo r  aspect . 

3. A Language for Aspect-Related Analyzer Output: A Set of Aspect Values 

The logical place to attach the information about aspect in a semantic representation is at the 

prepositiona l  level .  Proposition s ar e represente d a s frame s tha t  ar e essentiall y  instantiation s o f  event -
types ,  wit h thei r  argument s constraine d i n accordanc e wit h evidenc e i n th e inpu t  text .  Th e argument s i n a 
propositio n representatio n includ e conceptua l  cas e roles ,  preconditions ,  effects ,  temporal ,  spatia l  an d 
aspectua l  values .  Withi n th e curren t  architecture ,  a  separat e analysi s componen t  i s assigne d th e tas k o f 
determinin g th e content s o f  eac h o f  th e abov e slots . 

It is important to understand that our nrjodel uses predetermined calculus that determines what different 
type s o f  event s ther e ca n be .  Tha t  is .  jus t  a s a  gramma r  define s th e well-forme d syntacti c stnjcture s i n a 
language ,  th e calculu s o f  aspec t  contribute s t o definin g wha t  a  well-fornrte d semanti c structur e is . 
Furthermore ,  al l  event-type s ar e buil t  recursivel y fro m tw o primitiv e event-types ,  stat e an d proces s (se e 
Pustejovsk y 198 7 fo r  details) . 

The set of values defined for the aspectual slot in our system is as follows: 

A state is an event-type which is nondecomposable and does not in itself refer to any initial or 
endpoint .  Not e tha t  additiona l  textua l  informatio n ca n refe r  t o initia l  o r  endpoint s o f  a  stat e o r  it s  duration . 
State s fo r  whic h suc h additiona l  informatio n i s introduce d wil l  b e calle d bounde d states . 

A process is a possibly ordered set of event-types each of which can be a state or a process itself. 

If we consider a process where the initial and/or the final event-types are distinguished so that that 
singl e stat e i s o n a  pa r  i n importanc e wit h th e complemen t  set .  take n a s a  whole ,  the n th e resultin g even t 

i s different .  Thi s phenomeno n i s calle d headedness .  an d th e marke d event-types ,  correspondingly , 

heads . 

If the final element in a process is its head, and the process itself is semantically well-specified, then 
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thi s event-typ> e i s calle d a n acconipllshm«n t  Thus ,  i n a n accomplishmen t  ther e i s a n emt>edde d proces s 

as wel l  a s a  distinguishe d fina l  even t  o r  state ,  an d bot h even t  constituent s ar e o f  equa l  status .  Fo r 

example ,  i n Joh n buil t  a  hous e th e fina l  stat e o f  ther e bein g a  hous e i s a s significan t  a s th e buildin g 
process . 

Analogous to the above definition, there are some processes in which the final event-type can be 
distinguished ,  bu t  th e complemen t  se t  i s  no t  semanticall y specifie d throug h th e meanin g o f  a  lexica l  item . 

Such a n event-typ e i s calle d achievement .  I n a n achievennen t  th e proces s an d it s hea d d o not ,  thus , 
hav e equa l  status ,  th e hea d bein g mor e important . 

The initial event of a process can also be distinguished as a head. These are left-headed structures. 
Left-heade d structure s aris e onl y whe n th e initia l  even t  ca n b e distinguishe d a s causin g th e res t  o f  th e 

event-type s i n th e ensuin g process .  Th e left-heade d structure s ar e causative-processes . 

There are event-types that allow two heads, the left ones and the right ones. If an event-type is double-
headed ,  the n th e event-type s tha t  ar e neithe r  initia l  no r  fina l  ar e typicall y underspecifie d semantically .  Th e 
double-heade d structure s ar e calle d transitions . 

4.  T h e A s p e c t  Ana lyze r 

4.1. An Architecture for Distributed Analysis 

The set of routines for determining aspectual values of utterances forms a functional component of a 
comprehensiv e natura l  languag e analyze r  (se e Sectio n 1  above) .  W e develo p thi s analyzer ,  DIAN A 
(Nirenburg ,  i n preparation) ,  a s a  distribute d syste m o f  specialis t  module s workin g togethe r  t o produc e a 
comple x outpu t  structur e whic h i s represente d i n ou r  approac h a s a  se t  o f  frame s correspondin g t o th e 
level s o f  text ,  sentence ,  clause ,  propositio n an d prepositiona l  argumen t  denotation s (cf .  Nirenbur g e t  al . 
1987) .  Ou r  analyze r  share s thes e propertie s wit h th e generatio n syste m D I O G E N ES bein g develope d a t 
C MU (Nirenburg ,  1987) .  Togethe r  th e tw o system s wil l  for m th e basi s o f  a  knowledge-base d machin e 
translatio n system . 

4.2. Knowledge Sources 

Figure 1 illustrates the (static and dynamic) knowledge sources necessary to support aspectual 
analysi s  i n th e framewor k o f  a  distributed ,  blacktjoard-base d analyzer . 

The lexicon, especially the semantico-pragmatic portion of its entries, is a most important knowledge 
sourc e fo r  determinin g aspectua l  values .  Th e structur e o f  ou r  lexico n entrie s ca n b e describe d a s 
follow s ̂ 

'Thi s i s a n abridge d versio n o f  th e lexico n entr y stnicture .  Se e Nirenbur g an d Raskin ,  1987 b fo r  a  detaile d discussio n 
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JU<-*ntr y :: > (  <BL-p*tt«m > <»**nln9-p«tt*m>* ) 
<SL-p*ttam > :  : •  (  SL-L*xio*l-Onl t  <l*x-lnfo> ) 
<l«x-lnfo > :: -  (  (<syntaotlo-info> ) 

(«orp h <lnfl«otion-typ«>) ) 
<«ynt«otlo-lnfo > :: •  (tb « oontant a o f  •  •yntkotl o diatlon*xy ) 
<lnfl«ctlon-typ« > :: •  (A n Indioatlo n o f  lrr«9ul*ritl* a I n formin g 

wor d form* ,  •.g. ,  goos e -  pi .  geeee ) 
<in*Anlng-pAtt«m > :  : > ((tok*n-o f  (v«lu « <dom*ln-aono«pt>) ) 

(<prop«rty > (valu *  <valu«>*)) )  | 
(<prop«rty > (v«lu « <v»lu«>*)) * 

•  (an y oonoap t  i n tb « domai n moda l  definin g a  aublanguaga ) 
•  (an y ralatio n o r  attrlbut a fro m tb « domai n modal ) 
•  (an y oonoap t  o r  attribut a (acala ) 

valu a I n tb a domai n modal ) 

<domAi  n-concap t  > 
<proparty > 
<valua > 

T h e lexico n ha s fou r  kind s o f  meanin g patterns :  a )  instantiation s o f  concept s i n th e domai n nrodel ,  e.g. , 
computer ,  b )  instantiation s o f  attribute s o f  concept s i n th e doma i n model ,  e.g .  fast ,  c )  clue s fo r 

determinin g th e attribute s o f  th e propertie s comprisin g bot h th e prepositiona l  an d th e pragmati c meaning , 

e.g. ,  finish ;  an d d )  clue s fo r  makin g othe r  semanti c an d pragmati c decisions ,  suc h a s reference ,  e.g .  the . 

Group c) includes a class of verts that have a special significance for aspectual analysis, the so-called 
'phase '  o r  'aspectual '  vertDS .  Thes e vertD s hav e a  lexica l  meanin g bu t  n o independen t  ontologica l 

meaning .  T h e aspectuall y relevan t  meaning s tha t  the y introduc e int o th e overal l  meanin g o f  th e inpu t  ca n 

b e classifie d a s follows : 

•  inchoative :  start ,  begin ,  resum e 

• continuative: continue, keep 

• completive: end. finish, complete 

• abortive: stop, cease 

•  iterative: repeat 

4.3. Material 

In this section we analyze a number of characteristic examples with respect to their aspectual values 

(AVs) . 

4.3.1. States 

(4 )  Joh n love s Mar y 

(5 )  Joh n ha s love d M a r y fo r  2  year s 

T h e aspectua l  analysi s produces :  A V :  state ;  Time:presentio r  (4 )  an d A V :  tyounde d state ;  Time :  begin : 
( N O W -  2  years )  fo r  (5) .  I n (4 )  th e ver b lov e i s lexicall y specifie d a s a  state^ .  T h e tempora l  referenc e i n 
whic h th e ver b i s grounde d wil l  ac t  t o tx)un d thi s stat e i n an y numbe r  o f  ways .  I n thi s case ,  sinc e th e 
tens e i s th e present ,  ther e i s n o delimitatio n o n th e state .  I n (5 )  however ,  th e presen t  perfec t  togethe r  wit h 
th e durativ e adverbia l  act s t o left-boun d th e stat e denote d b y th e proposition . 

4.3.2. Processes 

(6 )  Joh n walke d yesterda y 

(7 )  Joh n walke d t o wor k yesterda y 
(8 )  Joh n i s walkin g t o wor k 

(6 )  i s analyze d a s A V :  process ;  Time :  past :  yesterday ,  (7 )  a s A V :  accomplishment ;  Time :  past : 

t̂ha t  is ,  liste d i n th e dictionar y a s bein g a  toke n o f  a  das s o f  concept s wfiic h ar e descendant s o f  stat e i n th e hierarch y o f  concept s 
tha t  embodie s th e domai n mode l 
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yesterday ,  an d (8 )  a s AV :  stat e S :  Si s a  member  o f  P  i n accomplishmer)t :  Time :  present . 

Notice the effect of prepositional modification and that of the progressive on the aspectual value of the 
sentence .  Th e prepositiona l  phras e i n (7 )  indicate s th e goa l  o f  a  proces s wit h n o intrinsi c culmination . 

Thi s goa l  act s t o th e terminat e th e even t  an d shift s th e aspectua l  typ e t o a n accomplishment .  I n (8) ,  o n 

th e othe r  hand ,  th e progressiv e influence s th e natur e o f  th e resultin g aspect-typ e mor e tha n th e presenc e 
of  th e prepositiona l  phrase .  Th e resul t  i s  a  a  stat e (se e Pustejovsk y (1987 )  fo r  furthe r  discussion) .  Th e 

importan t  thin g t o realiz e i n th e interpretatio n o f  thi s sentenc e i s tha t  th e goa l  stat e i s no t  entaile d whe n 
th e progressiv e applie s t o a n accomplishment . 

4.3.3. Achievements 

(9 )  Bil l  wo n a  rac e 
(10 )  Bil l  i s  winnin g th e rac e 

(9) obtains the aspectual value of achievement. The aspectual class of achievement verts is probably 
th e mos t  consisten t  sinc e i t  seem s t o resis t  th e modificatio n tha t  lead s t o aspect-typ e shifting .  Thus ,  whe n 

th e ver b recognize d i s lexicall y specifie d a s achievement ,  th e resultin g typ e wil l  b e th e same .  Th e on e 
exceptio n t o thi s i s th e progressive ,  whic h ha s a  simila r  effec t  a s tha t  mentione d atjov e fo r  'walkin g t o 
work' .  Th e resultin g aspec t  typ e i n (10 )  i s state . 

4.3.4. Accomplishments 

(11 )  Fre d buil t  a  hous e 
(12 )  Fre d buil t  house s fo r  5  year s 
(13 )  Fre d wa s buildin g a  hous e 

The analysi s fo r  th e abov e brings :  AV :  accomplishmen t  fo r  (11) ;  AV :  process ;  iterative :  elemen t  o f 
iteration:buW d a  house ;  AV :  accomplishmen t  fo r  (12) ;  an d AV:stat e S ;  Time:pastio r  (13) . 

Any accomplishment usually entails a culmination, but in (12) the aspect type is a process. This is a 
resul t  o f  th e bar e plura l  object ,  whic h iterate s ove r  th e lexica l  accomplishmen t  t o produc e a  process . 
Thus ,  a  durativ e adverbia l  i s  permitted .  Whe n thi s sentenc e i s pu t  i n th e progressiv e form ,  i t  i s  stative . 

4.3.5. Causative-Processes 

(14 )  Ma x sen t  a  packag e 
(15 )  Ma x sen t  a  packag e t o Le o 

(14 )  i s analyze d a s AV :  causative-process ,  (15 )  a s AV :  accomplishment . 

Here the process is directed by a single initiating event (the projecting), and thereafter there is no 
agenc y involved .  Hence ,  i n (15 )  i t  i s  no t  entaile d tha t  Le o rece/Ve s th e packag e (cf .  Pustejovsk y (1987)) . 

4.3.6. Transition 

(16 )  Joh n gav e th e tx>o k t o Mar y 
(17 )  Joh n gav e book s t o Mar y 

The analyses :  AV :  transitio n fo r  (16 )  an d AV :  process ,  iterative ;  element :  transitio n fo r  (17) . 

The most noticeable thing about these examples is the absence of any specKied mode of transition. 
That  is ,  wha t  i s lexicall y specifie d i n th e semantic s o f  giv e i s simpl y th e beginnin g an d en d state s o f  a n 
event .  Notic e tha t  i n (17 )  th e bar e plura l  objec t  shift s th e interpretatio n t o a  process ,  a s wit h th e 
accomplishments . 
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4.4 .  T h e Analysi s Rule s fo r  Aspec t 

The above linguistic material shows that many types of knowledge come into play in determining the 

aspectua l  valu e o f  a  clause :  lexical-semantic ,  syntacti c an d contextual .  Specifically ,  thi s informatio n i s 

draw n fro m 

•  entrie s fo r  verb s i n th e analysi s lexico n 

• verb tense values from the results of the syntactic module of the analyzer 

• the presence of particular modifiers (adverbs and prepositional phrases) in the input (the 
syntacti c modul e bein g responsibl e fo r  determinin g wha t  i s nxxJifie d b y what ) 

• the presence of aspectual verbs in the input in syntactically relevant positions 

• the presence, the meaning and the syntactic fomn of case-role holders for particular verbs 

(th e abov e ar e determine d throug h th e operatio n o f  th e syntacti c an d th e propositional -
semanti c module s o f  th e analyzer ) 

Specific ailes and heuristics that the analysis system uses to identify the aspectual type for an input 
sentenc e includ e th e followinĝ : 

•  I f  th e mai n predicat e i n a n inpu t  sentenc e ha s th e aspectua l  marke r  achievemen t  i n th e 
dictionary ,  assig n th e aspec t  valu e achievemen t 

• If the main predicate is marked in the dictionary as state or if the morphologo-syntactic 

analysi s determine s tha t  i t  i s i n a  progressiv e form ,  assig n th e aspec t  valu e stat e 

• If the main predicate is marked as accomplishment and the direct object in the sentence is 

definit e o r  th e mai n predicat e i s marke d a s proces s o r  directed-proces s an d i s modifie d b y a 
prepositiona l  phrase ,  assig n th e aspec t  valu e accomplishmen t 

• If the main predicate is marked as process or directed-process or a direct object is present 
kjentifie d a s bare-plura l  o r  mass-noun ,  assig n th e aspec t  valu e process . 

• If an aspectual verb is present in the sentence follow these rules: 

• 

•  Inchoativ e +  (Stat e o r  Proces s o r  accomplishment )  =  achievement ;  othe r  combination s 

ar e inpossibl e fo r  inchoativ e 

• Continuative applies only to a process to yield a process 

• Completive and abortive apply to a process to yield an achievement 

• Iterative applies to achievements, accomplishments and transitions to yield processes. 

5. Discussion: Future Work and Limitations 

Passonneau (1987) and Moens and Steedman (1987) are two of the recent publications devoted to a 
simila r  topic . 

The problem specifications in this model and Passonneau (1987) are very compatible. Still, the 
representatio n o f  th e aspec t  calculu s assume d her e i s riche r  tha n Mourelatos '  (1981 )  typology ,  whic h 
Passonnea u assumes ,  i n tha t  i t  propose s a  large r  numbe r  o f  primitiv e event-types ,  which ,  w e believ e 

provid e a  mor e accurat e coverag e fo r  th e aspectua l  phenomena .  Spac e doe s no t  permi t  u s t o adequatel y 
motivat e al l  ou r  categories ,  bu t  se e Pustejovsk y (1987 )  fo r  discussion .  Similarly ,  th e se t  o f  analysi s clue s 

we emplo y i s broader ,  includin g th e inpu t  fro m lexica l  source s beyon d th e ver b itself .  Difference s i n 

^ e decide d t o presen t  thes e heuristic s no t  i n th e forma t  use d b y ou r  progra m bu t  rathe r  i n a  human-readabl e for m 
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analyze r  architectur e ar e als o quit e significant . 

Moens and Steednr^n (1987) pursue a somewhat different goal. They emphasize how aspectual 
processe s fi t  int o a  large r  tempora l  reasonin g componen t  t o provid e a  riche r  tens e system .  Thi s i s als o 
explore d i n Pustejovsk y an d Herma n (1988) .  Bu t  ou r  concern s i n thi s pape r  ar e primaril y elsewhere .  W e 
hav e addresse d th e proble m o f  th e lexica l  specificatio n o f  a  verba l  elenr>en t  an d ho w thi s valu e change s i n 
th e contex t  o f  othe r  propositiona l  information . 

The aspectual analyzer, as described atx)ve, has been prototyped. It can be tested in earnest only 
when a t  leas t  severa l  othe r  module s o f  DIAN A ar e implemented .  A s t o th e enhancement s t o th e aspec t 
modul e itself ,  w e pla n t o exten d th e coverag e o f  th e aspec t  determinatio n heuristic s throug h empirica l 
studie s ove r  larg e tex t  corpora . 
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Propagat io n N e t w o r k s 
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INTRODUCTION 

Neural networks have received much attention re-

centl y a s plausibl e model s fo r  studyin g th e com -

putationa l  propertie s o f  massivel y paralle l  systems . 

Learnin g algorithm s hav e bee n develope d (Rumel -

har t  e t  al. ,  1986 ;  Ackle y e t  al. ,  1985 )  tha t  enabl e 

thes e network s t o lear n interna l  representations ,  al -

lowin g the m t o represen t  comple x non-linea r  map -

pings .  T w o distinc t  type s o f  network s hav e bee n 

studie d quit e extensively .  T h e first  o f  thes e use s 
analo g (continuous-valued )  unit s wit h a  sigmoida l 

I/ O functio n (Hopfiel d an d Tank ,  1985) ,  an d a n er -

ro r  propagatio n algorith m fo r  updatin g th e weight s 

t o minimiz e a n erro r  functio n (Plan t  e t  al. ,  1986 ; 

Plau t  an d Hinton ,  1987) .  Mos t  o f  thes e studie s 

hav e focuse d o n strictl y feedforwar d networks .  Th e 

secon d typ e o f  networ k employ s stochasti c binar y 

unit s an d symmetri c connections .  Fro m a n initia l 

stat e thes e network s approac h a  lo w temperatur e fix-

poin t  (stabl e state) ,  whic h represent s a  loca l  mini -

m u m o f  a  globa l  energ y function .  Th e weight s i n 

suc h network s m a y b e update d b y examinin g th e 

diflferenc e i n statistic s betwee n th e state s wit h in -

put s clampe d an d u n d a m p e d a t  therma l  equilibriu m 

(Ackle y e t  al. ,  1985) . 

Recent work has shown some interesting relation-

ship s betwee n thes e tw o distinc t  models .  Peterso n 

an d Anderso n (1987b )  hav e develope d a  continuou s 
approximatio n t o th e Boltzman n machin e algorithm , 

i n whic h th e stochasti c binar y unit s o f  th e Boltz -

m a nn machin e ar e replace d wit h analo g unit s whos e 

state s ar e m e a n field  approximation s t o th e averag e 

state s o f  correspondin g stochasti c binar y unit s a t 

equilibrium .  The y hav e show n significan t  speedu p 

i n convergenc e an d improve d generalizatio n fo r  in -

terestin g problem s (Peterso n an d Anderson ,  1987a)." ' 

Hopfiel d (1987 )  ha s show n tha t  fo r  a  certai n clas s o f 

statistica l  estimatio n problems ,  th e statistica l  net -
wor k an d th e analo g networ k hav e ver y closel y re -

late d propertie s an d learnin g algorithms .  Provide d 

tha t  fou r  condition s ar e met ,  th e erro r  propagatio n 

updat e rul e fo r  th e weight s i n a n analo g feedforwar d 

networ k i s a  mea n field  approximatio n t o th e ui> -

dat e rul e fo r  a  statistica l  networ k usin g th e Boltz -

m a nn machin e algorithm .  Thes e fou r  condition s are : 

th e analo g networ k mus t  us e a  symmetri c diver -

genc e (Pearlmutte r  an d Hinton ,  1986 )  rathe r  tha n 

th e mor e c o m m o n mea n squar e erro r  function ;  th e 

statistica l  averagin g i n th e tw o stat e networ k i s per -

forme d ove r  th e hidde n an d outpu t  units ,  bu t  no t 

th e inpu t  units ;  th e tw o network s hav e a  smal l  num -

ber  o f  outputs ;  an d th e network s hav e onl y a  singl e 

laye r  o f  non-interactin g hidde n units^ . 

This work explores another parallel between statis-

tica l  an d analo g networks .  Recurren t  analo g net -

work s ofte n sho w bette r  convergenc e i f  a  globa l  gai n 

ter m i s introduce d whic h m a y b e varie d ove r  a  singl e 

settlin g (Hopfield ,  1984) .  Th e resul t  i s a  procedur e 

simila r  t o simulate d annealin g (Kirkpatric k e t  al. , 

1983) .  A n erro r  propagatio n schem e i s  presente d 

whic h allow s a n analo g networ k t o "learn "  it s ow n 

gai n variatio n schedule ,  an d experimenta l  result s fo r 

a constrain t  satisfactio n tas k sho w a n orde r  o f  mag -

nitud e speedu p i n learnin g whe n thi s approac h i s 

used . 

E R R OR P R O P A G A T I ON I N 
R E C U R R E NT A N A L OG N E T W O R KS 

Th e recurren t  analo g network s tha t  ar e considere d 

her e us e a  synchronou s updatin g procedure ,  an d 

plac e n o restriction s o n th e natur e o f  th e connec -

tivit y matrix .  Th e activatio n leve l  o f  a  uni t  a t  tim e 

/  i s a  non-linea r  functio n o f  th e inpu t  t o th e uni t  a t 

tim e t : 

yj, t  =  9ixj.t )  (1 ) 

One possibilit y  fo r  g ,  use d i n ou r  simulations ,  i s th e 

logisti c function ,  g{x )  =  1/( 1 +  6'") .  Th e inpu t  i s a 

weighte d s u m o f  th e state s o f  unit s i n th e previou s 

tim e step : 

Xj. t  =  (^t'^Wjiyij- i  (2 ) 
i 

Th e ter m G t  i s a  globa l  gai n ter m whic h premulti -

plie s th e inpu t  fo r  ever y unit .  Ther e ar e als o tw o 

distinguishe d subset s o f  units :  I  th e se t  o f  inpu t 

unit s an d O  th e se t  o f  outpu t  units .  Th e state s o f 

unit s i n I  ar e determine d b y th e environment . 

*Th e autho r  i s cturentl y visitin g th e Universit y o f  Toronto , 
whil e completin g a  Ph.D .  a t  C«imegie-MeUo n Universit y 

'Thi s mean s tha t  t o firs t  orde r  th e hidde n unit s hav e n o 
effec t  o n eac h other . 
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NOWLAN 

Multiplicativ a 
gai n term s fo r 
aact i  iteratio n 

w. 

C X Z 3 0 0 0 

A simpl e iterativ e ne t  tha t 
i s ru n (o r  ttire e iteration s An equivalen t  layere d ne t 

Figur e 1 :  A  recurren t  networ k an d th e equivalen t  layere d network .  Correspondin g weight s 
i n layer s mus t  b e identica l  (i.e .  w i  ha s th e sam e valu e i n al l  layers) ,  bu t  th e gai n term s 
{Gi )  var y betwee n layers .  Eac h laye r  correspond s t o th e stat e o £ th e recurren t  networ k a t  a 
differen t  poin t  i n time . 

T h e stat e vecto r  fo r  th e recurren t  networ k a t  tim e t 
ca n b e treate d a s th e vecto r  o f  state s o f  th e t" "  laye r 
i n a n equivalen t  layere d networ k (figur e 1) .  T h e tra -
jector y o f  th e stat e vecto r  fo r  th e recurren t  networ k 

i s the n represente d b y th e stat e vector s o f  successiv e 
layer s i n th e equivalen t  network .  Sinc e th e weight s 

i n th e recurren t  networ k ar e stationar y (fixe d durin g 

th e settlin g o f  th e network) ,  th e se t  o f  weight s be -

twee n successiv e layer s i n th e layere d representatio n 
must  b e identical . 

The dynamics for these networks can be expressed by 
finding  th e continuou s differentia d equation s equiva -
len t  t o th e discret e differenc e equation s (1 )  an d (2) . 

Thi s produce s th e followin g se t  o f  couple d differen -
tia l  equations : 

wher e 

(3 ) 

(4 ) 

I j  i s  define d t o b e zer o fo r  al l  unit s no t  i n I .  Equa -
tio n (3 )  i s  a  simpl e transformatio n o f  a n equatio n 
tha t  ha s bee n studie d b y bot h Amar i  (1972 )  an d 

Hopfiel d (1984) .  A m a r i  showe d tha t  i n randoml y 

connecte d network s wit h th e dynamic s o f  (3 )  th e at -

tractor s wer e eithe r  stabl e o r  bistable . 

W h en th e attractor s ar e fixpoints ,  on e ca n us e suc h 
network s t o perfor m constrain t  satisfactio n searches . 

T h e activitie s o f  unit s encod e th e value s o f  th e pa -
rameter s o f  a  problem ,  an d th e weight s o n th e con -

nection s encod e th e constraint s betwee n th e param -
eters .  Thi s approac h ha s bee n use d fo r  classi c op -

timizatio n problem s (Hopfiel d an d Tank ,  1985 )  an d 

fo r  parsin g (Selma n an d Hirst ,  1987) .  Codin g th e 

constraint s int o th e weight s b y han d become s a 
formidabl e tas k fo r  larg e problems .  Thi s raise s th e 
possibilit y  o f  devisin g learnin g algorithm s whic h wil l 

manipulat e th e weight s o f  a  recurren t  networ k t o 

model  th e constraint s o f  a  specifi c  proble m throug h 
some trainin g procedure . 

There are several ways in which to pose the problem 
of  modifyin g th e weights .  O n e approac h woul d b e 

t o conside r  th e fixpoin t  o f  th e networ k fo r  a  specifi c 
input ,  an d comput e som e erro r  measur e base d o n 
th e distanc e o f  thi s fixpoin t  fro m a  desire d fixpoint . 

O ne coul d the n us e gradien t  descen t  t o modif y th e 
weight s t o minimiz e thi s erro r  measur e (Pineda , 
1987) .  A n alternativ e i s t o conside r  no t  jus t  th e fix -
point ,  bu t  th e entir e trajector y o f  th e network .  Thi s 

approac h wa s first  suggeste d b y Rumelhar t  an d Hin -

to n (1986 )  am d i s th e approac h take n here . 

Consider a trajectory of length k for a recurrent net-
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work .  Ther e i s a n equivalen t  layere d representatio n 

of  thi s trajector y whic h ha s i b distinc t  layer s (figur e 

1) .  T h e standair d back-propagatio n algorith m m a y 
be applie d t o thi s layere d representation ,  i f  w e defin e 

ju i  erro r  measur e E  fo r  th e final  state s o f  unit s i n O . 

Usin g thi s approac h w e ca n deriv e partial s fo r  th e 

weights : 
d E ^  d E „  .. . 

Note that the back-propagation proceeds through 

th e sequenc e o f  state s i n th e trajectory ,  an d i n par -

ticula r  tha t  th e partia l  o f  E  wit h respec t  t o Wj i 

wil l  vai y alon g tha t  trajectory .  Sinc e th e weight s 

ar e stationary ,  som e for m o f  tim e averagin g i s re -

quired .  Equatio n (5 )  use s a  unifor m tim e averag -

ing ,  althoug h version s whic h favou r  th e term s nea r 

th e en d o f  th e trajector y coul d als o b e used. ^  Thu s 

th e weight s ar e bein g update d base d o n th e aver -
age derivativ e ove r  th e trajectory .  T h e disadvantag e 

of  usin g thi s approac h t o modifyin g th e weight s i n 

th e networ k i s  tha t  i t  become s necessar y t o stor e 

th e entir e trajector y fo r  th e bac k propagatio n phase . 

However ,  th e advantag e i s tha t  th e networ k ca n b e 

traine d no t  jus t  t o hav e certai n limi t  behaviour ,  bu t 
als o t o hav e certai n behaviou r  alon g th e trajector y 

followe d t o th e limit .  O n e obviou s exampl e i s t o 

forc e th e networ k t o lear n fixpoints  a s attractors , 

by penalizin g bistabl e behaviou r  durin g th e las t  fe w 

state s o f  th e trajectory .  T o allo w contro l  ove r  th e 
trajectory ,  th e bac k propagatio n procedur e i s modi -

fied  slightl y t o allo w directl y observed  erro r  term s i n 

tim e step s othe r  tha n th e las t  t o b e adde d t o th e bac k 

propagate d term s fo r  unit s i n O .  (Thi s i s equivalen t 

t o specifyin g desire d state s fo r  intermediat e layer s i n 

a layere d network. ) 

The term Gt in equation (5) determines the steep-
nes s o f  th e non-linearit y i n th e recurren t  network , 

an d ha s bee n referre d t o a s th e syste m gai n (Hop -

field  an d Tank ,  1985) .  Thi s ter m m a y b e allowe d t o 

var y durin g th e settlin g o f  th e network .  Fo r  exam -

ple ,  a n increasin g gai n i n a  networ k wit h mutuall y 

inhibitor y connection s ca n implemen t  a  winner-take -

al l  networ k tha t  converge s quickly .  Hopfiel d an d 

Tan k (Hopfiel d an d Tank ,  1985 )  foun d tha t  increas -

in g th e gai n slowl y a s thei r  analo g networ k settle d 

increase d th e qualit y o f  th e solutio n foun d b y th e 

network .  The y suggeste d tha t  increasin g th e gai n i n 

thi s fashio n wa s analogou s t o followin g th e effectiv e 

field  solutio n fro m a  hig h temperature ,  resultin g i n 

•'Th e G t  term s actuall y d o weigh t  th e derivatives ,  s o th e 
tim e averagin g i s no t  tnil y  uniform . 

a final  stat e nea r  th e thermodynami c groun d stat e 

of  th e system . 

Rather than determining a gain schedule in advance, 

an erro r  propagatio n schem e ca n b e use d t o decid e 

ho w G t  shoul d var y ove r  th e trajector y o f  th e net -

work .  G t  i s  optimize d b y performin g gradien t  de -

scen t  i n th e erro r  measure : 

d E 

dGt = E E 
d E 

•Wjiyi,t- i (6 ) 

Once agai n averagin g i s necessary ,  i n thi s cas e ove r 

al l  unit s i n th e network ,  sinc e G t  i s a  globa l  premul -

tiplier . 

Equations (5) and (6) can be combined to produce 
an algorith m tha t  wil l  allo w network s t o exhibi t  de -
sire d trajectorie s fro m initia l  states .  Thes e trajecto -

rie s correspon d t o a  constrain t  satisfactio n searc h vi a 

relaxation .  A n algorith m o f  thi s for m i s describe d b y 

Nowla n (Plan t  e t  al. ,  1986) . 

PERFORMANCE ON A CONSTRAINT 
SATISFACTION P R O B L EM 

The author investigated the performance of the gain 

variatio n erro r  propagatio n algorith m throug h simu -

lation s o n som e smal l  problem s (Plan t  e t  al. ,  1986) . 

For  simpl e codin g an d sequencin g task s a  networ k 

tha t  learn s a  variabl e gai n schedul e learn s t o solv e 

a proble m severa l  time s faste r  tha n a  simila r  net -

wor k wit h fixed  gain .  I n addition ,  th e learne d gai n 

variatio n schedule s outperforme d severa l  han d de -

signe d schedule s o n th e sam e tasks .  Thes e task s ar e 

al l  expresse d i n term s o f  I/ O mappings ,  a  prespeci -

fied  outpu t  wa s require d fo r  eac h input .  Thi s make s 
th e dynamic s t o b e learne d quit e a  bi t  easier .  I t  i s 

possibl e fo r  th e networ k t o lear n a  trajector y fro m 
eac h inpu t  t o th e desire d outpu t  withou t  construct -

in g a  tru e attracto r  ( a stabl e stat e wit h lo w erro r  an d 

a regio n o f  attractio n aroun d it )  fo r  tha t  output.' * 
A tas k i n whic h i t  i s  necessar y t o construc t  robus t 

attractor s whic h represen t  th e proble m constraint s 

provide s a  muc h riche r  domai n i n whic h t o stud y 

th e performanc e o f  gai n variation . 

The problem selected is the n queens problem. This 

i s a  classica l  constrain t  satisfactio n proble m tha t  wa s 

studie d extensivel y b y earl y A l  researcher s (Nilsson , 

*  Additiona l  simulation s showe d tha t  thi s wa s i n fac t  th e 
cas e fo r  severa l  o f  th e experiment s discussed . 
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1980;  Feigenbau m an d Barr ,  1981) .  Th e genera l 
proble m i s t o plac e n  queen s o n a n n  b y n  gri d o f 

squares ,  suc h tha t  ther e i s n o vertical ,  horizontal , 

or  diagonzi l  lin e throug h th e gri d tha t  contain s mor e 

tha n 1  queen .  Thi s proble m i s  easil y mappe d int o 

a network :  Eac h cel l  o f  th e gri d i s represente d b y a 

uni t  i n th e network ,  an d eac h uni t  i s  full y  connecte d 

t o ever y othe r  uni t  includin g itself. ^  I n addition , 

eac h uni t  ha s a n externa l  inpu t  lin e t o carr y envi -

ronmenta l  input .  I n thi s specia l  cas e ever y uni t  i s 

bot h a n inpu t  an d a n outpu t  uni t  { I  =  O ) .  O n e 

nic e featur e o f  thi s proble m i s tha t  i t  ca n b e easil y 

scaled . 

Given a random initial state vector, the network is 

require d t o settl e int o a  final  stat e whic h represent s 

a vali d solutio n t o th e n  queen s problem .  A  vali d so -
lutio n i s on e i n whic h n  unit s m c abov e th e o n leve l 
(0.9) ,  an d al l  th e res t  ar e belo w th e of f  leve l  (0.1) . 

I n addition ,  n o tw o o n unit s ca n li e o n th e sam e 

vertical ,  horizontal ,  o r  diagona l  line .  T o solv e thi s 

problem ,  th e networ k mus t  construc t  stabl e attrac -
tor s fo r  th e vali d solution s t o th e proble m an d th e 

set  o f  attractio n basin s mus t  spa n th e entir e inpu t 

space . 

Since this task differs from the typical I/O mapping 
task s give n t o erro r  propagatio n algorithms ,  som e 
car e mus t  b e take n i n decidin g o n a n erro r  measure . 
Give n a  rando m initia l  inpu t  state ,  ther e ar e i n gen -
era l  m a n y final  state s whic h ar e equall y acceptabl e a s 

solutions .  O n e possibilit y  i s t o measur e th e distanc e 

of  th e actua l  outpu t  fro m eac h o f  thes e final  solu -
tions ,  an d tak e th e m i n i m u m distanc e a s th e erro r 
t o b e propagated .  Thi s result s i n a  for m o f  neares t 
neighbou r  erro r  measure . 

An even more sophisticated training method, a form 

of  shaping ,  m a y b e use d t o produc e goo d result s an d 
reduc e th e trainin g time .  Th e networ k i s  first  pre -

sente d wit h nois y version s o f  solutio n vector s a s in -
put .  A  solutio n i s chose n a t  random ,  an d the n nois e 
uniforml y distribute d betwee n 0  an d t )  (initiall y 0.2 ) 
i s adde d t o unit s tha t  ar e of f  an d subtracte d fro m 

unit s tha t  ar e on .  Thi s nois y vecto r  i s  clampe d t o 
th e externa l  inputs ,  an d th e networ k allowe d t o set -

tl e fo r  7  cycles .  Durin g th e las t  thre e cycles ,  th e 
mean squar e distanc e betwee n th e outpu t  vecto r  an d 
th e solutio n vecto r  use d t o generat e th e inpu t  i s  cal -

culate d a s th e erro r  measure .  T h e erro r  i s  take n ove r 
th e las t  thre e cycle s t o forc e th e networ k t o lear n at -

*Th e networ k mus t  leeu n whic h o f  thes e connection s ar e 
reall y neede d t o solv e th e task . 

tractor s whic h ar e fbq)oints .  T h e networ k i s traine d 

i n thi s fashio n unti l  it s  averag e erro r  (normalize d b y 

th e vecto r  lengths )  i s les s tha n 2 0 percen t  ove r  th e 

las t  5 0 trials .  A t  thi s point ,  th e sam e trainin g regim e 
i s continued ,  excep t  tha t  th e inpu t  i s presente d dur -

in g th e first  cycl e only ,  rathe r  tha n bein g clamped . 

Durin g thi s secon d phas e r f  i s  graduall y increase d 

t o 0.4 .  Onc e th e averag e erro r  ove r  5 0 trial s i s  les s 

tha n 1 0 percent ,  a  final  trainin g phas e i s performe d 

i n whic h initia l  state s ar e randoml y generated ,  an d 

th e neares t  neighbou r  erro r  measur e i s use d ove r  th e 

las t  thre e trials .  T h e first  phas e o f  trainin g estab -

lish s th e attractors ,  th e secon d phas e stabilize s th e 

attractor s independan t  o f  externa l  input ,  an d th e 
thir d phas e ensure s robustnes s o f  th e attractors . 

The simulation results are summarized in Table 1. 
O ne obviou s anomal y i n th e tabl e i s th e differenc e 

betwee n th e 5  queen s an d 6  queen s problems .  T h e 
gai n variatio n techniqu e sho\v. s a  clea r  advantag e fo r 

th e 5  queen s proble m (a n orde r  o f  magnitud e im -

provement) ,  bu t  th e performanc e wit h an d withou t 
gai n variatio n i s  nearl y identica l  fo r  th e 6  queen s 

problem .  Th e answe r  lie s i n th e secon d colum n o f 

th e table .  Ther e ar e onl y 4  solution s fo r  th e 6  queen s 

problem ,  an d tw o o f  thes e solution s ar e simpl e mirro r 
image s o f  th e othe r  two .  I t  i s  quit e eas y fo r  th e net -
wor k t o se t  th e uni t  biase s t o favou r  th e smal l  se t  o f 
unit s whic h appea r  i n thes e 4  solutions .  Thi s "trick " 
makes establishin g stabl e attractor s quit e easy .  O n 
th e othe r  han d fo r  th e 5  queen s problem ,  an d th e 
large r  problems ,  ther e ar e sufficientl y m a n y solu -
tion s s o tha t  almos t  ever y uni t  i s  activ e i n a t  leas t 
one solution ,  s o th e biase s alon e canno t  b e use d t o 
giv e th e networ k a  hea d start .  Unde r  thes e circum -
stances ,  th e dynamica l  behaviou r  o f  th e networ k be -

comes muc h mor e important ,  an d s o a  muc h stronge r 

advantag e i s show n b y th e gai n variatio n algorithm . 

The set of weights learned by the network for one ex-
ampl e o f  th e 5  queen s proble m (figur e 2 )  show s tha t 
i n it s solutio n th e networ k ha s extracte d th e essen -

tia l  constraint s o f  th e task .  Eac h uni t  ha s learne d 
t o develo p a  positiv e weigh t  t o itself ,  an d negativ e 

weight s alon g al l  horizontal ,  vertica l  an d diagona l 
line s whic h th e uni t  lie s on .  Thi s mean s tha t  al l  o f 

th e unit s hav e a  natura l  tendenc y t o tur n on ,  an d 

alon g eac h lin e (i n an y orientation )  a  winner-take -

al l  networ k ha s formed ,  s o tha t  th e stabl e state s ar e 

thos e i n whic h onl y on e uni t  o n a  particula r  lin e i s 

on .  Thi s i s a  ver y natura l  representatio n o f  th e orig -
ina l  proble m constraints ,  whic h stipulate d tha t  n o 
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a 
4 
5 
6 
7 
8 

Solution s 

2 
10 
4 

40 
92 

N oG 
Phase 1 

115 
6371 
371 

20600 
50000 

ai n Variatio n 

Phas e 2 

420 
1104 8 

104 8 

5748 0 
— 

Tota l 

677 
1982 0 

142 0 

8320 0 

5000 0 

e 
0. 1 
0.0 1 

0. 1 
0.0 1 

0.0 1 

Gai n Variatio n 

Phas e 1 

70 
371 
397 

128 0 

196 0 

Phas e 2 

232 
104 8 

698 
416 0 

1260 0 

Tota l 

350 
154 0 

124 2 

608 0 

1620 0 

7-« 
1. 0 X  10- * 

1. 0 X  10- " 

1. 0 X  10- 3 

1. 0 X  lO-- * 

1. 0 X  10- " 

Tabl e 1 :  Simulatio n result s fo r  variou s size s o f  th e n  queen s problem .  (  i s  th e si2 e o f  th e 
weigh t  step ,  y- t  i s  th e siz e o f  th e gai n update .  Th e number s unde r  th e column s Phas e 1 , 
Phas e 2 ,  an d Tota l  ar e th e numbe r  o f  weigh t  update s performe d i n eac h trainin g phas e (se e 
text )  an d i n total .  On e updat e wa s performe d afte r  ever y 2 0 trainin g examples .  Th e result s 
for  th e 4  queen s proble m ar e average d ove r  5 0 runs ,  fo r  th e 5  an d 6  queen s problem s th e 
average s ar e ove r  2 0 runs .  Onl y 2  run s ar e reporte d fo r  th e 7  queens ,  an d 1  ru n fo r  th e 8 
queens .  Th e algorith m wit h n o gai n variatio n wa s no t  abl e t o mee t  th e 2 0 percen t  erro r 
criteri a fo r  phas e 1  fo r  th e 8  queen s proble m an d wa s terminate d afte r  5000 0 updates . 

Figur e 2 :  Weight s learne d fo r  th e 5  queen s problem .  Th e weigh t  displa y i s recursive ,  eac h 
larg e gre y squar e represent s on e unit .  Withi n eac h larg e gre y squar e i s a  5  b y 5  gri d o f 
square s whic h represen t  th e weigh t  o f  th e connectio n fro m tha t  uni t  t o ever y othe r  uni t 
i n th e network .  Blac k square s represen t  negativ e weights ,  whit e square s represen t  positiv e 
weights ,  an d th e siz e o f  th e squair e represent s th e magnitud e o f  th e weight .  Weigh t  deca y 
was applie d t o driv e al l  non-essentia l  weight s t o zero ,  t o simplif y th e weigh t  display . 
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Figoi e 3 :  Displa y o f  th e dynamic s o f  th e 5  queen s proble m fo r  5  differen t  initia l  states .  Eac h 
colum n represent s th e settlin g o f  th e networ k fo r  on e case .  Th e larg e blac k square s contai n 
th e activit y level s o f  al l  2 5 unit s i n th e network ,  arrange d i n a  5  b y 3  grid .  Th e siz e o f  th e 
whit e squar e i n eac h gri d positio n i s proportiona l  t o th e activit y o f  th e correspondin g unit . 
I n al l  case s th e stat e reache d a t  th e en d o f  6  cycle s i s a  stabl e iixpoint . 

tw o queen s coul d li e o n th e sam e horizontal ,  vertica l 

or  diagona l  line . 

The dynamic behaviour of a 5 queens network can 
be see n i n figure  3 .  I n th e thir d o f  th e 5  example s w e 
ca n se e th e networ k placin g a  quee n i n th e thir d ro w 
when th e initia l  configuratio n contain s n o dominan t 

uni t  i n thi s row .  I n th e fifth  exampl e w e ca n se e 

competitio n betwee n tw o initiall y  dominan t  unit s i n 
bot h th e first  an d secon d rows ,  am d als o th e creatio n 
of  a  dominaji t  uni t  i n th e thir d row .  Th e perfor -

mance o f  th e networ k i s quit e robust ,  eve n o n highl y 

ambiguou s inputs . 

Our experiments with the simple I/O mapping net-

work s showe d a  tendenc y fo r  th e learne d gai n sched -
ule s t o b e "annealing "  schedules ,  startin g a t  a  lo w 
gadn an d increasin g i t  a s th e networ k settle d (Plau t 

et  al. ,  1986) .  Thi s sam e effec t  i s  observe d i n th e 
simulation s fo r  th e n  queen s problem . 

DISCUSSION 

Varyin g th e gai n fo r  a  recurren t  networ k a s i t  settle s 
has bee n suggeste d elsewher e (Hopfiel d an d Tank , 

1985 ;  Pineda ,  1987) ,  a s ha s a n amalog y betwee n gai n 

i n recurren t  analo g networks ,  an d temperatur e i n 

statistica l  network s (Amari ,  1972 ;  Hopfield ,  1984 ; 
Pineda ,  1987) .  T h e uniqu e aspec t  o f  thi s wor k i s 

th e us e o f  a n erro r  propagatio n schem e t o simuUa -
neoiisl y optimiz e th e weight s an d gai n schedul e fo r  a 
recurren t  network .  T h e empirica d result s presente d 

her e sho w tha t  fo r  constrain t  satisfactio n problem s 
i n whic h a  comple x attracto r  structur e mus t  b e de -
veloped ,  th e paralle l  optimizatio n o f  th e weight s 

and gai n schedul e ca n produc e a n orde r  o f  magni -
tud e speed-u p i n th e convergenc e o f  th e optimiza -

tion .  W h a t  i s no t  clea r  i s whethe r  thi s speed-u p i s 
obtaine d b y followin g a  shorte r  pat h t o th e sam e 

weigh t  regio n tha t  woul d b e reache d b y optimizin g 

th e weight s alone ,  o r  whethe r  a  qualitativel y differ -

ent  regio n o f  weigh t  spac e i s reache d b y th e combine d 
optimization . 

Some simple simulations tend to support the lat-
te r  hypothesis .  I f  a n n  queen s networ k tha t  ha s 
bee n traine d wit h gad n variatio n ha s it s gai n sched -

ul e modifie d s o tha t  th e gai n i s a  constan t  vadu e 

(fo r  exampl e th e m e a n o f  th e gai n schedule) ,  quali -
tativel y differen t  behaviou r  i s observe d fro m th e net -

work .  Additiona l  stabl e state s ar e observed ,  whic h 
do no t  correspon d t o solution s t o th e n  queen s prob -

lem ,  an d whic h ar e no t  stabl e whe n th e networ k i s 
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allowe d t o settl e usin g th e origina l  gai n schedule . 

Thi s behaviou r  i s expected .  Annezdin g th e analo g 

networ k wit h th e gad n schedul e wil l  forc e th e net -

wor k int o stâ te s neare r  th e globa l  erro r  m i n i m u m , 

an d awa y fro m loca l  m in im a wit h relativel y hig h er -

ror .  I t  woul d appea r  tha t  th e us e o f  gai n variatio n 

allow s th e networ k t o find a  se t  o f  weight s tha t  ha s a n 

attracto r  structur e wit h m a n y hig h erro r  spuriou s at -

tractors ,  i n additio n t o th e lo w erro r  attractor s tha t 

correspon d t o solution s t o th e task .  I t  i s  apparentl y 

m u ch easie r  t o find a  se t  o f  weight s wit h a n attracto r 

structur e o f  thi s form ,  rathe r  tha n on e wit h attrac -

tor s whic h correspon d onl y t o tas k solutio n points . 

Thi s lead s t o th e hypothesi s tha t  th e speed-u p i n 

convergenc e i s obtJiine d b y allowin g a  m u c h large r 

regio n o f  weigh t  spac e t o satisf y th e problem ,  an d 

tha t  th e combine d optimizatio n lead s t o a  qualita -

tivel y differen t  regio n o f  weigh t  spac e tha n b y opti -

mizatio n o f  th e weight s alone . 

There is an additioned factor which may account 

fo r  som e o f  th e speed-u p i n learnin g observe d wit h 

th e paralle l  optimizatio n o f  th e weight s an d gai n 

schedule. ^  T h e erro r  surfac e fo r  msui y problem s tha t 

bac k propagatio n i s applie d t o i s characterize d b y 

ravine s wit h stee p side s i n mos t  directions ,  bu t  a 

shallo w descen t  i n on e direction .  Onc e th e weigh t 
vecto r  i s aligne d wit h th e floor  o f  th e ravine ,  on e 

ca n m o v e quit e rapidl y adon g th e floor  o f  th e ravin e 

by simpl y adjustin g a  globa l  gai n term .  T o exam -

in e thi s effect ,  severa l  o f  th e 5-queen s simulation s 

wer e repeate d wit h a  gai n ter m tha t  wa s learne d b y 

erro r  propagation ,  bu t  wa s constraine d t o b e con -

stan t  durin g a  settlin g (a s th e weight s wer e con -

strained) .  Thi s algorith m wa s a  facto r  o f  tw o t o 

thre e faste r  tha n th e simpl e back-propagatio n algo -

rithm ,  bu t  stil l  five  t o si x time s slowe r  tha n th e par -

alle l  optimizatio n o f  th e weight s an d gai n schedule , 

suggestin g tha t  th e abilit y  t o scal e al l  o f  th e weight s 

accounte d fo r  a  smal l  par t  o f  th e speed-u p observe d 

i n th e n-queen s problem .  Nevertheless ,  th e speed -

u p wa s significan t  enoug h t o sugges t  usin g a  similzi r 

scal e facto r  i n layere d networks . 
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CONJOINT SYNTACTI C AN D SEMANTIC CONTEXT EFFECTS: 
TASKS AN D REPRESENTATIONS 

Padraig O'Seaghdha 
Universit y o f  Rocheste r 

Abstrac t 

Syntactic and semantic relatedness were orthogonally varied in a series 
of  experiment s b y presentin g semanticall y relate d an d lanrelate d nou n 
and ver b target s i n phrasa l  context s syntacticall y disposin g t o noun s 
or  verbs .  I n addition ,  th e subjects '  task ,  namin g o r  lexica l  decisio n 
on th e target ,  wa s varie d acros s experiments .  I n lexica l  decision , 
semanti c facilitatio n an d inhibitio n effect s depende d o n context-targe t 
match ,  especiall y fo r  nou n targets .  I n severa l  experiments ,  namin g 
dat a showe d onl y wea k semanti c effects ,  whic h wer e no t  modulate d b y 
context-targe t  match .  However ,  ther e wa s clea r  evidenc e o f  syntacti c 
inhibitio n i n thes e experiments .  Finally ,  robus t  semanti c facilitatio n 
was observe d i n a  namin g experimen t  wher e context s an d target s wer e 
alway s syntacticall y matched .  Thus ,  althoug h i n som e experiment s 
lexica l  decisio n appeare d t o reflec t  additiona l  text-leve l  integratio n 
processe s t o whic h namin g wa s immune ,  th e namin g tas k wa s les s 
consisten t  acros s experiments .  Thi s contradictio n ma y b e resolve d i f  a 
distinctio n i s introduce d betwee n situation s wher e lexica l  target s ar e 
par t  o f  th e sequenc e bein g teste d an d situation s wher e the y ar e 
externa l  probes . 

When a  sentence-fina l  conten t  wor d i s presente d i n a  speede d 
respons e task ,  i t  ma y var y i n semanti c an d syntacti c congruit y wit h th e 
context .  I n th e cas e o f  syntacti c congruity ,  severa l  recen t  studie s 
sho w that ,  whe n a  sentence-fina l  targe t  i s syntacticall y anomalous , 
latencie s ar e slowe d (Wrigh t  &  Garrett ,  1984 ;  Wes t  &  Stanovich ,  1986) . 
But  mos t  o f  th e researc h i n thi s are a ha s bee n concerne d wit h semanti c 
effects ,  assesse d o n a  goodness-of-completio n continuu m (e.g. ,  Fischle r 
& Bloom ,  1979 ;  Stanovic h &  West ,  1983) .  I n recen t  wor k (O'Seaghdha , 
1986 ,  i n press )  I  hav e show n semanti c effect s i n simpl e phrase s wher e 
relatednes s i s define d b y a  singl e contextua l  conten t  wor d (se e Tabl e 
1 ) .  Jus t  a s wit h mor e comple x contexts ,  lexica l  decisio n response s t o 
relate d target s wer e fas t  relativ e t o th e neutra l  condition ,  an d 
response s t o unrelate d target s wer e slow .  However ,  th e effec t  o f  th e 
contex t  wa s virtuall y eliminate d whe n th e fionctio n word s betwee n th e 
contextua l  conten t  wor d an d th e targe t  wer e incoheren t  (e.g .  wit h te a 
th e an d COFFEE) .  Thi s resul t  argue s agains t  a n importan t  rol e o f 
lexicall y mediate d facilitatio n i n natura l  languag e processing .  Tha t 
is ,  th e mer e occurrenc e o f  a  lexica l  relativ e o f  th e targe t  i s no t 
sufficien t  t o produc e a n effect .  Rather ,  i t  appear s tha t  a  sequenc e 
must  b e syntacticall y coheren t  u p t o th e poin t  o f  targe t  presentation . 

I n th e experiment s reporte d here ,  thi s wor k wa s extende d b y markin g 
bot h syntacti c an d semanti c appropriatenes s o n phrase-termina l  target s 
(se e Tabl e 1 ) .  I n thes e experiments ,  relate d o r  unrelate d nou n o r  ver b 
target s wer e presente d i n nou n context s (context s i n whic h nou n bu t  no t 
ver b completion s wer e grammatical) ,  o r  i n th e reciproca l  ver b contexts . 
The target s wer e als o teste d i n neutra l  context s whic h lacke d clos e 
lexica l  relatives .  Th e sequence s wer e alway s grammatica l  u p t o th e 
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TABLE 1 
Example s o f  Material s Use d i n th e Experiment s 

Context Words Related/Unrelated Target 

_1 2^^ 3 4 Noun Verb 

Noun context 

with tea /dessert or with COFFEE/ BONE STIR/ RELAX 

Verb context 

the tea /dessert that you COFFEE/ BONE STIR/ RELAX 

1 The related(e.g. tea) or neutral(e.g. dessert) context is defined in 
Positio n 2 .  Nominall y relate d target s wer e alway s presente d i n th e 
neutra l  contexts . 

poin t  o f  targe t  presentation .  Thi s procedur e provide s a  stronge r  tes t  o f 
lexica l  mediatio n tha n th e earlie r  wor k wher e th e sequence s wer e 
asyntacti c befor e th e target s wer e presented .  I n addition ,  i t  allow s fo r 
examinatio n o f  th e conjoin t  effect s o f  syntacti c coherenc e an d semanti c 
relatedness .  A t  leas t  thre e processe s coul d influenc e performanc e 
unde r  thes e conditions : 

1)  Bindin g o f  syntacti c categorie s t o positiona l  slots .  I n eac h case , 
a stron g preferenc e exist s fo r  a  nou n o r  ver b ending .  Presentin g a 
member  o f  th e wron g syntacti c categor y violate s synta x an d shoul d slo w 
latencies . 

2)  Semanti c facilitatio n independen t  o f  syntacti c binding .  Thi s 
coul d b e mediate d b y intralexica l  facilitatio n (Forster ,  1979 )  o r  b y 
conceptual-lexica l  primin g (Tanenhaus ,  Dell ,  &  Carlson ,  1987) . 
However ,  i f  sentence-contex t  effect s depen d o n syntacti c coherenc e 
(O'Seaghdha ,  i n press )  thes e effect s shoul d b e weak . 

3)  Processe s operatin g afte r  syntacti c bindin g o f  a  target .  Suc h 
processe s woul d b e conditiona l  o n th e syntacti c appropriatenes s o f  th e 
targe t  an d woul d reflec t  succes s o r  failur e a t  integratin g ne w word s 
wit h higher-leve l  contextua l  representations .  Suc h effect s ar e likel y 
t o influenc e a  binar y decisio n tas k mor e tha n th e univoca l  namin g tas k 
(se e Seidenberg ,  Waters ,  Sanders ,  &  Langer ,  1984 ;  Lucas ,  Tanenhaus ,  & 
Carlson ,  1987) . 

Method 

The general procedure in all of the experiments was the same. Eighty 
relate d noun-nou n pair s use d i n previou s researc h (O'Seaghdha ,  1986 ,  i n 
press )  wer e embedde d i n simpl e noun-expectanc y phrase s (se e example s i n 
Tabl e 1 ) .  I n th e neutra l  condition ,  a  nou n unrelate d t o th e targe t  wa s 
substitute d i n eac h context .  T o produc e th e unrelate d conditions ,  nou n 
target s wer e reassigne d t o unrelate d contexts .  Next ,  a  relate d ver b 
was foun d fo r  eac h context ,  an d unrelate d ver b condition s wer e 
generate d i n th e sam e wa y a s fo r  th e nouns .  Finally ,  a  se t  o f  verb -
expectanc y phrase s wa s writte n t o provid e a  symmetrica l  se t  o f  ver b 
contex t  conditions . 
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Thus ,  o n a  particula r  trial ,  a  subjec t  coul d rea d a  primin g o r 
neutral ,  nou n o r  ver b context .  I n primin g contexts ,  a  relate d o r 
unrelated ,  nou n o r  ver b targe t  wa s presented .  I n neutra l  contexts , 
th e targe t  wa s b y definitio n no t  stongl y related ,  bu t  th e 
correspondin g nominall y relate d nou n o r  ver b wa s presented . 

On eac h trial ,  th e fou r  contex t  word s wer e presente d seriall y  a t  a 
fixe d 40 0 mse c rat e a t  a  cente r  scree n location .  I n th e lexica l 
decisio n experiments ,  ther e wer e eight y wor d an d fort y nonwor d targets , 
balance d ove r  conditions .  I n th e namin g experiments ,  th e condition s 
wer e interleave d i n suc h a  wa y tha t  12 0 wor d target s coul d b e presente d 
withou t  repetitio n o f  items . 

Summary of Experiments 

Table 2 sxommarises data from seven naming and lexical decision 
experiments .  Th e condition s ma p ont o experiments ,  indexe d b y number s 
i n th e table ,  a s follows : 
Experiment s 1  an d 2  (Lexica l  Decision ,  Separate) :  Nou n an d ver b 
target s wer e presente d i n nou n context s (Experimen t  1 )  an d ver b 
context s (Experimen t  2 ) . 
Experimen t  3  (Lexica l  Decision ,  Matched) :  Context s an d target s wer e 
matched :  Nou n target s wer e presente d i n nou n contexts .  Th e dat a ar e 
extracte d fro m a  large r  experimen t  (O'Seaghdha ,  i n press .  Experimen t 
5 ) . 
Experimen t  4  (Naming ,  Mixed) :  Nou n an d ver b target s wer e presente d i n 
nou n an d ver b contexts . 
Experiment s 5  an d 6  (Naming ,  Separate) :  Same a s Experiment s 1  an d 2 
excep t  fo r  task . 
Experimen t  7  (Naming ,  matched) :  Noun s i n nou n contexts ,  verb s i n ver b 
context s withi n th e experiment . 

The Tabl e show s dat a fro m al l  o f  thes e experiment s organise d b y 
typ e o f  contex t  an d typ e o f  target .  Sixtee n subject s serve d i n 
Experimen t  3 ,  twenty-eigh t  subject s i n Experiment s 6  an d 7 ,  an d thirty -
tw o subject s i n eac h o f  Experiment s 1 ,  2 ,  4 ,  an d 5 .  Th e overal l 
relatednes s effec t  i s  th e differenc e betwee n unrelate d an d relate d 
conditions .  Th e facilitatio n effec t  i s  th e differenc e betwee n neutra l 
and relate d contexts . 

Results 

Relatedness The main effect of Relatedness was significant in all 
experiment s excep t  Experimen t  4  (Naming ,  Mixe d contexts) .  Experimen t  1 
replicate s th e stron g syntacti c dependenc y observe d i n th e previou s 
lexica l  decisio n researc h (O'Seaghdha ,  1986 ,  i n press) .  Thi s 
conclusio n hold s whethe r  th e primin g o f  noun s i n nou n context s i s 
compare d t o th e 2  mse c primin g o f  verb s i n th e sam e context s withi n th e 
experiment ,  o r  t o th e 1 4 mse c primin g o f  th e nou n target s i n th e ver b 
context s o f  Experimen t  2 .  However ,  th e relatednes s effect s i n 
Experimen t  2  ar e weake r  tha n i n Experimen t  1  an d d o no t  sho w syntacti c 
dependency .  I t  appear s tha t  th e ver b target s ar e les s strongl y relate d 
t o th e context s tha n th e nouns ,  s o tha t  i n Experimen t  2  th e modes t 
semanti c effec t  o f  asyntacti c noun s i s comparabl e t o th e modes t 
integratio n observe d fo r  th e syntacticall y congruen t  bu t  semanticall y 
weak verbs . 
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TABLE 2 
Means o f  Respons e Latencie s wit h Estimate s o f  Overal l  Relatednes s 

and Facilitatio n Summarise d fro m Seve n Experiment s 

Tas k an d Context s 

Noun Context s 

Lexica l  Decision , 
Separat e (1 ) 

Lexica l  Decision , 
Matche d (3 ) 

Naming ,  Mixe d (4 ) 

Naming ,  Separat e (5 ) 

Naming ,  Matche d (7 ) 

Ver b Context s 

Lexica l  Decision , 
Separat e (2 ) 

Lexica l  Decision , 
Matche d 

Naming ,  Mixe d (4 ) 

Naming ,  Separat e (6 ) 

Naming ,  Matche d (7 ) 

Targe t 

Noun 
Ver b 

Noun 
Ver b 

Noun 
Ver b 

Noun 
Ver b 

Noun 
Ver b 

Noun 
Ver b 

No dat a 

Noun 
Ver b 

Noun 
Ver b 

Noun 
Ver b 

R 

498 
590 

491 

471 
497 

450 
468 

450 

512 
525 

491 
493 

471 
466 

469 

U 

541 
592 

530 

479 
504 

458 
480 

469 

526 
543 

498 
497 

481 
481 

487 

N 

527 
598 

519 

474 
508 

456 
480 

467 

524 
532 

501 
491 

476 
476 

480 

Relatednes s 

43 
2 

39 

8 
11 

8 
12 

19 

14 
18 

7 
4 

10 
15 

18 

Facilitatio n 

29 
8 

28 

3 
7 

6 
12 

17 

12 
11 

10 
- 2 

5 
10 

11 

Facilitatio n =  ( N -  R ) . 
2 Number s i n parenthese s inde x Experiment s (se e text) . 

= ( U -  R ) ; 

The virtua l  absenc e o f  an y relatednes s effec t  i n Experimen t  4  wa s 
unexpected .  Th e namin g tas k i s considere d t o b e a  relativel y direc t 
measur e o f  contex t  effect s (e.g. ,  Seidenber g e t  al. ,  1984) .  Effect s o f 
th e kin d usuall y observe d i n sentence-contex t  studie s (e.g. ,  Stanovic h 
& West ,  1983 )  wer e therefor e expected .  Tha t  is ,  th e effect s shoul d 
resembl e thos e wit h lexica l  decisio n thoug h the y migh t  b e a  littl e 
smaller ,  especiall y o n th e inhibitor y side .  I n Experiment s 5  an d 6 , 
when th e context s wer e eithe r  al l  nou n o r  al l  verb ,  th e relatednes s 
effect s wer e stronger ,  bu t  di d no t  discriminat e betwee n syntacticall y 
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congruen t  an d syntacticall y incongruen t  conditions .  Thi s outcom e make s 
sens e fo r  Experimen t  6  whic h compare s directl y t o Experimen t  2 . 
However ,  a  stronge r  effec t  o f  noun s i n nou n context s wa s expecte d i n 
Experimen t  5 .  Onl y i n Experimen t  7 ,  wher e context s an d target s wer e 
alway s matched ,  wa s th e expecte d larg e facilitatio n effec t  fo r 
congruen t  noun s observed . 

Syntactic inhibition Although semantic effects were virtually absent 
i n Experimen t  4 ,  robus t  syntacti c inhibitio n wa s observed ,  a t  leas t  fo r 
nou n contexts .  Thi s resul t  i s  importan t  fo r  th e practica l  reaso n tha t 
i t  provide s assuranc e tha t  subject s di d no t  merel y fai l  t o registe r 
th e context s i n thi s multi-conditio n experiment ,  an d fo r  th e 
substantiv e reaso n tha t  i t  show s a n independenc e o f  semanti c an d 
syntacti c effects .  Independenc e o f  semanti c relatednes s an d syntacti c 
congruit y wa s als o observe d i n Experiment s 2 ,  5  an d 6 .  I n th e cas e o f 
Experiment s 2  an d 6 ,  thi s ma y b e attribute d t o semanti c effect s fo r 
noun s balancin g syntacti c integratio n fo r  verbs .  Bu t  i n Experimen t  5 , 
th e sam e discriminatio n betwee n noun s an d verb s tha t  wa s observe d i n 
Experimen t  1  wa s expected . 

Nouns and verbs The data show several contrasts between noun and verb 
context s an d targets .  First ,  leavin g asid e Experimen t  4 ,  th e ver b 
contex t  dat a appea r  relativel y consisten t  acros s task s an d experiments . 
Second ,  ther e i s a n asymmetr y i n syntacti c inhibitio n acros s contexts : 
I n Experimen t  4 ,  wher e the y ca n b e directl y coiipared ,  noun s ar e mor e 
inhibite d i n ver b context s tha n verb s ar e i n nou n contexts .  Thes e 
consideration s togethe r  sugges t  that ,  fo r  th e kind s o f  construction s 
used ,  ver b context s ar e syntacticall y stronger .  O n th e othe r  hand ,  th e 
noun context s ar e semanticall y stronge r  (se e th e larg e facilitatio n 
effect s i n Experiment s 1 ,  3 ,  an d 7 ) .  Severa l  factor s ma y contribut e 
here .  Referentia l  noun-concept s ma y b e mor e strongl y linke d togethe r 
tha n the y ar e linke d t o possibl e predicates .  Verb s ma y b e mor e 
constrainin g i n predicate-objec t  construction s (Sh e drov e th e car )  tha n 
the y ar e constraine d i n relativ e clause s (Th e ca r  tha t  she...) . 

Tasks and Representations A widely expressed view is that, in contrast 
t o lexica l  decision ,  th e namin g tas k i s a  relativel y unbiase d measur e o f 
lexica l  acces s (e.g. ,  Balot a &  Lorch ,  1986) .  Seidenber g e t  al .  (1984 ) 
showed tha t  lexica l  decisio n i s biase d b y a  numbe r  o f  factors , 
includin g syntacti c congruenc e betwee n a  single-wor d prim e an d a 
target ,  b y whic h namin g i s no t  influenced .  However ,  usin g mor e 
constrainin g sentence-fram e contexts .  Wes t  an d Stanovic h (1986 )  foun d tha t 
namin g latenc y wa s affecte d b y th e syntacti c congruit y o f  context s an d 
targets .  I t  appear s tha t  speaker s involuntaril y  dela y th e articulatio n 
of  a  wor d whe n i t  i s  syntacticall y incongruen t  wit h it s context .  I n 
fact ,  roughl y equivalen t  effect s hav e bee n observe d i n th e tw o task s i n 
most  o f  th e sentence-fram e contex t  literature ,  excep t  tha t  lexica l 
decisio n tend s t o sho w large r  overal l  effect s an d especiall y mor e 
inhibitio n o f  unrelate d target s (se e Stanovic h &  West ,  1983) . 

Recently ,  Lucas ,  Tanenhaus ,  an d Carlso n (1987 )  hav e successfull y 
use d th e lexica l  decision-namin g tas k contras t  t o sho w tha t  instrumen t 
inference s ar e code d i n constructe d text-leve l  representations .  Th e 
presen t  dat a coul d b e interprete d i n term s o f  th e sam e contras t  i f 
Experimen t  7  wer e disregarded .  Tha t  is ,  i t  coul d b e claime d tha t  th e 
stron g facilitatio n effect s fo r  noun s i n nou n context s i n th e lexica l 
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decisio n tas k reflec t  text-leve l  integratio n (O'Seaghdha ,  i n press) , 
v^il e th e namin g dat a reflec t  largel y lexica l  influences .  However ,  th e 
statistica l  weaknes s o f  th e relatednes s effec t  i n Experimen t  4 
suggeste d tha t  thi s conclusio n migh t  b e premature .  Why shoul d th e 
frequentl y observe d robus t  facilitatio n o f  semanticall y relate d 
congruen t  sentenc e completion s no t  b e replicate d here ? I t  turne d ou t 
tha t  th e relatednes s effec t  wa s nonsignifican t  i n Experimen t  4 , 
significan t  bu t  synta x insensitiv e i n Experimen t  5 ,  an d o f  th e expecte d 
magnitud e onl y i n Experimen t  7 . 

Resolutio n o f  th e statu s o f  th e namin g tas k ma y b e a t  han d i f  a 
contras t  betwee n sentenc e intrinsi c an d sentenc e externa l  target s i s 
take n int o account .  Th e lexica l  decisio n an d namin g task s ma y validl y 
be use d t o inde x differen t  representation s when ,  a s i n th e Luca s e t  al . 
study ,  th e probe s ar e no t  continuation s o r  completion s o f  th e sentence s 
bein g indexed .  However ,  th e syntacticall y sensitiv e namin g tas k ma y b e 
a mercuria l  inde x whe n i t  i s  use d t o ta p sentenc e intrinsi c effects . 
Thi s suggestio n i s supporte d bot h b y th e presen t  result s an d b y 
previou s evidenc e tha t  relativel y mino r  change s i n procedur e ca n 
dramaticall y influenc e namin g latenc y t o sentence-completions .  Fo r 
example ,  slightl y differen t  procedure s i n Stanovic h &  West' s (1979 ) 
Experiment s 1  an d 2  produce d a  juit p fro m 1 5 t o 11 1 mse c o f 
facilitation . 

Conclusions In addition to the foregoing methodological 
considerations ,  severa l  substantiv e conclusion s ca n b e draw n fro m th e 
presen t  data .  First ,  althoug h th e natur e o f  thes e processe s require s 
furthe r  study ,  i t  appear s tha t  relatednes s effect s i n bot h lexica l 
decisio n (Experiment s 1  t o 3 )  an d namin g (Experimen t  7 )  o n sentence -
completio n target s ca n reflec t  processe s o f  tex t  integration .  Th e 
mappin g betwee n performanc e o n th e task s an d on-lin e readin g remain s 
indeterminate .  However ,  th e fac t  tha t  syntacti c inhibitio n wa s 
observe d i n Experimen t  4  whe n relatednes s effect s wer e virtuall y 
eliminated ,  suggest s tha t  syntacti c assignmen t  ma y b e a n obligator y 
proces s o f  a  kin d tha t  syntactic-semanti c integratio n i s not . 
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Generalizatio n b y h u m a n s an d multi-laye r  adaptiv e network s 

M. Pavel Mark A. Gluck Van Henkle 

Stanford University 

ABSTRACT 

Generalization of a pattern categorization task was investigated in a simple, deteiministic, 

inductiv e learnin g task .  Eac h o f  eigh t  pattern s i n a  trainin g se t  wa s specifie d i n term s o f  fou r 

binar y features .  Afte r  subject s learne d t o categoriz e thes e pattern s i n a  supervise d learnin g para -

dig m the y wer e aske d generaliz e thei r  knowledg e b y categorizin g nove l  patterns .  W e analyze d 

bot h th e detail s o f  th e learnin g proces s a s wel l  a s subjects '  generalization s t o nove l  patterns . 

Certai n pattern s i n th e trainin g se t  wer e consistend y foun d t o b e mor e difficul t  t o lear n tha n oth -

ers .  Th e subsequen t  generalization s mad e b y subject s indicat e tha t  i n spit e o f  importan t  indivi -

dual  differences ,  subject s showe d systemati c similaritie s i n ho w the y generalize d t o nove l  situa -

tions .  Th e generalizatio n performanc e o f  subject s wa s compare d t o thos e tha t  coul d possibl y b e 

generate d b y a  two-laye r  adaptiv e network .  A  compariso n o f  netwoi k an d huma n generaliza -

tion s indicat e tha t  usin g a  minima l  networ k architectur e i s no t  a  sufficien t  constrain t  t o guarante e 

tha t  a  netwcx- k wil l  generaliz e th e wa y human s do . 

INTRODUCTION 

Inductive learning is one of the most difficult and least understood aspects of cognition. During 

supervise d learnin g a n organis m i s expose d t o a  fe w example s o f  stimulus-respons e pair s (th e trainin g 

set )  fro m whic h th e organis m infer s h o w t o t o generat e correc t  response s t o m a n y othe r  stimuli .  Th e 

theoretica l  proble m arise s fro m th e fac t  tha t  ther e usuall y ar e m a n y rule s tha t  ar e consisten t  wit h th e 

trainin g se t  bu t  whic h generat e differen t  response s t o th e nove l  stimuli .  Unlik e deduction ,  inductio n ha s 

n o a  prior i  normativ e procedur e t o decid e whic h se t  o f  rule s i s th e mos t  appropriate . 

Thus, induction problems can be considered ill-posed problems in that there too many very dif-

feren t  solutions .  Suc h problem s ca n b e solve d b y introducin g additiona l  constraint s o r  objective s tha t 

ar e externa l  t o th e origina l  problem .  O n e o f  th e centra l  problem s fo r  imderstandin g inductio n i n natura l 

(human )  o r  artificia l  system s i s t o determin e usefu l  constraint s o r  regularizatio n principle s tha t  conver t 

th e ill-pose d problem s int o wel l  pose d problems . 

In spite of the inherent diffictilties with defining "good" inductions, people aR>ear to be very 

goo d a t  rapidl y learnin g t o induc e usefu l  rules .  Investigatio n o f  h o w peopl e perfor m inductio n o r  gen -

eralizatio n is ,  therefore ,  interestin g no t  onl y t o th e student s o f  cognitio n bu t  als o t o builder s o f  artificia l 

learnin g machines .  Althoug h ther e hav e bee n m a n y attempt s t o stud y thi s problem ,  mos t  o f  previou s 

researc h ha s bee n focuse d primaril y o n investigatio n an d modelin g o f  averag e performanc e (Medi n & 

Schaefer ,  1978 ;  Medin ,  D e w e y ,  &  Murphy ,  1983 ;  Nosofsky ,  1986) . 

Correspondenc e shoul d b e addresse d to :  M .  Pavel ,  Bld g 420 .  Stanford ,  C A 94305 .  Thi s researc h wa s 

supporte d b y N S F Gran t  BNS-8618049 ,  N S F Gran t  IST-851158 9 an d Gran t  fro m N A S A A m e s NCC-2-307 . 

680 



Pavel ,  Gluck ,  &  Henkl e 

One goa l  o f  stud y reporte d her e wa s t o examin e ho w peopl e generaliz e i n a  simpl e deterministi c 

categorizatio n tas k i n whic h eac h patter n i s characterize d i n term s o f  know n binar y features .  Whil e w e 

expecte d certai n similaritie s t o emerg e acros s huma n learners ,  w e anticipate d tha t  th e particula r  general -

ization s migh t  b e subjec t  t o considerabl e individua l  differences .  T o tes t  thi s idea ,  w e use d a n experi -

menta l  paradig m tha t  woul d p)ermi t  u s t o t o observ e individua l  subject s durin g th e learnin g o f  a  categor -

izatio n tas k o n a  se t  o f  trainin g pattern s an d the n allo w u s examin e th e type s o f  categorization s the y 

made o n a  se t  o f  nove l  tes t  patterns .  I n th e las t  sectio n o f  thi s pape r  w e compar e huma n generalization s 

t o thos e o f  a  smal l  adaptiv e networic . 

EXPERIMENT 1 

The purpose of this study was to record subjects' progress in learning a deterministic categori-

zation ,  analyz e thei r  generalizations ,  an d compar e thei r  performanc e t o tha t  o f  smal l  adaptiv e networics . 

The stimul i  wer e simila r  t o thos e use d b y Medin ,  Altom ,  Edelson ,  &  Freko ,  (1982) ,  bu t  th e procedur e 

was designe d t o enabl e u s t o monito r  th e learnin g proces s i n additio n t o evaluatin g subsequen t  generali -

zations . 

Method 

Seventy-eight Stanford undergraduates were run finom a pool of subjects enrolled in an introduc-

tor y psycholog y course .  Eac h stimulu s ite m wa s compose d o f  fou r  binar y dimension s an d wa s 

presente d t o subject s a s a  patien t  char t  listin g fou r  differen t  sympto m types :  Muscle s (tens e o r  relaxed) . 

Insuli n (hig h o r  low) .  Gland s (swolle n o r  recessed) ,  an d Sinu s (stuff y o r  runny) .  Th e complet e stimulu s 

set  consiste d o f  th e 1 6 possibl e pattern s resulting  ftx)m  formin g al l  combination s o f  th e fou r  binar y 

dimensions .  A s show n i n Tabl e 1 ,  wit h th e alternat e value s o f  eac h dimensio n indicate d b y eithe r  "1 "  o r 

"0" ,  fou r  o f  th e 1 6 stimul i  wer e designate d a s member s o f  categor y A ,  fou r  a s member s o f  categor y B , 

and th e remaining  8  wer e presente d a s nove l  item s t o tes t  fo r  generalization . 

TABLE 1 : 

Categor y 

A 

B 

Novel 

Categor y Structur e fro m Experimen t  1 

Ite m 

Al 
A2 
A3 
A4 

Bl 
B2 
B3 
B4 

Nl 
N2 
N3 
N4 

N5 
N6 
N7 
N8 

1 

1 
1 
0 
1 

0 
0 
1 
0 

0 
0 

0 
1 
1 
1 
0 
1 

Dimensio n 

2 3  4 

1 1  1 
1 0  0 
1 1  1 
0 0  0 

0 1  0 
0 0  1 
0 1  0 
1 0  1 

0 0  0 
0 1  1 
1 0  0 
0 1  1 
1 1  0 
1 0  1 
1 1  0 
0 0  1 
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The trainin g stimul i  wer e carefull y selecte d s o tha t  th e categorizatio n coul d b e performe d per -

fectl y b y a n exclusive-o r  ( X O R )  o n th e las t  tw o dimension s ( 3 &  4 )  whil e th e first  tw o dimension s ( 1 & 

2)  coul d b e use d t o for m a  simple r  bu t  les s effectiv e rule . 

Procedure. Throughout the experiment the two categories were referred to as "Turitis" and 

"Purosis" ,  wit h th e associatio n o f  eac h nam e t o a  categor y randomize d acros s subjects .  Th e patien t 

chart s wer e presente d o n a  compute r  scree n wit h th e symptom s arrange d verticall y (a s above) .  Fo r  eac h 

individua l  subject ,  th e orde r  i n whic h th e sympto m type s wer e displaye d o n eac h char t  wa s consisten t 

throughou t  th e entir e experiment .  However ,  acros s subject s th e orde r  o f  displa y wa s randomized .  Th e 

particula r  sympto m name s associate d wit h eac h dimensio n wer e als o randomize d acros s subjects . 

Subjects were instructed to imagine that they were medical interns learning to diagnose patients 

sufferin g fro m on e o f  tw o diseases .  The y wer e tol d tha t  the y woul d lear n t o mak e thei r  diagnose s b y 

attemptin g t o diagnos e individua l  patients :  the y woul d b e show n a  patien t  char t  listin g fou r  symptoms , 

attemp t  t o mak e a  diagnosis ,  an d the n b e give n th e correc t  diagnosis .  Subject s wer e tol d tha t  the y woul d 

complet e thei r  trainin g afte r  correctl y diagnosin g approximatel y 3 2 patient s i n a  row ,  a t  whic h poin t 

the y woul d b e teste d o n thei r  abilit y  t o mak e diagnoses .  Afte r  bein g give n thes e instructions ,  th e train -

in g phas e o f  th e experimen t  began . 

The training phase consisted of successive presentations of the eight stimuli in categories A and 

B.  O n eac h tria l  on e stimulu s ite m wa s presented ,  th e subjec t  wa s prompte d fo r  a  categor y judgement , 

and the n th e subjec t  wa s give n feedbac k specifyin g th e correc t  categorization .  Th e orde r  o f  presentatio n 

fo r  th e trainin g stimul i  wa s randomize d ove r  block s o f  1 6 trial s s o tha t  tw o instance s o f  eac h ite m fro m 

categor y A  an d tw o instance s o f  eac h ite m fro m categor y B  occurre d i n eac h block .  Th e trainin g phas e 

continue d unti l  a  subjec t  ha d eithe r  me t  th e learnin g criterio n o f  correctl y categorizin g al l  item s i n tw o 

successiv e blocks ,  o r  unti l  th e subjec t  ha d complete d 1 5 block s witiiou t  meetin g tiie  criterion . 

Upon completing the training phase of the experiment the subjects were instructed that they 

woul d b e teste d o n di e knowledg e the y ha d gaine d i n tha t  phas e b y diagnosin g 3 2 additiona l  patients . 

They wer e the n presente d wit h 2  instance s o f  eac h o f  th e 1 6 stimul i  i n a  rando m order .  Fo r  eac h 

stimulu s the y wer e aske d t o mak e thei r  diagnosi s an d the n rat e thei r  confidenc e o f  th e diagnosi s o n a 

scal e o f  1- 7 (leas t  t o mos t  confident) .  N o feedbac k wa s give n o n thes e tes t  trials .  Followin g th e experi -

ment ,  subject s wer e aske d t o describ e th e method s the y use d t o mak e thei r  diagnoses .  Th e entir e exper -

imenta l  proces s too k betwee n 3 0 minute s an d on e hour ,  dependin g o n ho w quickl y th e subjec t  reached 

criterio n durin g th e trainin g phase . 

Results 

A summary of the results for all subjects are shown in Figure 1. Each panel of Figure 1 

represent s th e proportio n o f  A  responses ;  th e first  eigh t  pattern s represen t  th e trainin g an d th e las t  eigh t 

th e transfe r  set .  Th e first  fou r  pattern s o f  th e trainin g se t  ar e fro m categor y A  an d th e secon d fou r  pat -

tern s fro m categor y B .  Th e lef t  pane l  show s dat a fro m th e 4 0 subject s wh o reached  th e criterio n 

togethe r  wit h th e dat a o f  Medi n a t  a l  (1982) .  criterio n subject s leame d th e tas k bette r  tha n thos e o f 

Medi n e t  al .  (1982) .  Thei r  averag e performanc e i s almos t  identica l  t o th e results  o f  Medi n e t  al .  (1982) . 

I n contrast ,  ou r  non-criterio n subject s wh o di d no t  reached  th e criterio n ar e mor e simila r  t o Medin' s 

dat a fo r  th e trainin g pattem s bu t  diffe r  considerabl y o n th e nove l  patterns .  W e conclud e tha t  ou r  cri -

terio n subject s ar e mos t  lik e thos e o f  Medi n excep t  fo r  th e mor e rigorous  trainin g give n i n thi s experi -

ment . 
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Figur e 1 .  Generalizatio n profiles . 

Responses to the novel patterns represent the transfer of learning or generalization performed by 

subjects .  Ther e ar e severa l  way s o f  interpretin g th e proportion s o f  th e A  responses .  Accordin g t o on e 

interpretation ,  th e averag e responses  aris e fro m a n ensembl e o f  identicall y distribute d subjects .  Tha t  is , 

th e probabilit y  o f  assignin g a  give n patter n t o categor y A  i s th e sam e fo r  eac h subjec t  an d i s approxi -

mate d b y th e grap h o n Figur e 1 .  Thi s interpretatio n i s commonl y assume d b y investigator s (e.g .  Medi n 

et  al. ,  1982 )  wh o use d suc h dat a t o tes t  exemplar-base d model s o f  categorization .  A n alternativ e wa y o f 

interpretin g thes e proportions ,  however ,  i s  i n term s o f  a  mixtur e o f  distribution s correspondin g t o sub -

ject s wh o learne d differen t  rule s durin g th e trainin g phase .  W e examine d individua l  difference s i n orde r 

t o distinguis h thes e tw o interpretations . 

The extreme version of the mixture hypothesis is that each subject learned a different set of 

rules .  Tha t  mode l  i s  unlikel y becaus e althoug h ther e ar e 25 6 differen t  possibl e generalization s fo r  th e 

eigh t  tes t  patterns ,  1 4 differen t  generalization s accounte d fo r  8 5 % o f  th e subjects .  I n particular ,  general -

ization s o f  3 8 % o f  th e subject s wh o reached  criterio n wer e consisten t  wit h th e hypothesi s tha t  subject s 

base d thei r  categorizatio n o n th e exclusive-o r  (XOR )  o f  dimension s 3  an d 4  (th e grap h o f  X O R perfor -

mance,  i f  plotte d o n Figur e 1 ,  woul d consis t  o f  alternatio n o f  fou r  hig h an d fou r  lo w responses).  O n th e 

othe r  han d mor e tha n a  hal f  o f  th e subject s wh o learne d th e tas k generalize d differently .  Thi s support s 

th e notio n tha t  individua l  subject s abstracte d differen t  se t  o f  rxile s durin g th e trainin g phase .  Th e dat a i n 

Figur e 1  appea r  t o represent  a  mixtur e o f  strategie s an d generalizations . 

While subjects produced many different generalizations, it is possible that these generalizations 

ar e ver y simila r  t o eac h other .  Th e followin g analysi s wa s performe d t o determin e similarit y amon g 
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A.  Subjects '  Generalization s B .  Networ k Generalization s 

Figure 2. Hierarchical clustering of generalizations 

different generalizations. The generalization performed by each subject can be represented as an eight 

dimensiona l  generalizatio n profil e vector ,  wher e eac h "1 "  bi t  correspond s t o assignmen t  o f  th e 

correspondin g patter n t o categor y A .  Hence ,  simila r  generalization s woul d hav e simila r  profiles .  T o 

analyz e th e generalizatio n profile s w e compute d Hammin g distance s betwee n al l  pair s o f  th e 1 4 mos t 

frequen t  generalization s an d the n use d hierarchica l  clustering ,  base d o n averag e inter-cluste r  distances , 

t o represent  th e similaritie s amon g generalizations .  Th e resulting  hierarch y i s show n i n Figur e 2A .  Th e 

distanc e betwee n an y tw o profiles ,  show n a s termina l  node s o f  th e tree ,  correspond s t o th e lowes t  com -

m on nod e o n th e tree .  Thi s analysi s indicate s tha t  differen t  subject s generalize d i n many ,  quit e differen t 

ways . 

In order to understand human categorization process it is important to determine how different 

subject s arriv e a t  differen t  rules .  Whil e a  complet e answe r  t o thi s questio n i s beyon d th e scop e o f  thi s 

pape r  on e ca n ge t  som e indication s o f  th e underiyin g processe s b y examinin g subjects '  averag e perfor -

mance durin g th e trainin g phase .  Subjects '  performanc e o n eac h patte m durin g th e learnin g phas e wa s 

sunmiarize d b y computin g th e averag e cumulativ e erro r  fo r  eac h trainin g pattem .  Thre e set s o f  suc h 

cumulativ e erro r  learnin g curve s ar e show n i n Figur e 3 A fo r  al l  subject s wh o reached  criterion ,  fo r  thos e 

tha t  performe d X O R (Figur e 3B )  an d fo r  th e remainder  (Figur e 3C) .  Th e mos t  importan t  aspec t  o f  th e 

cumulativ e erro r  curve s i s that ,  mor e o r  les s consistentl y ove r  subjects ,  eac h patte m i s learne d wit h dif -

feren t  difficulty .  Fo r  example ,  th e patte m 111 1 fro m categor y A  wa s ver y eas y (fe w errors )  whil e th e 

patte m 100 0 fro m th e sam e categor y wa s ver y difficult .  Thi s regularit y whic h wa s wa s tru e fo r  fo r  al l 

^  Th e orde r  o f  bit s correspond s t o th e orderin g o f  nove l  stimul i  i n Tabl e 1,(N1,N2...N8) . 
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Figur e 3 .  Cumulativ e oro r  learnin g curve s 

subjects who reached the criterion performance is indicative of the type of rules abstracted by subjects. 

I n particular ,  eve n thos e subject s w h o eventuall y use d th e X O R categorizatio n wer e initiall y  usin g th e 

first  t w o dimensions . 

MODEUNG GENERAUZATIONS 

The empirically observed subjects' generalizations can provide information about the con-

straint s use d b y h u m a n beings .  T o discove r  thes e constraint s frequentl y require s a  model-base d analysi s 

o f  th e data .  M o d e l s o f  categorizatio n ca n b e use d i n t w o ways .  O n e approac h i s base d o n thos e mode l s 

tha t  ca n represent  an y generalizatio n an d d o no t  impos e an y prio r  constraints .  Thei r  utilit y  i s  i n remap-

pin g th e dat a s o tha t  th e constraint s ar e easil y observe d an d extracted . 

Another way to discover the constraints imposed by the learner is to construct a model of a pat-

ter n categorizatio n proces s tha t  embodie s s o m e o f  thos e constraints .  S u c h a  m o d e l  ca n the n b e use d t o 

predic t  th e generalization s an d it s prediction s ca n b e compare d t o th e data . 

Generalizations by Networks 

An interesting class of models to consider for categorization are multi-layered adaptive net-

works .  Layere d network s ar e acycli c (nonrecursive )  directe d graph s wit h define d startin g (input )  an d 

temiinatin g (ou^u t )  node s (units )  i n wh ic h eac h uni t  ha s a  uniquel y define d distanc e (i n term s o f  arcs ) 

f ro m al l  th e inpu t  units .  H idde n unit s ar e thos e node s tha t  ar e labele d neithe r  inpu t  no r  outpu t 
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Figur e 4 .  Generalizatio n profil e fo r  a  network . 

Each directed arc is labeled by a real valued weight. A unit may, in general, be a dynamical system but 

i n th e curren t  frameworl c a  uni t  i s  define d b y a  threshol d functio n o f  th e su m o f  incomin g arcs ;  th e valu e 

contribute d b y eac h ar c i s equa l  t o th e valu e o f  th e originatin g uni t  multiplie d b y th e weigh t  o f  th e arc . 

Each uni t  perform s a  linea r  threshol d functio n whic h i s th e essentia l  nonlinearit y require d fo r  a  patter n 

recognitio n mechanism . 

A two-layer adaptive network consisting of an input, hidden and output layer with unlimited 

number  o f  hidde n unit s ca n represent  an y computabl e boolea n functio n (Nilsson ,  1965 ;  Minsk y an d 

Papert ,  1969) .  Therefore ,  suc h network s ca n b e use d t o analyz e th e dat a b y finding  a  se t  o f  weight s tha t 

perform s th e sam e categorizatio n a s a n individua l  subjec t  an d the n examin e th e structur e o f  suc h a  net -

work . 

Because an unconstrained network can make any possible generalization, additional constraints 

must  b e impose d i f  a n adaptiv e networ k i s t o predic t  huma n generalizatio n performance .  A n importan t 

questio n t o as k i s whethe r  o r  no t  a  networ k wit h a  specifi c  se t  o f  constraint s ca n predic t  a  particula r  gen -

eralization .  A  complet e theor y woul d hav e t o includ e a  characterizatio n o f  th e effect s o f  differen t  con -

straint s o n generalization .  Althoug h suc h a n analysi s i s beyon d th e scop e o f  thi s pape r  w e illustrat e th e 

approac h usin g a  particula r  constraint . 

An example of one such constraint involves imposing a limit on the number of hidden units. In 

th e extreme ,  mos t  constrainin g case ,  thi s amount s t o finding  a n adaptiv e networ k wit h th e minimu m 

number  o f  hidde n unit s tha t  ca n perfor m th e categorizatio n o n th e trainin g set .  Th e motivatio n fo r  suc h 

an approac h i s i n th e usua l  heuristi c argument s fo r  simplicity ;  a  smalle r  networ k shoul d generaliz e 

better . 
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To examin e th e generalizatio n behavio r  o f  minima l  networks ,  however ,  require s a  computa -

tiona l  metho d capabl e o f  finding  al l  th e solution s t o a  categorizatio n proble m fo r  a  give n numbe r  o f  hid -

den units .  W e use d a  techniqu e develope d b y Pave l  an d Moor e (1988 )  usin g linea r  programmin g 

approac h t o enumerat e al l  th e solution s fo r  a  give n numbe r  o f  hidde n unit s i n smal l  two-laye r  networks . 

The smalles t  networ k capabl e o f  perfonnin g th e particula r  tas k use d i n Experimen t  1  i s a  two-laye r  net -

wor k wit h fou r  input ,  tw o hidde n an d on e outpu t  uni t  Fo r  suc h a  networ k ther e ar e 1 8 differen t  solu -

tion s t o th e proble m whic h resul t  i n 8  distinc t  generalizations .  Thes e differen t  generalization s wer e 

summarize d i n th e sam e manne r  a s th e experimenta l  dat a show n i n Figur e 4  b y computin g th e propor -

tio n o f  time s tha t  eac h o f  th e tes t  stimul i  wa s assigne d t o categor y A .  Th e resultin g distributio n differ s 

fro m tha t  observe d fo r  th e criterio n subject s Gef t  pane l  o f  Figur e 4) .  I n fact ,  i t  i s mor e simila r  t o th e dis -

tributio n o f  response s o f  th e non-criterio n subject s (righ t  pane l  o f  Figur e 4) .  Th e clusterin g analysi s o f 

th e generalizatio n profile s i n Figur e 3 B ar e clearl y different .  I n fact ,  onl y thre e generalization s foun d i n 

th e results  o f  Experimen t  1  wer e generate d b y a  two-laye r  networi c wit h tw o hidde n units .  On e o f  thes e 

generalization s (11 1 1(XXX) )  corresponde d t o th e frequen t  X O R solution ;  th e othe r  tw o wer e a  comple -

ment  o f  X O R ((XXX)1111 )  an d a  rar e profil e ((X)10 1 111 )  whic h i s no t  show n i n Figur e 2 .  Th e sam e ana -

lyse s wer e performe d o n network s wit h large r  numbe r  o f  hidde n units .  A s th e nimibe r  o f  unit s 

increased ,  th e numbe r  o f  huma n generalization s accounte d fo r  b y th e network s increase d bu t  s o di d th e 

number  o f  generalization s no t  exhibite d b y huma n subjects . 

SUMMARY 

We have demonstrated that subjects who learn the same pattern categorization may abstract dif-

feren t  principle s an d therefor e sho w larg e individua l  difference s i n thei r  generalizatio n behavior .  Adap -

tiv e network s wit h th e minimu m numbe r  o f  hidde n imit s exhibi t  a  simila r  behavio r  bu t  generaliz e dif -

ferendy .  Thus ,  th e constrain t  o f  usin g th e minimu m numbe r  o f  hidde n unit s doe s no t  alon e provid e a 

sufficien t  constrain t  o n adaptiv e networ k model s t o allo w the m t o mode l  huma n categorizatio n 

processes .  Currentl y w e ar e investigatin g th e effect s o f  othe r  constraints . 
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Abstract 

I n th e stud y o f  natura l  languag e understanding ,  th e reductionis t 

approac h ha s bee n c o m m o n l y use d b y A ,  I .  researchers .  Her e w e develo p a 

techniqu e fo r  parsin g base d o n thi s approach .  W e us e a  se t  o f  semanti c 

primitive s t o represen t  wor d meaning s an d utiliz e pattern s o f  sentence s fo r 

mapp in g sentence s ont o meanin g structures .  T o assis t  th e parsin g process , 

w e develo p semanti c m a p p i n g s fo r  primitiv e sentences ,  semanti c 

transformation s fo r  decomposin g comple x sentence s usin g functio n word s 

an d axiom s tha t  encod e worl d knowledge .  W e the n explor e th e applicatio n 

of  ou r  approac h t o th e wor d polysem y problem . 

1. Introduction 

Au tomate d word-sens e disambiguatio n i s a n unsolve d proble m 

i n computationa l  linguistics ,  an d i t  form s th e goa l  o f  th e wor k presente d 

here .  W e develo p a  pattern-base d parsin g techniqu e an d giv e illustration s 

fo r  word-sens e disambiguation s usin g onl y th e sententia l  context .  Ou r 

solutio n t o thi s proble m utilize s th e semanti c primitive s approac h an d 

appear s t o b e a  significan t  ste p i n determinin g th e ultimat e consequence s 

of  thi s approach . 

We hypothesiz e tha t  mos t  o f  th e every-da y lexico n ca n b e 

represente d b y a  large ,  ye t  finite ,  n u m b e r  o f  semanti c primitives . 

Intuitively ,  w e forese e tw o kind s o f  connection s betwee n thes e primitives : 

a 'tangle d hierarchy '  o f  primitive s an d 'semanti c connections' .  Th e tangle d 

hierarch y i s use d t o establis h propertie s o f  a n objec t  inherite d al l  th e wa y 

d o w n fro m th e root-leve l  nodes ,  whil e semanti c connection s ar e thos e 

relationship s tha t  captur e worl d knowledg e an d provid e u s wit h clue s i n 

understandin g linguisti c expressions .  Sentenc e form s ca n n o w b e classifie d 

by th e patternin g o f  semanti c primitive s an d functio n words .  Functio n 

word s ar e certai n word s (namely ,  prepositions ,  conjunctives ,  etc. )  tha t  m a y 

appea r  i n a  sentence .  W e hypothesiz e tha t  al l  simpl e sentenc e form s ca n b e 

capture d b y a  ver y large ,  ye t  finite ,  se t  o f  patterns . 

We e m p l o y a  multi-tiere d approac h t o parsin g linguisti c 

expressions .  Thi s approac h account s fo r  th e thre e differen t  representation s 

of  expressions ,  namel y 1 .  th e surfac e representatio n o f  sentences ,  2 .  th e 

verba l  representatio n o f  semanti c primitiv e patterns ,  an d 3 .  th e dee p 

meanin g representation .  Processing ,  i n thi s approach ,  involve s transformin g 

th e surfac e structur e int o it s dee p meanin g representation . 
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2.  Semant i c Primitive s an d Thei r  Relationshi p t o M e a n i n g 

T h e se t  o f  semanti c primitive s w e us e i s quit e larg e (ove r  12 0 

semanti c primitives) .  Thes e primitive s ca n b e broadl y groupe d unde r  fou r 

classes :  E N T I T Y ,  E V E N T ,  A B S T R A C T an d R E L A T I O N A L ,  an d thi s 

categorizatio n form s th e foundatio n o f  th e dee p meanin g representation ,  a s 

wil l  b e see n late r  i n th e 'sentenc e meanin g structures' .  Thi s classificatio n 

schem e i s adapte d fro m Nida' s wor k o n componentia l  analysi s (Nida ,  1975) . 

Th e primitive s approac h t o developin g a  lexico n ha s bee n use d 

by severa l  computationa l  linguists ,  includin g Laffa l  (Laffal ,  1973) .  Laffal' s 

wor k resulte d i n a  se t  o f  11 8 semanti c categorie s tha t  wer e combine d t o 

expres s aroun d 23,50 0 word s o f  th e Englis h language .  Eac h wor d i n thi s 

'concep t  dictionary '  wa s expresse d b y on e categor y o r  b y concatenatin g a t 

most  tw o categories . 

Definitio n 1 :  A  semanti c primitiv e i s a  se t  tha t  represent s a  clas s o f  word s 

tha t  refe r  t o th e sam e concept . 

Examp l e semanti c primitive s o f  th e clas s E N T I T Y ar e P E R S ON 

(e.g .  John )  an d W R I T I N G - A R T I F A C T (e.g .  pen) ;  example s o f  E V E N T ar e 

D I R E C T I O N A L - M O T I ON (e.g .  come )  an d D I S T R I B U T E (e.g .  give) ;  example s o f 

A B S T R A CT ar e H E A L T H - N (e.g .  polio )  an d I N T E L L E C T (e.g .  smart) ;  whil e 

example s o f  R E L A T I O N A L ar e S P A T I A L (e.g .  inside )  an d T E M P O R AL (e.g . 

before) . 

Definitio n 2 :  Interpretatio n T  refer s t o mappin g a  lexem e ont o on e o f  th e 

possibl e sense s o f  tha t  lexeme .  Here ,  w e ar e acknowledgin g tha t  a  wor d o r  a 

sentenc e ca n hav e severa l  interpretations .  Sense s ar e represente d b y 

semanti c primitive s an d hence ,  w e ca n sa y tha t  I  :  w  -  P .  Th e se t  o f 

interpretation s I ^  o f  a  wor d w  i s equa l  t o th e se t  o f  semanti c primitive s 

P ^  tha t  ca n represen t  th e give n wor d i n differen t  situations . 

Definitio n 3 :  Th e m e a n i n g o f  a  wor d i s th e intende d sens e o f  th e wor d i n 

a give n sentence .  Thus ,  th e meanin g o f  a  wor d w  i n a  give n sentenc e refer s 

t o on e interpretatio n ij ^  represente d b y th e semanti c primitiv e P x î i  th e se t 

P ^  (i.e .  Pj .  E  P ^ ) .  Similarly ,  th e meanin g o f  a  sentenc e i s th e intende d sens e 

of  th e sentence . 

Primitiv e Cohesio n refer s t o tha t  aspec t  o f  languag e whic h 

enable s u s t o creat e newe r  (and/o r  larger )  meaningfu l  expression s b y 

combinin g words .  Fo r  example ,  b y knowin g th e meaning s o f  word s suc h a s 

'John' ,  'drinks '  an d 'water' ,  w e ca n combin e the m t o creat e a  meaningfu l 

expressio n suc h a s 'Joh n drink s water' .  Mean in g ha s th e propert y o f 

preservin g cohesion ,  i.e .  meanin g i s tha t  sens e o f  a  wor d tha t  conform s t o 

th e semanti c an d linguisti c constraint s an d contribute s t o th e 

meaningfulnes s o f  th e sentence . 

Definitio n 4 :  A  meaningfu l  expressio n i s a n expressio n tha t  describe s a n 

even t  wit h th e hel p o f  othe r  basi c classe s suc h a s entities ,  abstract s an d 
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relationals .  I t  i s  implie d tha t  t o describ e a n event ,  on e o r  mo r e o f  thes e 

basi c classe s m a y no t  b e required .  A  meaningfu l  expressio n i s neithe r 

anomalous ,  indeterminable ,  no r  contradictor y (Allan ,  1986) . 

Suppos e tha t  w e denot e th e se t  o f  al l  semanti c primitive s b y U . 

Then ,  n  ^  denote s th e se t  o f  al l  strings ,  o f  lengt h i  1 ,  o f  semanti c primitives . 

T h e languag e L ,  th e se t  o f  al l  meaningfu l  expressions ,  ca n n o w b e viewe d a s 

a subse t  o f  th e se t  o f  al l  possibl e string s derive d fro m n .  I n othe r  words ,  L 

C n  •̂ .  Natura l  languag e understandin g ca n n o w b e roughl y define d a s a 

mapping ,  U ,  tha t  translate s al l  meaningfu l  expression s i n L  ont o th e se t  o f 

"sentenc e meanin g structures "  ( S M S s ) ,  S ;  i.e. ,  U :  L  - > S . 

Definit io n 5 :  A  functio n w o r d i s a  wor d that ,  i n it s positio n i n th e 

sentence ,  signal s th e beginnin g o f  a  n e w (possibl y primitive )  meaningfu l 

expression .  Fo r  example ,  'Jac k an d Jil l  wen t  u p th e hill' .  T h e se t  o f  functio n 

word s F  contain s logica l  connective s suc h a s 'and '  an d 'or' ,  an d preposition s 

suc h a s 'for' ,  'of ,  etc . 

Definitio n 6 :  A  primitiv e sentenc e i s a  sentenc e tha t  convey s onl y on e 

"meaningfu l  expression "  (definitio n 4 )  i n a  language .  A  comple x sentence . 

o n th e othe r  hand ,  i s a  sentenc e tha t  expresse s tw o o r  m o r e (related ) 

meaningfu l  expression s connecte d b y on e o r  mor e functio n words . 

A simpl e comple x sentenc e i s on e tha t  ha s tw o meaningfu l 

expression s connecte d b y on e functio n word .  Hence ,  b y recognizin g th e 

functio n word ,  th e tw o expression s ca n b e separate d int o tw o primitiv e 

sentences . 

Developmen t  o f  som e sor t  o f  a  mappin g schem e i s essentia l  t o 

achiev e th e dee p meanin g representatio n fro m th e verba l  representation . 

Thi s mapp in g schem e shoul d accep t  a n incomin g sentenc e an d it s pattern , 

an d retur n a n S M S (sentenc e meanin g structure )  fo r  tha t  sentence . 

Definitio n 7 :  A  semanti c mapp in g i s a  functio n tha t  translate s a  sentence , 

base d o n it s correspondin g semanti c pattern ,  int o on e o f  th e possibl e 

interpretations .  A n exampl e o f  a  mappin g ca n b e give n a s follows : 

asi  :  PERSON DIRECTIONAL-MOTIO N DIRECTION-RELATIONA L ARTICL E LOCATIO N 

- ^  [SM S (ENTIT Y PERSON) 
(EVENT DIRECTIONAL-MOTION) 
(RELATIONAL LOCATION)  ] 

G^l  ca n b e applie d t o a  fairl y  larg e se t  o f  primitiv e sentence s bu t  w e 

conten d tha t  th e sam e meanin g i s expresse d b y al l  sentence s belongin g t o 

thi s set .  Here ,  th e thre e slot s (i n bold )  correspon d t o 3  o f  th e -12 0 

primitives .  I t  ca n b e show n tha t  an y meaningfu l  primitiv e natura l  languag e 

sentenc e ca n b e reduce d t o it s meanin g i n th e for m o f  a n S M S . 

Definit io n 8 :  A n a x i o m i s a  rul e base d o n th e patter n o f  semanti c 

primitive s representin g a  sentenc e tha t  allow s th e correc t  translatio n o f  th e 

sentenc e int o it s correspondin g meanin g structure .  A n ax io m help s th e 

parsin g proces s i n eliminatin g th e incorrec t  interpretation s o f  a  sentence . 

Executio n o f  a  semanti c mappin g mus t  b e guide d b y axiom s t o realiz e th e 
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correc t  mean in g representation . 

Le t  S = w i W 2 Wj .  b e a  sentenc e wit h r  word s an d P = P i P 2 P r  ^ ^ 

th e patter n o f  semanti c primitive s base d o n th e sentenc e S .  A n axio m aj ,  a s 

i t  govern s th e executio n o f  a  semanti c mappin g m; ,  ca n b e give n i n term s o f 

S an d P  a s follows : 

ai[mj(wiW 2 Wp piP 2 Pr) ]  ̂  a(wk,Pk,«wiW 2 W r » ) ,  V k e {1, 2 r } 

Here ,  a  i s a n admissibilit y  procedur e tha t  check s th e validit y o f  th e selecte d 

interpretatio n o f  a  wor d i n th e contex t  o f  th e presente d sentence .  T h e 

enclosin g symbol s ( « , » )  ar e use d t o represen t  th e sentenc e a s a  singl e 

entity ,  i.e .  a  meaningfu l  expressio n consistin g o f  a  strin g o f  words . 

a(wj,pi,«wiw 2 W r » )  - ^  « w i W 2 Wr»wi,p i  ̂  Pi  ̂  X-  wher e % e  n 

Here ,  '11 '  i s  a  forma l  relatio n name d 'i s  supporte d by' ,  an d th e formul a i s 

rea d a s follows :  fo r  th e î ^  wor d (wj )  i n th e sentenc e « w j W 2 W j . » ,  th e 

instantiatio n o f  th e chose n semanti c primitiv e (pj )  tha t  represent s it s 

meanin g i s supporte d b y th e se t  inclusio n propert y tha t  relate s p j  t o on e o f 

th e fou r  basi c classe s o f  semanti c primitives .  Th e sententia l  contex t  i s  use d 

fo r  guidin g a  i n a  give n axiom . 

T h e se t  o f  al l  axiom s A  ca n b e develope d b y addin g a  n e w 

axio m (o r  rule )  fo r  ever y n e w interpretatio n o f  a  word ,  produce d i n 

differen t  pattern s o f  primitive s containin g a t  leas t  on e primitiv e tha t 

represent s tha t  word .  I n othe r  words ,  eac h ax io m i n A  represent s 

"primitiv e cohesion "  o r  th e link s betwee n primitiv e concepts . 

We ca n clai m tha t  i f  i x  i s  a  newl y encountere d (fro m th e 

standpoin t  o f  A )  interpretatio n o f  a  wor d w j ,  i n a  sentenc e S  (represente d 

by a  patter n P ) ,  an d tha t  a n axio m governin g suc h a  semanti c mappin g doe s 

not  exist ,  the n th e se t  A  ca n b e augmente d b y addin g th e appropriat e 

axio m tha t  oversee s thi s semanti c mapping . 

Definitio n 9 :  A  semanti c transformatio n ca n b e define d a s th e proces s o f 

decomposin g a  comple x sentenc e int o tw o primitiv e sentence s usin g th e 

functio n wor d appearin g i n th e comple x sentence ,  withou t  alterin g th e 

'meaning '  expresse d b y th e origina l  comple x sentence . 

Le t  T  b e th e se t  o f  semanti c transformation s an d t j  b e som e 

semanti c transformation .  Le t  Wj  ( j  <  m ,  m i s th e lengt h o f  th e sentenc e S )  b e 

th e functio n word .  Thi s mean s tha t  S  i s a  simpl e comple x sentenc e tha t  i s a 

combinatio n o f  tw o meaningfu l  expressions .  The n w e ca n sa y tha t 

3 t j  e T suc h tha t  ti(S,P,wj )  = > <  (S],?] )  (S2,P2 )  > 

wher e <  (Sj,?! )  (S2,P2 )  >  preserve s th e meanin g expresse d b y (S,P) . 

I t  shoul d b e noted ,  howeve r ,  tha t  severa l  semanti c 

transformation s m a y exis t  fo r  a  give n functio n word ,  an d th e on e tha t  i s 

applie d i s selecte d base d o n th e semanti c patter n o f  th e sentence .  I t  shoul d 

als o b e note d tha t  a  semanti c transformatio n o n a  sentenc e tha t  doe s no t 
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contai n an y functio n word s i s equivalen t  t o applyin g a  semanti c mapping . 

I t  i s  possibl e tha t  afte r  applyin g a  semanti c transformation ,  on e 

or  bot h o f  th e resultin g sentence s wil l  b e complex .  Thi s ca n occu r  onl y i n 

th e presenc e o f  m o r e functio n words .  Thes e functio n word s ca n n o w b e 

use d t o appl y othe r  semanti c transformation s an d furthe r  reduc e th e 

sentences .  Sinc e ever y executio n o f  a  semanti c transformatio n reduce s th e 

complexit y o f  th e sentence ,  a  finit e numbe r  o f  semanti c transformation s 

guarantee s convergenc e t o primitiv e sentences . 

3. Word-Sense Disambiguation 

Word-sens e disambiguatio n ha s bee n a  ver y importan t  aspec t 

of  natura l  languag e understanding .  F r o m th e definitio n o f  ou r  semanti c 

primitives ,  w e k n o w tha t  differen t  meaning s o f  an y give n wor d refe r  t o 

differen t  correspondin g semanti c primitive s a s interpretations .  Thus , 

po lysem y i s n o w reduce d t o th e proble m o f  removin g extraneous/illega l 

interpretation s fro m th e se t  o f  al l  possibl e interpretation s unti l  w e hav e 

reache d th e appropriat e meaning . 

A typica l  cas e o f  polysem y occur s i n a  clas s o f  sentence s wher e 

s o me w o r d m a y b e use d i n severa l  differen t  place s i n a  sentence .  Here , 

differen t  interpretation s o f  th e wor d sui t  differen t  position s i n th e sentenc e 

and ,  i n thos e positions ,  hel p represen t  a  coheren t  meanin g structure .  Thi s 

ide a o f  m e a n i n g distributio n o f  multipl e sense s wil l  b e explaine d 

throug h th e followin g example . 

(1 )  Th e pe n i s i n th e box . 
(2 )  Th e bo x i s i n th e pen . 
(3 )  Th e in k i s i n th e pen . 
(4 )  Th e bul l  i s  i n th e pen . 
(5 )  Th e pe n i s i n th e pen . 

T h e analysi s o f  thes e sentence s give s a  c o m m o n meanin g 

structur e base d o n relationship s o f  th e constituen t  word s an d thei r 

interpretations .  Sinc e th e a m b i g u o u s interpretation s hav e no t  bee n 

resolve d yet ,  th e structur e (no t  full y  instantiated )  ca n b e give n as : 

Common Meanin g Representation : 
[SMS (STAT E is ) 

(?a l  ?a2 ) 
(RELATIO N in ) 
(?b l  ?b2 )  ] 

wher e "? "  suggest s a n uninstantiaie d variable . 

I t  i s  obv iou s tha t  'pen '  i s  th e a m b i g u o u s w o r d i n th e g rou p o f 

sentence s (1 )  throug h (5) .  T h e correspondin g c o m m o n interpretation s ar e a . 

a p e n a s a  writin g instrument ,  an d b .  a  p e n a s a  smal l  constructio n use d fo r 

con f i nemen t .  A x i o m s ca n n o w b e applie d t o resolv e th e ambigu i t y i n th e 

m e a n i n g o f  'pen' .  T h e incorporatio n o f  semant i c constrain. s an d c o m m o n 

w o r l d k n o w l e d g e int o thes e a x i o m s shoul d the n b e evident .  N o t e tha t  th e 

fo l lowin g analyse s ar e constructe d usin g onl y th e sententia l  context . 

Analysi s o f  (1) : 

a(Sp ]  .Sp2.. .  Sp6 ,  [Th e pe n i s i n th e box] ) 

resolve s 'pen ' 
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usin g th e functio n a(Sp2,[pen] ) 

a i n tur n validate s a  possibl e instantiation -

Check_Instantiation(WRITING-ARTIFACT ,  [pen] ) 

T h e reasonin g ca n b e presente d a s follows :  a  confinin g 

constructio n canno t  b e containe d i n a  box ,  whil e a  writin g instrumen t  ca n 

be containe d i n a  box .  Thi s result s int o th e resolve d meanin g structure : 

[SMS (STAT E is ) 
> (WRITING-ARTIFAC T pen ) 

(RELATIO N in ) 
(CONTAINER box )  ] 

Simila r  analyse s ca n b e performe d o n sentence s (2 )  throug h (4) . 

Th e las t  sentence ,  (5) ,  i s  a  ver y interestin g exampl e (du e t o Bar-Hillel) .  I t 

involve s tw o occurrence s o f  th e wor d 'pen '  i n whic h th e objec t  reference d 

by th e meanin g o f  on e occurrenc e i s containe d insid e th e objec t  reference d 

by th e meanin g o f  th e secon d occurrence .  N o w ,  le t  u s loo k a t  it s  analysis . 

Analysi s  o f  (5) : 
a(Spi.Sp2.. .  Sp6 ,  [Th e pe n i s  i n th e pen] ) 

resolve s th e occurrence s o f  'pen ' 

usin g th e function s a(Sp2,[pen] )  an d a(Sp6,[pen] ) 

a i n tur n validate s tw o possibl e instantiations -

Check_Instantiation(WRITING-ARTIFACT ,  [pen] )  - — > fo r  Sp 2 

and Check_InstantiatJon(CONSTRUCTION ,  [pen] )  — > fo r  Sp 6 

T h e reasonin g her e involve s th e worl d knowledg e abou t  th e 

size s o f  th e tw o 'pens' .  A n instanc e o f  a  constructio n canno t  b e containe d 

insid e a  writin g instrument ,  whil e a  writin g instrumen t  ca n certainl y b e 

kep t  i n a  storag e construction .  W e ar e assumin g tha t  an y objec t  canno t  b e 

store d withi n itself ,  an d i n th e even t  tha t  a  smalle r  'pen '  i s  kep t  insid e a 

large r  'pen '  (o f  th e sam e interpretation) ,  th e contex t  wil l  dictat e th e choice . 

Thi s reasonin g result s int o th e resolve d meanin g structure : 
[SMS (STAT E is ) 

> (WRITING-ARTIFAC T pen ) 
(RELATIO N in ) 

> (LOCATIO N pen )  ] 

F r o m th e exampl e sentence s i t  shoul d b e clea r  h o w axiom s 

incorporatin g semanti c constraint s ca n b e use d t o disambiguat e multipl e 

sense s involvin g meanin g distributio n i n th e sam e sentence . 

4. Results 

A natura l  languag e parse r  develope d usin g ou r  approac h o f 

semanti c primitive s an d thei r  pattern s i s operationa l  o n a  V A X 11/78 5 

wit h a  1  K L I P S Prolo g interpreter .  Th e example s presente d i n thi s pape r 

ar e actua l  result s a m o n g m a n y produce d b y th e program . 

Th e lexico n use d b y th e program ,  i n it s curren t  state ,  ha s ove r 

50 0 differen t  wor d senses .  Th e word s ar e divide d int o fou r  broa d classes : 

(a )  Entities ,  (b )  Events ,  (c )  Abstracts ,  an d (d )  Relationals .  Ther e ar e ove r 

twent y differen t  semanti c transformation s i n th e progra m base d o n 

functio n word s an d phrases .  T h e transformation s suppor t  ove r  fort y 
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semanti c mappings .  T h e progra m als o contain s ove r  fort y axiom s tha t  ai d i n 

reducin g sentence s int o thei r  respectiv e sentenc e meanin g structures . 

T h e technique s describe d i n thi s pape r  hav e bee n use d t o 

develo p a  natura l  languag e know ledg e assimilatio n syste m fo r  exper t 

system s (Virka r  &  Roach ,  1988) .  Thi s syste m augment s a n alread y existin g 

know ledg e bas e o f  a  dru g interactio n exper t  system ,  D I E (Roach ,  et .  al , 

1985 ) ,  b y readin g an d understandin g no t  onl y sentence s bu t  entir e 

researc h pape r  abstract s i n th e pharmacolog y doma i n thu s demonstratin g 

th e extensio n o f  thes e technique s t o th e text-level . 

5. Conclusion 

I n thi s pape r  w e hav e develope d a  pattern-base d techniqu e fo r 

natura l  languag e parsin g base d o n semanti c primitive s an d thei r  patterns . 

We hav e develope d ax iom s fro m th e semanti c primitive s fo r  encodin g 

worl d knowledge . 

We hav e give n example s o f  word-sens e disambiguatio n i n 

sentence s usin g onl y th e sententia l  contex t  unde r  th e clas s o f  meanin g 

distribution .  W e hav e shown ,  i n detail ,  h o w th e techniqu e i s use d t o arriv e 

at  th e correc t  meanin g representations . 

Futur e effort s wil l  focu s o n encodin g entailmen t  rule s tha t 

represen t  dee p inferencin g technique s an d semanti c contex t  structure s tha t 

dynamicall y evaluat e th e parsin g process . 
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M U L T I P L E T H E O R I E S I N S C I E N T I F I C D I S C O V E R Y^ 
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Departmen t  o f  Informatio n &  Compute r  Scienc e 

Universit y o f  California ,  Irvin e C A 9271 7 U S A 

INTRODUCTION 

I n thi s pape r  w e describ e enhancement s bein g mad e t o REVOLVER,  a  progra m tha t  formulate s 

componentia l  model s o f  object s (e.g. ,  physica l  substeinces )  an d replicate s historica l  discoverie s fro m 

domsdns suc h a s chemistr y an d physics .  Th e progrji m input s reaction s relatin g group s o f  substance s 

emd use s heuristic s t o transfor m thes e premise s int o models .  I f  premise s lea d t o inconsisten t  beliefs , 

th e syste m searche s th e spac e o f  revise d premise s i n orde r  t o resolv e th e errors .  Th e syste m wa s 

originall y designe d t o proces s oid y on e theor y a t  a  tim e (i.e. ,  t o kee p onl y on e theor y i n it s 

database) ,  usin g hi U climbin g a s it s searc h strategy ;  onc e a  belie f  wa s revise d i n respons e t o a n 

error ,  th e ol d belie f  wa s deleted . 

The enhEincement s describe d i n thi s pape r  dea l  mainl y wit h extendin g th e R E V O L V ER frame -

wor k t o handl e multipl e theories .  First ,  th e enhsince d syste m explicitl y  represent s assertion s a s 

wel l  a s a n agent' s belie f  i n assertion s (meta-assertions) .  Second ,  inferencin g i s performe d onl y o n 

meta-assertions ,  eillowin g separat e theorie s t o for m fo r  multipl e agents .  B y explicitl y  sepciratin g 

belie f  i n a n assertio n fro m th e assertio n itself ,  independen t  theorie s ca n coexis t  fo r  severa l  agents , 

eve n thoug h th e inferenc e rule s use d b y eac h cji n b e th e same .  Third ,  meta-assertion s ca n indicat e 

ho w strongl y ci n assertio n i s believed ;  thi s degre e o f  belie f  cotd d the n b e use d t o perfor m inferenc -

in g o n strongly-hel d belief s first,  whil e i t  c£u i  als o b e use d t o bia s th e syste m suc h tha t  the y ar e 

revise d last .  Th e othe r  mai n enhcincemen t  involve s explici t  representatio n o f  unknow n object s i n 

syste m beliefs ,  wherea s th e origina l  progra m onl y deail t  wit h object s alread y know n t o b e par t  o f 

it s  beliefs . 

I n th e followin g page s w e describ e REVOLVER' S basi c inferenc e an d revisio n processes ,  the n 

discus s th e propose d enhancement s t o th e program .  A n exampl e fro m th e histor y o f  scienc e i s the n 

presente d whic h illustrate s ho w th e ne w enhancement s ca n b e utilized .  Finally ,  relate d wor k plu s 

idea s fo r  futur e improvement s ar e discussed . 

THE REVOLVER SYSTEM 

Reaction s an d model s ai e th e tw o kind s o f  belief s use d b y th e program .  Reaction s represen t 

relation s betwee n object s sai d eir e give n a s inpu t  premises .  A  premis e migh t  represen t  th e input s cin d 

output s o f  a  chemice J reaction .  A n exampl e fro m 18t h centur y chemistr y woul d b e th e observatio n 

tha t  potassiim i  ein d oxyge n reac t  t o for m caustic-potas h an d water ,  o r  (1 )  K  O  ^  P  W .  Anothe r 

observatio n fro m tha t  er a wa s tha t  potassiu m react s t o for m caustic-potas h an d hydrogen ,  o r  (2 ) 

K W —> P  H  W .  Give n premise s suc h a s these ,  R E V O L V ER trie s t o infe r  ne w model s o f  substeince s 

by usin g a  se t  o f  genera l  heuristics .  Sinc e W appear s o n bot h side s o f  (2) ,  i t  i s  reduce d fro m th e 

reaction ,  leavin g (3 )  K  —> P  H .  Wheneve r  a  substanc e i s alon e o n on e sid e o f  a  reaction ,  th e syste m 

infer s tha t  it s  component s ar e presen t  o n th e opposit e side .  Thu s R E V O L V ER no w infer s fro m (3 ) 

th e mode l  (4 )  K  =  P  H .  Th e progra m the n substitute s K' s component s fro m (4 )  int o (1 )  t o ge t 

'Thi s researc h wa s supporte d b y Contrac t  N00014-84-K-034 5 fro m th e Informatio n Science s Division ,  Offic e o f 
Naval  Research .  I  woul d lik e t o than k Pa t  Langley ,  Pau l  Thagard ,  Rand y Jone s an d Bern d Nordhause n fo r  discussion s 
tha t  helpe d develo p an d refin e th e idea ^  i n thi s paper . 
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R O SE 

(5) P H O -^ P W. Next, P is reduced from both sides of (5), leaving (6) H O -» W. The final 

inferenc e i s th e mode l  (7 )  W =  H  O . 

I n th e abov e excmiple ,  th e premise s wer e consistent ;  REVOLVER reache d a  quiescen t  stat e 

withou t  inferrin g an y erroneou s beUefs .  However ,  sometime s th e premise s give n t o REVOLVER 

lea d t o reaction s havin g eithe r  n o input s o r  n o outputs .  I n orde r  t o restor e premise s t o consistency , 

REVOLVER invoke s it s belie f  revisio n process .  Th e progrju n finds  th e premise s tha t  le d t o th e 

inconsistency ,  an d consider s revision s t o the m tha t  wil l  lea d REVOLVER close r  t o a  consisten t  se t 

of  beliefs .  Afte r  revisin g a  premise ,  th e syste m continue s mjikin g ne w inference s and ,  i f  i t  detect s 

ne w inconsistencies ,  agai n revise s premises .  Thi s cycl e continue s imti l  n o mor e inference s ca n b e 

m^ade an d n o inconsistencie s exist . 

Continuin g ou r  example ,  suppos e th e syste m receive s ne w premis e (8 )  P  —> K  O .  Substitutin g 

fo r  K  lead s t o (9 )  P  —•  P  H  O  Jin d reducin g P  yield s inconsisten t  reactio n (10 )  ni l  - > H  O .  Invokin g 

belie f  revision ,  REVOLVER identifie s premise s (2 )  ein d (8 )  a s th e source s o f  th e error ,  an d mus t 

decid e ho w t o revis e the m i n orde r  t o resolv e th e inconsistency . 

REVOLVER no w trie s t o eliminat e eac h substcinc e i n th e inconsistency ,  on e a t  a  time .  Hence , 

i n ou r  example ,  th e syste m propose s si x candidat e revisions : 

Rl: add H to (2)'s inputs; R2: add O to (2)'s inputs; R3: delete H from (2)'s outputs; 

R4:  ad d H  t o (8)' s  inputs ;  R5 :  ad d O  t o (8)' s  inputs ;  R6 :  delet e O  fro m (8)' s outputs . 

Implementin g sin y o f  thes e revision s woul d remov e on e substanc e fro m th e inconsistenc y afte r 

REVOLVER hei s mad e th e chcing e selected ,  delete d impacte d beliefs ,  ein d resteirte d it s basi c inferenc e 

process . 

Onl y on e o f  th e candidat e revision s i n REVOLVER i s actuall y carrie d out .  Thus ,  selectin g 

th e bes t  revision(s )  i s especiall y important ;  th e progra m use s a n evaluatio n functio n t o mak e th e 

selection .  REVOLVER score s th e premise s considere d fo r  revisio n alon g severe d criteria ,  multiplie s 

eac h scor e b y a  weigh t  (indicatin g th e priorit y give n t o eac h criterion) ,  sum s th e weighte d scores , 

and revise s th e premise(s )  havin g th e lowes t  tote d score .  Sinc e th e progrci m doe s no t  retai n aJternat e 

revise d premise s 2ifte r  eac h revisio n step ,  i t  i s  a  hiU-climbin g system ,  relyin g o n it s evaluatio n 

functio n t o intelligentl y guid e searc h toward s consisten t  beliefs .  Th e criteri a fo r  selectin g th e bes t 

revisio n ar e discusse d elsewher e (Rose ,  1988 ;  Ros e &  Langley ,  1988) . 

Continuin g ou r  example ,  le t  u s assum e tha t  R 5 i s selected .  Thi s result s i n revise d premis e (11 ) 

P O  ^  K  O .  Substitutin g P  an d H  fo r  K  i n (11 )  an d reducin g P  an d O  yield s (14 )  ni l  - > H .  No w 

REVOLVER propose s revision s again : 

R7: add H to (2)'s inputs; R8: delete H from (2)'s outputs; R9: add H to (ll)'s inputs. 

N ow le t  u s suppos e R 9 i s selected .  Thi s result s i n (15 )  P  H  O  —•  K  O .  Afte r  makin g thi s revisio n 

ain d restartin g th e basi c inferenc e process ,  substitutio n lead s t o P  H  O  —̂  P  H  O ,  whic h eifte r 

reduction s lead s t o ni l  —> nil ,  indicatin g consistenc y ha s bee n reached . 

ENHANCING REVOLVER 

Whil e th e exeunpl e jus t  see n i s a  reasonabl e mode l  o f  ho w 18t h centur y chemist s reasone d abou t 

reactions ,  ther e wer e a  niunbe r  o f  drawback s i n th e REVOLVER frcimewor k a s presente d above .  Th e 

firs t  mai n drawbac k wa s tha t  i t  di d no t  reaso n abou t  multipl e theories .  Constructin g inference s 

fro m premise s asserte d (o r  recognized )  i n on e orde r  ca n sometime s lea d t o a  differen t  theor y tha n 

when th e sam e premise s ar e asserte d i n som e differen t  order .  However ,  th e progrei m coul d onl y 
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investigate one of these possibilities. In addition, multiple theories could not coexist in its database. 

The secon d mai n drawbac k o f  th e syste m i s tha t  i t  di d no t  separat e belie f  i n assertion s fro m th e 

assertion s themselves .  Th e thir d mai n drawbac k o f  R E V O L V ER i s tha t  i t  di d no t  reaso n abou t 

degree s o f  belief .  Tha t  is ,  on e assertio n wa s neve r  believe d mor e tha n an y another . 

Thi s pape r  discusse s technique s bein g develope d t o enhjinc e th e syste m s o tha t  eac h o f  thes e 

airea s ax e addressed .  First ,  th e enhance d syste m explicitl y  represent s assertion s a s wel l  a s a n agent' s 

belie f  i n assertion s (meta-assertions) .  Second ,  inferencin g i s performe d onl y o n meta-assertions , 

allowin g separat e theorie s t o for m fo r  multipl e agents .  Third ,  meta-assertion s indicat e ho w strongl y 

an assertio n i s believed ;  thi s degre e o f  belie f  ca n the n b e use d t o perfor m inferencin g o n strongly -

hel d belief s first,  whil e i t  ca n ?Js o b e use d t o bia s th e syste m suc h tha t  the y Eir e revise d last . 

Inferring Multiple Theories 

The ne w versio n o f  R E V O L V ER no t  onl y represent s assertions ,  bu t  cJs o represent s agents '  belie f 

i n thos e assertions .  I  cal l  th e latte r  meta-assertions .  Fo r  example ,  a n assertio n migh t  b e th e 

observatio n (2 )  K  W ^  P  H  W .  Th e meta-assertio n tha t  agent l  believe s (2 )  woul d b e agentl( K W 

^  P  H  W ) .  Th e separatio n o f  belie f  i n assertion s fro m th e assertion s themselve s enable s multipl e 

theorie s t o coexis t  i n REVOLVER' S database .  Theorie s Cei n b e create d fo r  eac h agent ,  eac h theor y 

bein g independen t  o f  th e other. ^  Thes e mutujJl y independen t  theorie s resul t  becaus e inferencin g 

i n th e enhamce d R E V O L V ER i s don e o n meta-assertion s only .  I n othe r  words ,  belief s mus t  b e 

recognize d b y a n agen t  befor e a  ne w inferenc e ca n b e made ;  th e ne w inferenc e i s the n automaticall y 

assimie d t o b e hel d b y tha t  saim e agent . 

Thi s enhancemen t  miecin s tha t  eve n i f  tw o agent s us e th e Seim e premise s an d th e s?uii e inferenc e 

rules ,  differen t  theorie s m a y result .  Thi s i s du e t o th e effect s o f  assertio n orderin g o n th e inferenc e 

process .  Th e orde r  i n whic h agent s recogniz e premise s influence s th e orde r  i n whic h inference s ar e 

made,  an d sinc e differen t  ordering s ca n lea d t o differen t  theories ,  i t  i s  possibl e fo r  agent s t o hol d 

differen t  theorie s eve n i f  thei r  initia l  premise s ar e th e seime .  I n th e originei l  R E V O L V E R,  orde r 

was neve r  a n issue ;  th e mos t  recentl y asserte d premise s wer e alway s processe d immediately ,  an d 

2in y ne w premise s wer e processe d a s the y arrived .  Th e ne w abilit y  t o explicitl y  recogniz e premise s 

i n an y orde r  give s agent s th e abilit y  t o reaso n abou t  existin g premise s i n differen t  ways ,  possibl y 

leadin g t o differen t  theorie s whic h coul d the n b e judge d alon g variou s dimensions . 

Anothe r  effec t  o f  allowin g multipl e theorie s t o coexis t  i n R E V O L V ER i s tha t  th e sam e premis e 

migh t  b e revise d i n differen t  way s b y differen t  users .  Eac h use r  ca n us e a  uniqu e evcduatio n functio n 

i n th e ne w system ,  embodyin g differen t  revisio n strategie s an d preferences ;  thi s mean s tha t  tw o 

user s migh t  no t  revis e a  premis e i n th e sam e way .  Hence ,  mor e thei n on e revisio n migh t  no w b e 

adde d t o th e database ,  eilthoug h onl y on e o f  thes e revision s woul d b e believe d b y eac h user .  Whil e 

th e sam e genera l  hiU-climbin g strateg y i s sti U use d fo r  eac h user ,  eac h m a y tcik e uniqu e paths , 

leadin g t o multipl e theories . 

Integrating Degrees of Belief and the Evaluation Function 

Eac h use r  determine s th e orde r  i n whic h th e progra m recognize s premises .  Ther e ar e tw o 

ways o f  accomplishin g this .  Th e use r  ca n simpl y recogniz e eac h premis e incrementally ,  waitin g 

fo r  processin g t o sto p befor e a  ne w premis e i s recognized .  Th e othe r  wa y i s t o explicitl y  se t  th e 

degre e o f  behe f  o f  eac h premise ;  th e syste m woid d the n proces s premise s wit h highes t  belie f  first . 

Concernin g th e revisio n process ,  degree s o f  belie f  Cci n b e integrate d int o REVOLVER' S existin g 

A late r  sectio n discusse s a  plausibl e exceptio n t o this . 
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evaluation function as well. Just as other biases cire part of this function, a bias concerning which 

assertion s eir e hel d mor e strongl y than ,  other s cji n als o b e used .  Tha t  is ,  whil e th e othe r  measure s 

tr y t o implicitl y  decid e whic h premis e i s bes t  suite d fo r  revision ,  th e degre e o f  belie f  measur e ca n 

be use d t o explicitl y  bia s th e syste m fo r  o r  ageiins t  th e revisio n o f  certai n premises . 

Postulating New Objects and Models 

Anothe r  ne w enhancemen t  t o th e syste m involve s th e abilit y  t o postulat e th e existenc e o f  ne w 

object s (e.g. ,  substJinces )  i n premise s durin g th e revisio n process .  I n fact ,  th e us e o f  unknown s ca n 

for m th e basi s fo r  a  mor e genera l  approac h t o revisio n generation :  wheneve r  addition s t o premise s 

ar e propose d durin g revision ,  i t  shoul d b e possibl e t o simpl y us e a m imknow n symbo l  (e.g. ,  X )  an d 

the n tr y t o resolv e th e identit y o f  thi s unknow n afte r  furthe r  inferencing . 

Resolvin g a n unknow n cEi n sometime s b e don e b y comparin g i t  t o othe r  belief s i n th e database . 

For  example ,  i f  a n unknow n X  ha s component s C... ,  whil e a  know n objec t  M Jils o ha s component s 

C... ,  th e syste m ca n plausibl y infe r  tha t  X  = = (i s equivaden t  to )  M .  Anothe r  les s certai n metho d o f 

resolvin g unknown s ca n com e b y declaa-in g tw o unknown s a s equivjilen t  whe n suc h ei n ac t  woul d lea d 

t o a  ne w mode l  bein g inferred .  Fo r  exeimple ,  i f  unknow n X  ha s component s C... ,  whil e unknow n 

Y =  M ,  th e syste m coul d infe r  tha t  Y  = = X ,  leadin g t o th e ne w mode l  M =  C.. . 

I  mentione d tha t  theorie s ar e generall y mutuall y independent .  However ,  i t  cii n b e usefu l  t o us e 

belief s inferre d durin g th e constructio n o f  on e theor y t o influenc e th e constructio n o f  a  ne w theory . 

For  exjimple ,  i f  th e component s o f  a n unknow n objec t  X  i n theory l  matc h th e component s o f  a 

known objec t  M i n theory 2 (i.e. ,  X  =  C.. .  an d M =  C...) ,  the n a  plausibl e inferenc e woul d b e t o 

equat e X  wit h M ,  eve n thoug h M =  C.. .  wa s neve r  inferre d durin g th e makin g o f  theoryl . 

Finadly ,  not e tha t  whe n th e seim e inference s ar e mad e vi a differen t  methods ,  th e plausibilit y 

of  suc h inference s shoul d increas e (i.e. ,  i t  shoul d becom e les s risk y t o mak e suc h inferences) .  Fo r 

example ,  th e inferenc e tha t  M =  C.. .  i s  suc h a  cas e (fro m th e scenari o jus t  presente d above) . 

EXAMPLE 

Let  u s no w loo k a t  a  mor e complet e exampl e o f  th e ne w idea s outline d above .  W e sa w earlie r 

ho w th e origina l  REVOLVER woul d heindl e a  cas e from  th e histor y o f  chemistr y involvin g thre e 

initie J premises .  However ,  ther e eir e orde r  effect s i n thi s exjimple ;  processin g premise s i n a  differen t 

orde r  ceu i  lea d t o Jinothe r  theor y bein g constructed .  Thus ,  thi s exEimpl e (whic h model s th e 18t h 

centur y disput e betwee n chemist s Gay-Lussa c an d Thencir d an d thei r  contemporar y Davy )  serve s 

as a  goo d exampl e o f  th e ne w concept s bein g presente d i n thi s paper .  Firs t  w e wi U se e ho w 

tw o differen t  theorie s ca n eiris e from  th e sam e premises ,  illustratin g ne w concept s alon g th e way . 

Second ,  w e wil l  se e ho w thes e theorie s compjir e alon g differen t  dimensions . 

Gay-Lussac and Thenard vs. Davy 

The exampl e presente d a t  th e star t  o f  thi s pape r  essentiall y  capture s th e theor y hel d b y Gay -

Lussa c an d Thenaird .  Th e inferenc e proces s i n th e enhance d versio n o f  REVOLVER ca n b e repre -

sente d a s follows : 

Meta-Assertions :  Numbe r  jui d Expljination : 

GLandT( K W - > P  H  W )  1  (premise ) 

GLandT( K - > P  H )  2  (reduction ) 

GLandT( P W ^  K  O )  3  (premise ) 
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GLandT(K = P H) 4 from 2 (infer-components) 

GLandT( P W - + P  H  O )  5  from 4  an d 3  (substitution ) 

GLandT( W - •  H  O )  6  from 5  (reduction ) 

GLandT( W =  H  O )  7  from 6  (infer-components ) 

GLandT( P ^  K  O )  8  (premise ) 

GLandT( P ^  P  H  O )  9  from 8  an d 4  (substitution ) 

GLandT(ni l  - + H  O )  1 0 from 9  (reduction ) 

At  thi s point ,  th e syste m mus t  perfor m revision .  On e o f  th e revision s generate d explain s th e 

inconsisten t  reactio n b y postulatin g a n unknow n substanc e i n th e input s o f  8  (i.e. ,  P  X  —» K  O) . 

Suppos e thi s revisio n i s chose n a s best .  Inferencin g woul d the n procee d a s follows : 

GLandT( P X  ^  K  O )  1 1 (revision ) 

GLandT( P X  - > P  H  O )  1 2 from  1 1 an d 4  (substitution ) 

GLandT( X ̂  H  O )  1 3 from  1 2 (reduction ) 

GL£indT( X =  H  O )  1 4 from  1 3 (infer-components ) 

GLjuidT( X = = W )  1 5 fro m 1 4 an d 7  (equate-models-with-sjime-components ) 

Thi s las t  inferenc e i s mad e whe n th e syste m trie s t o resolv e X ,  an d finds  tha t  wate r  ha s th e 

s£im e component s a s X .  Hence ,  X  i s inferre d t o b e equivalen t  t o W .  I n othe r  words ,  th e ttnknow n 

substanc e i n th e input s o f  Davy' s observatio n P  —» K  O  i s deeme d t o b e wate r  i n th e theor y o f 

Gay-Lussa c an d Thenard .  Thi s agree s wit h wha t  too k plac e historiceill y  (Zytko w &  Simon ,  1986) . 

However ,  th e ne w syste m ca n als o mode l  th e reasonin g Dav y use d i n formin g hi s counterargu -

ment  t o th e theor y propose d b y hi s tw o colleagues .  Th e differenc e i n reasonin g begin s wit h whic h 

premise s Dav y wotd d hol d wit h highes t  belief ,  startin g wit h hi s observatio n P  - *  K  O .  H e woul d 

the n proces s th e othe r  tw o premise s on e a t  a  time ,  tryin g t o fit  eac h int o hi s evolvin g theory : 

Meta-Assertions :  Numbe r  amd Explanation : 

Davy( P ̂  K  O )  1  (premise ) 

Davy( P =  K  O )  2  (infer-components ) 

Davy( K W ^  P  H  W )  3  (premise ) 

Davy( K - ^  P  H )  4  (reduction ) 

Davy( K ̂  K  O  H )  5  from 4  an d 2  (substitution ) 

Davy(ni l  ̂  0  H )  6  from 5  (reduction ) 

Now revisio n mus t  b e performed ;  th e scenari o i s simila r  t o th e cas e see n earlie r  fo r  Gay-Lussa c 

ein d Thenzird .  Agaiin ,  on e o f  th e revision s propose s a n imknow n (cal l  i t  Y )  i n a  premise' s input s t o 

explai n th e inconsisten t  reaction .  Thi s revisio n i s K  W Y  - ^  P  H  W .  Suppos e thi s i s selecte d a s 

th e bes t  revisio n t o make .  Inferencin g no w proceeds : 

Davy( K W Y  ^  P  H  W )  7  (revision ) 

Davy( K Y  - > P  H )  8  (reduction ) 

Davy( K Y  ^  K  O  H )  9  from 8  an d 2  (substitution ) 
Davy( Y - ^  O  H )  1 0 from 9  (reduction ) 

Davy( Y =  O  H )  1 1 fro m 1 0 (infer-components ) 

At  thi s point ,  th e nex t  inferencin g ste p depend s o n ho w muc h interactio n betwee n theorie s i s 

edlowe d t o occu r  ( a characteristi c tha t  shoid d depen d o n th e agen t  doin g th e inferencing) .  I f  a n 

agent  i s awar e o f  inference s mad e withi n othe r  theories ,  thi s ca n sometime s facilitat e inference s 

withi n hi s theor y tha t  woiJ d no t  otherwis e b e possible .  Fo r  example ,  i n ou r  curren t  situation ,  th e 
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system could realize that a model for water has been inferred within another theory (i.e., W = H O 

withi n th e theor y representin g Gay-Lussa c an d Thenard) ,  Jin d notic e tha t  W' s component s matc h 

thos e o f  th e imknow n Y .  Hence ,  Y  coul d b e equate d t o W ,  thu s resolvin g Y . 

Let  u s suppos e tha t  suc h interactio n i s no t  used ,  an d se e ho w inferencin g proceeds .  Th e thir d 

premis e i s no w finall y processed : 

Davy( P W - > K  O )  1 2 (premise ) 

Davy( K O  W - > K  O )  1 3 fro m 1 2 an d 2  (substitution ) 

Davy( 0 W - > O )  1 4 fro m 1 3 (reduction ) 

Davy( W —> nil )  1 5 fro m 1 4 (reduction ) 

At  thi s point ,  th e syste m mus t  perfor m revisio n again .  On e o f  th e revision s generate d expleiin s 

th e inconsisten t  reactio n b y postulatin g ye t  anothe r  unknow n substeinc e (cal l  i t  Z) ,  thi s tim e i n 

th e output s o f  12 :  P  W - + K  O  Z .  Le t  u s suppos e tha t  thi s revisio n i s chose n a s best ;  inferencin g 

woul d the n procee d a s follows : 

Davy( P W ^  K  O  Z )  1 6 (revision ) 

Davy( K O  W ^  K  O  Z )  1 7 fro m 1 6 an d 2  (substitution ) 

Davy( 0 W - > O  Z )  1 8 from  1 7 (reduction ) 

Davy( W - ^  Z )  1 9 from  1 8 (reduction ) 

Davy( Z =  W )  2 0 from  1 9 (infer-components ) 

Davy( Z = = Y )  2 1 (assume-equivalent-tmknowns ) 

Davy( W =  H  O )  2 2 from  21 ,  2 0 an d 1 1 (equate-ujiknowns'-components ) 

Thes e las t  tw o inference s sho w th e othe r  wa y i n whic h imknown s ca n b e resolved :  b y tryin g t o 

equat e unknown s t o eac h other .  Suc h a n assumptio n i s useft d i f  ne w model s ca n b e inferre d a s a 

result ,  an d thi s i s indee d th e cas e here .  Tha t  is ,  whe n th e tmknown s Y  an d Z  ar e equate d i n thi s 

example ,  th e syste m ca n the n equat e th e unknowns '  respectiv e components ;  sinc e (11 )  Y  =  O  H , 

and (20 )  Z  =  W ,  th e syste m infer s from  th e assumptio n (21 )  Z  = = Y  tha t  (22 )  W =  H  0 .  Not e 

tha t  thi s i s  th e saxn e mode l  fo r  wate r  tha t  woul d hav e resulte d earlier ,  i f  th e syste m ha d equate d Y 

wit h th e W i n Gay-Lussa c ein d Thensu'd' s mode l  fo r  water .  Th e fac t  tha t  tw o form s o f  inferencin g 

woTil d lea d t o th e sam e resul t  make s th e belie f  i n W =  H  O  eve n mor e plausibl e her e (i n th e theor y 

representin g Davy) . 

Not e tha t  thre e differen t  type s o f  belief s ar e a U existin g simultaneousl y i n th e database :  th e 

sissertions ,  th e meta-assertion s representin g belief s o f  Gay-Lussa c an d Thenard ,  ein d th e meta -

assertion s representin g belief s o f  Davy . 

Comparing Theories 

Once multipl e theorie s ca n coexis t  i n th e system' s database ,  i t  become s desirabl e t o develo p 

criteri a fo r  comparin g suc h theories .  I n th e exeimpl e jus t  presented ,  w e ca n meik e som e intuitiv e 

judgments .  Th e theor y representin g Gay-Lussa c an d Thenao- d seem s mor e plausibl e o n a t  leas t 

thre e dimensions .  First ,  onl y on e revisio n wa s neede d t o reac h consistency ,  whil e Davy' s theor y 

neede d two .  Second ,  th e mode l  fo r  wate r  wa s directl y inferre d i n th e forme r  theory ,  whil e i t  ha d t o 

be inferre d indirectl y i n th e latte r  theory .  Third ,  th e forme r  theor y simpl y require d les s inferencin g 

step s overall .  Als o not e tha t  thes e disparitie s betwee n th e tw o theorie s becom e eve n greate r  whe n 

othe r  belief s ar e adde d (e.g. ,  furthe r  revision s ar e neede d whe n othe r  premise s zir e integrate d int o 

Davy' s theory ,  wherea s the y ca n b e integrate d withou t  revisio n int o hi s colleagues '  theory). ^ 

'Addin g tw o mor e 18t h centur y observation s (potassiu m ̂.n d ammoni a reactin g t o for m hydroge n an d a  substanc e 
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Indeed, the view of Gay-Lussac and Thenard did win out historically, and it was found that 

Davy' s observatio n di d overloo k th e presenc e o f  wate r  i n hi s inpu t  substances . 

DISCUSSION 

We hav e see n tha t  whil e th e ne w versio n o f  REVOLVER stil l  hil l  climb s fo r  eac h individua l  agen t 

(i.e. ,  onl y on e theor y i s eve r  kep t  fo r  an y agent) ,  severa l  theorie s ca n no w coexis t  i n th e system' s 

database .  Assimiption-base d trut h medntenjmc e systems ,  o r  ATM S (d e Kleer ,  1984) ,  embod y a 

simila r  approach .  However ,  neithe r  th e ATMS no r  simila r  system s (Doyle ,  1979 )  addres s th e issue s 

of  generatin g an d selectin g plausibl e revision s (e.g. ,  i n reaction-oriente d domain s suc h a s chemistr y 

and physics) .  REVOLVER wa s originall y designe d t o handl e bot h o f  thes e tasks ,  a s wel l  a s th e 

proble m solvin g task s involve d i n scientifi c  discovery .  Anothe r  approac h t o multipl e theorie s i n 

scientifi c  reasonin g i s th e E C H O syste m (Thagjird ,  1988) ,  whic h model s ho w multipl e theorie s ca m 

develo p fro m evidence ,  an d ho w th e coherenc e o f  eac h theor y ca n b e measure d i n orde r  t o evaluat e 

and compcir e suc h theories .  However ,  a s i s th e cas e wit h T M S systems ,  E C H O doe s no t  addres s 

ho w o r  whe n revision s t o evidenc e shotd d b e made .  Still ,  Thagard' s technique s fo r  judgin g th e 

explanator y coherenc e o f  theorie s ma y serv e a s a  Vcduabl e guid e fo r  futur e improvement s i n th e 

REVOLVER framework. 

Concernin g th e futur e stat e o f  th e system ,  th e integratio n o f  degree s o f  belie f  stil l  remeiin s t o 

be implemented .  I n addition ,  automati c belie f  i n newl y inferre d assertion s wa s assume d i n thi s 
paper ;  on e coul d imagin e a  mor e cautiou s mod e whereb y ne w inference s cotd d b e adde d t o th e 

database ,  bu t  a n agen t  wotd d hav e t o explicitl y  acknowledg e tha t  he/sh e wishe d t o believ e them . 

Thi s cautiousnes s coul d als o appl y t o newl y create d revisions ;  i n fact ,  i n thi s latte r  cas e suc h cautio n 

migh t  b e eve n mor e appropriate .  I n summeiry ,  b y providin g a  framewor k fo r  discovery ,  revision , 

and no w multipl e theor y creation ,  th e REVOLVER syste m seem s t o provid e a  soli d foundatio n fo r 
th e continue d exploratio n o f  ho w scienc e evolves . 
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calle d green-soli d ( K A  —+ H  G) ,  plu s anothe r  observatio n ( G W —•  P  A  W) )  lead s t o thi s effect . 
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In the last 15 years, cxDgnitive research on text comprehension has 

focuse d eithe r  o n th e descriptio n o f  th e prepositiona l  conten t  o f  text s 

(analysi s o f  relationship s betwee n proposition s o r  concepts) ,  o r  th e stud y 

of  a  pre-existin g patter n store d i n lon g ter m manor y alternativel y calle d : 

"frame "  (Minsky ,  1975 ;  Frederiksen ,  1986) ,  "script "  (Schan k an d Abelson , 

1977) ,  "scenario "  (Sanfor d an d Garrod ,  1981 )  o r  "schema "  (Rimelhar t  an d 

Ortony ,  1977) . 

Thes e differen t  term s correspon d t o varietie s o f  schemas .  Th e tex t 

schema i s a  semanti c networ k whic h describe s th e c o m o n component s o f 

classe s o f  text s an d thei r  interrelationships .  Thes e ar e ccmpose d o f  node s 

and links .  I n Mandle r  an d Johnson' s (1977 )  stor y grarrma r  theor y th e node s 

ar e Beginnin g (B) ,  Reactio n (R) ,  Goa l  (G )  ,  Attemp t  (A) ,  Outcom e (O )  an d 

Endin g (E) .  I n th e Beginnin g (B )  th e protagonist s ar e face d wit h a  problem , 

the y Reac t  (R) ,  fonnulat e a  Goa l  (G )  ,  produc e a n Outcom e (0) .  Th e Endin g (E ) 

i s th e conclusion .  Fo r  th e partisan s o f  stor y granmar s thi s typica l  networ k 

i s progressivel y internalize d b y individual s throug h repeate d exposur e 

(hearin g an d reading )  t o storie s (Denhiere ,  1986) .  Fe w studie s hav e bee n 

conducte d o n scientifi c  tex t  schema ,  wit h th e exceptio n o f  Frederikse n 

(1986) ,  wh o introduce d th e notio n o f  "proble m frame" .  Th e principa l  node s o f 

thi s fram e are :  proble m states ,  procedures ,  resul t  state s an d goal .  Th e 

proble m fram e wil l  b e employe d i n th e experimen t  describe d below .  Frame s 

guid e comprehensio n an d gover n th e recover y o f  informatio n store d i n memor y 

when th e individua l  mus t  recal l  o r  sunrmariz e a  story ,  (Denhiere ,  1986) . 

Curren t  researc h aim s a t  constitutin g tex t  grammar s an d evaluatin g th e 

rol e o f  schana s i n tex t  encoding ,  tex t  comprehensio n an d recall . 

Cross-cultura l  invarianc e o f  narrativ e structur e ha s bee n atteste d t o fo r 

literat e an d nonliterat e societie s a s wel l  (Mandler ,  Scribner ,  Col e & 

Deforest,1980) .  Peopl e recal l  storie s throug h schema s (Glenn ,  1978) . 
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Conprehension is facilitated if the text fits in the schema (Kintsch and 

Yarbrough ,  1982) .  I n educationa l  studies ,  Rahman an d Bisan z (1986 )  showe d 

tha t  i n reconstructio n an d recal l  tasks ,  bot h goo d an d poo r  reader s us e a 

stor y schem a whe n th e stor y followe d th e canonica l  forma t  bu t  poo r  readers ' 

stor y schem a "wa s eithe r  no t  a s wel l  develope d o r  a s efficientl y use d a s 

goo d readers'" .  Cuin g poo r  reader s t o us e a  stor y schem a doe s no t  facilitat e 

thei r  recall .  Thes e dat a ar e no t  informativ e a s t o ho w schema s interven e i n 

readin g comprehensio n becaus e a  goo d reade r  i s a n individua l  wh o construct s 

a goo d macrostructur e an d a  macrostructur e i s goo d i f  i t  reflect s th e tex t 

schema.  T o evaluat e th e functio n o f  schem a i n tex t  comprehensio n i t  i s 

necessar y t o provid e a  descriptio n o f  wha t  i s theoreticall y happenin g a s on e 

reads .  Thi s require s opposin g tw o basi c mode s o f  informatio n processing :  a 

top-dow n mode l  an d a  bottan-u p model .  I n th e firs t  mode ,  th e top-dow n model , 

th e reade r  activate s a  schem a an d searche s fo r  informatio n t o fi t  i n eac h 

nod e (Adam s &  Colins ,  1980) .  Th e bottcm-u p processing ,  work s i n th e opposit e 

direction :  i n th e absenc e o f  pre-existin g schemas ,  th e cognitiv e syste m 

construct s a  macrostuctur e t o reflec t  th e tex t  schema . 

The presen t  experiment s wer e designe d t o validat e mod e o f  informatio n 

processing .  I f  th e activatio n o f  schem a facilitate s tex t  comprehension , 

performanc e i n comprehensio n an d sum îarizatio n task s shoul d b e improve d i f 

th e subjec t  i s  give n informatio n o n th e schema .  I n contrast ,  i f 

comprehensio n i s independen t  o f  schan a activation ,  informatio n o n th e schem a 

shoul d prov e inefficient ,  an d onl y macrostructur e informatio n shoul d hav e a 

positiv e effect .  Similarly ,  i f  th e schem a i s purel y a  mean s fo r  constructin g 

th e macrostructure ,  th e activatio n o f  a n adequat e schem a shoul d improv e 

performance ,  bu t  t o a  lesse r  exten t  tha n macrostructur e informatio n alone . 

METHOD 

Materia l 

Two extract s fro m 5t h grad e schoo l  textbook s o f  wer e selected .  Th e 

first ,  entitle d "Th e Inventio n o f  Th e Printin g Press "  wa s compose d o f  20 8 

words ,  2 2 lines ,  1 0 sentences ,  12 6 proposition s (Turne r  an d Green,1978 )  an d 

5 paragraphs .  I t  wa s use d fo r  practice ,  an d a s a  pretes t  fo r  matchin g 

subjects . 
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The second text used in the 5 conditions dealt with "How to Measure the 

Distanc e betwee n Stars" .  I t  wa s mad e u p o f  23 7 words ,  2 5 lines ,  1 4 sentence s 

and 14 2 propositions .  Th e tex t  wa s divide d int o 5  paragraph s :  th e firs t 

presente d th e problem ,  th e secon d gav e a n explanation ,  an d eac h o f  th e thre e 

renainin g paragraph s suggeste d a  solutio n an d provide d a n example . 

The raacrostructure  appeare d a s th e las t  sentenc e o f  eac h paragraph . 

Bot h text s wer e type d o n sheet s o f  paper . 

A five-ite m questionnair e o n macrostructur e constituent s wa s devise d 

fo r  eac h text .  Th e firs t  questio n deal t  wit h th e tex t  topi c (firs t 

paragraph) ,  e.g .  "Vha t  i s th e tex t  about?" .  Th e secon d ite m deal t  wit h th e 

secon d paragrap h an d s o on .  Subject s wer e aske d t o respon d i n writin g i n th e 

spac e provide d belc w eac h question .  A  blan k shee t  wa s furnishe d t o writ e a 

summary . 

PROCEDURE AND DESIGN 

Fiv e condition s wer e teste d : 

Grou p 1 .  text s wit h n o annotatio n (contro l  group ) 

Grou p 2 .  text s wit h macrostructur e sentence s underline d 

Grou p 3 .  text s wher e th e fram e (heading s correspondin g t o th e tex t 

structure )  wer e indicate d i n lis t  for m inserte d betwee n th e titl e an d th e 

beginnin g o f  th e tex t  (problem ,  explanatio n o f  problem ,  firs t  solutio n an d 

firs t  example ,  secon d example ,  thir d example.. ) 

Grou p 4 .  th e fram e heading s wer e indicate d i n th e margi n nex t  t o eac h 

paragrap h 

Grou p 5 .  fram e informatio n identica l  t o Grou p 4 ,  plu s macrostructur e 

sentence s underline d a s i n Grou p 2 . 

Hypothese s a s t o th e rol e o f  th e fram e an d th e macrostructur e wer e 

teste d b y comparin g performance s acros s groups .  I f  th e fram e alon e i s 

important ,  the n GKi2<G3<G4=<55 ,  i f  th e fram e ha s n o effect ,  the n 

G1^3=<i4<G2=<i5 .  I n contrast ,  i f  th e schem a guide s th e constructio n o f  th e 

macrostructure ,  the n G1<G3<G4<G2<G5. 

The subject s rea d th e text ,  wrot e a  sunnmar y an d answere d th e 

questionnaire .  The y wer e informe d tha t  eac h tex t  wa s score d o n th e basi s o f 

20 point s an d tha t  the y woul d b e allotte d 2 5 minutes .  Subject s wer e allowe d 
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to have the text in front of than during the entire experiment and could 

cxsnsul t  i t  freel y whe n writin g th e summar y an d answerin g questions . 

The experimen t  wa s divide d int o tw o phases .  I n phas e 1 ,  al l  th e 

subject s rea d th e tex t  entitle d "Th e Inventio n o f  th e Printin g Press" ,  wrot e 

th e sunnmar y an d answere d th e questions .  Thes e result s wer e the n use d fo r 

matchin g subject s wh o wer e assigne d t o eac h o f  th e fiv e conditions .  Phas e 2 

was identica l  t o Phas e 1  excep t  tha t  th e tex t  use d wa s "He w t o measur e th e 

distanc e betwee n stars "  an d th e informatio n provide d t o th e subject s varie d 

acros s conditions .  Th e tw o phase s wer e adninistere d a t  a  two-wee k interva l 

i n th e sam e schoo l  o n Monday s an d Tuesdays . 

Subject s 

The sampl e wa s compose d o f  10 0 childre n i n th e las t  year s o f  Frenc h 

elementar y schoo l  (5t h grade) .  Th e mea n ag e wa s 10, 1 year s +/ -  6  months .  Th e 

subject s wer e attendin g 4  school s whic h catere d t o simila r  socioeconomi c 

backgrounds .  A s a  functio n o f  score s o n th e firs t  text ,  th e subject s wer e 

assigne d t o on e o f  th e 5  conditions ,  t o for m matche d groups . 

Scorin g 

A gri d indicatin g th e correc t  answer s t o eac h ite m an d th e scor e wa s 

constructe d b y tw o judges .  Eac h questio n wa s score d o n th e basi s o f  a  tota l 

of  4  points ,  yieldin g a  maximu m scor e fo r  eac h tex t  o f  2 0 points .  Scorin g o f 

th e summarie s wa s obtaine d b y comparin g subjects '  response s wit h a  mode l 

sonmar y produce d b y tw o judges .  Response s wer e weighte d s o tha t  eac h o f  th e 

fiv e part s o f  th e tex t  ha d th e sam e nunnbe r  o f  points .  Maximu m scor e wa s 20 . 

Response s t o th e questionnair e an d th e sunnmarie s wer e score d 

independentl y b y tw o judges .  Disagreement s wer e easil y resolve d throug h 

discussion . 

On th e basi s o f  performanc e o n tex t  1 ,  fiv e homogeneou s matche d group s 

wer e formed .  Th e mean s fo r  thes e group s appea r  i n Tabl e 1 .  N o significan t 

difference s wer e observed ,  an d th e F s wer e al l  les s tha n 1 . 

RESULTS 

The mean s fo r  th e questionnair e an d th e sunmar y fo r  th e 5  group s appea r 

i n Tabl e 1 . 
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TABLE 1. Means and standard deviations for scores of the 5 groups of 

subject s 

Group s G l  G 2 G 3 G 4 G 5 

Quest. . M 

S.D . 

M 

9.0 5 

4.7 0 

9.3 5 

12.2 0 

4.2 6 

13.6 0 

11.0 0 

3.9 3 

11.2 5 

11.3 5 

3.5 4 

11.1 5 

11.9 5 

5.8 1 

12.3 5 Suimiar y 

S.D .  5.5 2 5.5 1 5.2 8 4.3 4 3.6 0 

Questionnaire Results 

The contro l  grou p (Gl )  performe d significantl y wors e (F(l,95)=5.1 9 

p<.01 )  tha n th e othe r  groups .  Th e fou r  experimenta l  group s {G2,G3rG4,G5 ) 

exhibite d equivalen t  score s (F<1) .  When th e problem-fram e wa s indicate d i n 

th e margin ,  performanc e wa s no t  bette r  tha n whe n th e problen-fram e wa s 

liste d a t  th e star t  o f  th e tex t  :  F< 1 fo r  grou p 3  v s Grou p 4 .  Similarly , 

performanc e di d no t  diffe r  whe n th e problem-fram e informatio n wa s adde d t o 

th e macrostructur e (grou p G 2 v s G5 ,  F<1 )  o r  whe n macrostructur e informatio n 

was adde d t o th e problem-fram e (  G 5 v s G3G4 F<1) .  Regardles s o f  th e typ e o f 

annotation ,  problem-fram e informatio n wa s a s efficien t  i n improvin g 

performanc e a s underlinin g th e macrostructur e (G 2 v s G 3 G3 ,  F<1) . 

Sunnar y Result s 

The summar y mean s d o no t  diffe r  fro m thos e obtaine d o n th e 

questionnair e (F<1) .  Th e observe d effect s wer e identica l  :  positiv e impac t 

of  ai d i n th e for m o f  annotatio n a s compare d t o th e contro l  grou p tex t 

(F(l,95 )  =  4.9 6 p.<015) ;  n o significan t  difference s betwee n th e experimenta l 

group s ( F (3,76 )  =  1.16 ,  ns ) . 

The grou p x  typ e o f  tas k interactio n di d no t  reac h significanc e (F<1) . 

The scorin g systo n fo r  th e surmar y obviousl y generate s thi s result . 

The analyse s presente d abov e wer e base d o n grou p data .  I t  i s  likel y 

hcweve r  tha t  th e efficienc y o f  ai d wil l  var y accordin g t o th e typ e o f 

subject .  Arguabl y annotatio n woul d b e o f  littl e hel p t o subject s wh o alread y 

implemen t  th e typ e o f  processe s indicated ,  bu t  o n th e contrar y woul d b e 

highl y efficien t  i n subject s wh o d o no t  kno w ho w t o proceed .  Thu s reader s 

who score d lo w o n th e practic e tex t  wer e assume d no t  t o hav e mastere d 

adequat e processin g technique s i n contras t  t o hig h scorers ,  wh o wer e assune d 
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to use efficient strategies. On the basis of the scxsre for comprehension 

question s o n th e practic e text ,  2  group s o f  subjet s wer e formed :  Goo d 

Conprehender s (G.C. )  whos e comprehensio n score s wer e =/ > 12 ;  Poo r 

Comprehender s (P.C. )  whos e score s wer e <  10 .  Suitinar y score s wer e handle d i n 

th e sam e way :  score s fo r  Goo d Sunnmarizer s (G.S. )  wer e =/ > 12 ;  Poo r 

Suramarizer s (P.S. )  score d unde r  10 .  Th e nunbe r  o f  subject s an d th e mea n 

performance s fo r  thes e tw o group s appea r  i n Table s 2  an d 3 . 

The tw o group s diffe r  significantl y ( F (1,80 )  =  29.70 ;  p  .<.001) . 

Al l  th e aid s improv e performanc e significantl y i n Poo r  Comprehender s : 

F (1,35 )  =  5.26 ,  p .  <  .0 2 bu t  th e mean s fo r  th e fou r  experimenta l  group s 

(G2,G3,G4,G5 )  d o no t  diffe r  significantl y  (F<1) . 

I n contrast ,  th e performanc e o f  G.C .  wer e significantl y improve d whe n 

th e macrostructur e wa s underlined .  Onl y thi s condition ,  whe n compare d t o 

thos e wher e th e macrostructur e wa s no t  underlined ,  reache s significanc e ( F 

(1,27 )  =  13.15 ,  p.=.001) . 

TABLE 2 .  Questionnair e result s fo r  goo d an d poo r  conprehender s 

Group s 

PC n 

M 

S.D. 

GC n 

M 

S.D. 

TABLE 3 . 

Group s 

PS n 

M 

S.D . 

GS n 

M 

S.D. 

Gl 

9 

5.4 4 

3.7 1 

7 

12.2 8 

3.4 0 

Summary 

Gl 

10 

5.6 0 

4.2 7 

7 

12.8 5 

4.5 6 

G2 

8 

10.6 2 

3.5 8 

9 

15.6 6 

3.2 4 

result s fo r 

G2 

10 

10.6 0 

5.0 8 

8 

18.2 5 

2.0 5 

G3 

7 

10.2 8 

4.9 9 

10 

10.5 0 

3.2 7 

goo d an d 

G3 

11 

9.8 1 

5.4 7 

6 

13.5 0 

3.6 7 

G4 

6 

7.6 6 

3.2 6 

11 

13.3 6 

2.2 7 

G5 

10 

9.4 0 

6.8 6 

8 

15.3 7 

2.3 8 

poo r  suiuiiarizers . 

G4 

9 

9.3 3 

4.0 6 

9 

13.3 7 

4.6 5 

G5 

10 

10.2 0 

3.0 1 

7 

14.5 7 

3.4 5 
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The suTimary results (see Table 3) exhibit similar trends. All the aids 

significantl y improv e performanc e o f  Poo r  Summarizer s wherea s onl y th e 

underlinin g o f  th e macrostructur e i s significantl y efficien t  fo r  Goo d 

Sutmarizer s (F(l,27 )  =  5.07 ,  p.03) . 

CONCLUSION 

Overall ,  th e finding s indicat e tha t  problem-fram e knowledg e i s a s 

usefu l  a s macrostructur e knowledg e fo r  tex t  conprehensio n an d sunmarizing . 

The fran e thu s appear s t o hav e a n effec t  simila r  t o th e macrostructur e o n 

tex t  processing.Th e difference s i n efficienc y o f  thes e tw o type s o f  aid s 

onl y appea r  whe n th e subject s ar e classifie d a s goo d o r  poo r  canprehenders / 

suTtmarizers . 

Al l  th e aid s teste d i n thi s stud y prove d t o b e efficien t  fo r  poo r 

canprehender s an d summarizers .  Fram e knowledg e an d th e macrostructur e ar e 

equall y efficien t  fo r  Poo r  Canprehender s bu t  thei r  processin g strategie s ar e 

apparentl y inefficient .  Al l  aid s hav e th e effec t  o f  improvin g performanc e 

and non e interfere d wit h thei r  mod e o f  processing .  Howeve r  th e improvemen t 

observe d i n thes e subject s wa s no t  sufficien t  t o brin g the m u p t o th e leve l 

of  th e goo d canprehender s wh o receive d n o aid .  Thi s seem s t o sugges t  tha t 

poo r  canprehenders /  summarizer s us e th e informatio n provide d t o the m i n th e 

for m o f  aids ,  bu t  d o no t  integrat e thi s informatio n int o thei r  processin g 

strategies . 

Onl y macrostructur e informatio n improve s performanc e i n Goo d 

Canprehender s an d Sunmarizer s wherea s problem-fram e informatio n ha s n o 

effect .  Ther e ar e thre e possibl e explanation s fo r  this .  Firs t  o f  all ,  fram e 

informatio n ma y no t  b e necessar y t o comprehension .  Secondly ,  fram e 

informatio n wa s redundan t  becaus e thes e subject s alread y ha d a  problem-fram e 

available .  Thirdly ,  th e fram e provide d wa s no t  sufficien t  fo r  th e 

constructio n o f  th e macrostructure .  Thi s coul d hav e bee n becaus e th e 

problem-fram e wa s inappropriat e o r  becaus e th e operation s necessitate d b y 

th e activatio n o f  th e fram e wer e conplex . 
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T H E S T R U C T U RE O F S O C I A L M I N D : 

E M P I R I C A L P A T T E R NS O F L A R G E - S C A L E K N O W L E D GE 
O R G A N I Z A T I ON 

Davi d L .  Sallac h 

Departmen t  o f  Compute r  Scienc e 

Universit y o f  Arkansa s 

The social model of mind regards intelligence as the result of the interaction of cognitive or 
subcognitiv e agents .  I n recen t  years ,  cognitiv e scienc e researc h ha s foun d th e concep t  o f  socia l 
min d provide s a  promisin g mode l  for :  1 )  th e explanatio n o f  brai n damag e (Gardner ,  1974 ;  1983) , 
2)  th e desig n o f  exper t  system s (Lee ,  1985) ,  an d 3 )  a  genera l  mode l  o f  memor y (Minsky , 
1981 ;  1985) .  Th e premis e o f  th e presen t  discussio n i s tha t  th e structur e o f  socia l  min d ha s researc h 
implication s fo r  cognitiv e scienc e tha t  hav e ye t  t o b e explored . 

The stud y o f  biologica l  system s ha s yielde d geneti c algorithm s tha t  provid e usefu l  insight s 

int o th e desig n o f  classifie r  system s (Holland ,  1986). !  Lik e biologica l  systems ,  socia l  system s ar e 
naturall y occurrin g phenomena. 2 Thus ,  identificatio n o f  th e principle s an d organizatio n o f  socia l 
entitie s als o provide s insight s whic h ma y facilitat e th e constructio n o f  computationa l  cognitiv e 
systems . 

Socia l  entitie s ca n b e see n a s providin g a  functiona l  architectur e throug h whic h min d ca n b e 
instantiated .  Accordingly ,  th e stud y o f  cognitiv e system s wil l  benefi t  b y includin g th e socia l 
syste m a s a  physica l  instantiatio n o f  mind ,  alon g wit h th e compute r  an d th e huma n brain .  Fo r 
some cognitiv e scienc e researc h questions ,  socia l  system s ar e likel y t o provid e a  mor e usefu l 
sourc e o f  data .  Further ,  th e model s o f  socia l  min d use d b y cognitiv e researcher s ar e likel y t o b e 
enriche d b y a n investigatio n o f  empirica l  form s o f  socia l  organization . 

FUNCTIONALISM AND SOCIAL ENTITIES 

A major side-effect of the modem computer revolution is the growing recognition among 
philosopher s an d cognitiv e scientist s tha t  thinlan g an d othe r  menta l  function s ma y b e instantiat e 
usin g divers e mechanism s (Dennett ,  1981 ;  Loar ,  1981 ;  Churchland ,  1984 ;  Gardner ,  1985) . 
Cognitiv e researc h increasingl y relie s upo n bot h psychologica l  experiment s an d compute r 
simulatio n (cf ,  Kintsc h e t  ai ,  1984) .  Cognitiv e psycholog y provide s insigh t  an d hypothese s t o 
AI  researcher s (Hinto n an d Anderson,1981) ,  whil e compute r  modelin g enriche s cognitiv e 
psycholog y (Johnson-Laird ,  1983) . 

One resul t  o f  cognitiv e researc h considerin g comparativ e menta l  mechanism s i s th e 
abstractio n o f  function ,  architectur e an d representatio n from  physica l  implementation . 
Developmen t  o f  th e functiona l  perspectiv e i n cognitiv e scienc e ha s le d t o th e identificatio n o f  thre e 
distinc t  level s o f  analysis :  th e physica l  level ,  th e functiona l  leve l  an d th e knowledg e o r 
representationa l  level .  "Th e thre e level s ar e tied  togethe r  i n a n instantiatio n hierarchy ,  wit h eac h 
leve l  instantantin g th e on e above "  (Pylyshyn ,  1984 ,  p .  132) . 

Figur e 1  illustrate s th e relationshi p betwee n cognitiv e scienc e an d th e discipline s upo n 
whic h i t  i s  based .  Th e highes t  leve l  Newel l  call s th e knowledg e level ,  Pylyshy n call s th e 

^Not  surprisingly ,  geneti c algorithm s hav e bee n show n t o provid e especiall y 
effectiv e model s o f  biologica l  phenomen a (Farmer ,  Packar d an d Perelson ,  1985) . 

^Socia l  system s diffe r  fro m th e simple r  biologica l  system s i n tha t  thei r  action s ar e 
frequentl y cognitivel y penetrable ;  se e Pylyshy n (1984 ,  pp .  130-145 )  fo r  a  discussio n 
of  penetrability . 
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•Discipline s addres s thei r  ow n level ,  an d it s relationshi p t o th e level s 

immediatel y abov e an d belo w 

Figure 1. Cognitive Science Disciplines and Levels of Explanation 

semanti c leve l  an d philosoph y reference s a s th e intentiona l  level .  I t  i s  th e domai n o f  cognitiv e 

science .  3 

Th e knowledg e leve l  m a y b e instantiate d usin g divers e functiona l  architectures .  Th e 
relationshi p betwee n th e knowledg e leve l  an d prospectiv e functiona l  architecture s i s o f  interes t  t o 

cognitiv e science ,  an d t o discipline s tha t  stud y th e architecture s availabl e throug h a  specifi c  typ e o f 

physica l  system .  Fo r  computers ,  th e disciplin e i s artificia l  intelligence ;  fo r  h o m o sapiens ,  th e 

disciplin e i s psychology .  B y extension ,  th e relationshi p betwee n th e knowledg e leve l  an d th e 

functiona l  organizatio n o f  socia l  entitie s fall s  withi n th e domai n o f  th e socia l  sciences . 

A second ,  mor e concrete ,  focu s concern s th e type s o f  functiona l  architectur e tha t  ar e 

availabl e fo r  a  specifi c  typ e o f  physica l  system .  Fo r  computers ,  thi s relationshi p i s studie d b y 

artificia l  intelligenc e an d compute r  engineerin g (whic h togethe r  constitut e a  majo r  portio n o f 

^Figur e 1  accuratel y depict s philosoph y a s addressin g level s o f  analysi s mor e 

abstrac t  tha n tha t  o f  cognitiv e scienc e (e.g. ,  ontology ,  epistemology) ,  whil e 

philosoph y o f  min d overlap s an d interact s wit h cognitiv e theory .  Figur e 1  woul d b e 

slightl y mor e accurat e i f  i t  showe d th e overla p an d interactio n betwee n philosoph y 

and linguistics . 
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computer science). For the human individual, this relationship is studied by neuroscience and 
physiologica l  psychology .  Fo r  socia l  entities ,  th e relationshi p betwee n th e physica l  system ,  an d it s 
possibl e an d probabl e form s o f  functiona l  organizatio n i s studie d b y th e socia l  an d psychologica l 
sciences . 

W h en applie d t o socia l  phenomena ,  th e functiona l  theor y o f  min d suggest s tha t  menta l 
representation s an d processe s ma y b e attribute s o f  social ,  a s wi U a s psychologica l  an d 

computational ,  entities .  Dennet t  (1981 )  recognize s tha t  th e ver y virtue s o f  functionalism ^  permi t  a 
functionalis t  theor y t o b e instantiate d b y suprahuma n organization s fo r  whic h i t  ma y see m 
counterintuitiv e t o sa y the y hav e mind s o f  thei r  own .  Intuition ,  however ,  i s no t  a  reliabl e 
inidicator .  A s Dennet t  furthe r  observes ,  "Insid e you r  skul l  i t  i s als o al l  darkness ,  an d whateve r 
processe s occu r  i n you r  gre y matte r  occu r  unperceive d an d unperceiving. " 

Even critic s o f  functiona l  theor y hav e (skeptically )  suggeste d that ,  unde r  functiona l  theory , 
socia l  entitie s (e.g. ,  th e peopl e o f  China )  migh t  for m " a gian t  brain "  (Churchland ,  1985 ,  p .  39) . 
Whil e i t  i s mor e accurat e t o sa y " a gian t  mind" ,  th e peopl e o f  Chin a ar e hardl y th e onl y socia l 
entit y tha t  act s base d upo n share d representation s an d collectiv e goals . 

Over  th e pas t  century ,  theorist s hav e attribute d variou s level s o f  'reality '  t o socia l 
phenomena .  Th e perspectiv e develope d i n th e presen t  discussio n i s tha t  o f  socia l  realism .  Fro m 
it s earlies t  articulation ,  socia l  realis m ha s bee n anti-reductionis t  i n natur e (Durkheim ,  1964) .  I n 
general ,  socia l  realis m hold s that :  1 )  socia l  entitie s ar e jus t  a s rea l  a s psychologica l  entities ,  bu t  tha t 
2)  bot h ar e abstract ,  analytica l  units ,  an d 3 )  socia l  phenomen a mus t  b e explaine d i n term s o f  a 
socia l  leve l  leve l  o f  analysis ,  no t  reduce d t o a  psychologica l  on e (cf. ,  Warriner ,  1956) . 

Socia l  realism ,  a s describe d above ,  allow s an d require s tw o caveats :  1 )  lik e othe r 
phenomena ,  th e behavio r  o f  socia l  entitie s i s constraine d b y th e natur e o f  it s  compositiona l 
elements ,  whethe r  psychological ,  biological ,  o r  physical ,  an d 2 )  socia l  pattern s ma y b e partiall y  o r 
wholl y cause d b y force s whic h ar e bette r  conceptualize d a t  a  higher ,  mor e abstrac t  leve l  o f 
analysis .  Th e latte r  cavea t  acknowledge s that ,  insofa r  a s th e scientifi c  comprehensio n o f  cognitiv e 
system s i n genera l  grows ,  socia l  entitie s ma y b e see n a s providin g on e typ e o f  physica l  syste m 
throug h whic h a  rang e o f  functiona l  architecture s ar e implemented .  Th e subsequen t  revie w o f 
researc h i s base d upo n thi s perspective . 

Recognitio n o f  th e menta l  dimension s o f  socia l  phenomen a wil l  benefi t  cognitiv e scienc e 
research .  Socia l  entitie s ar e spatiall y  muc h large r  tha n th e brain ,  an d thei r  communicatio n rate s ar e 
much slowe r  an d (frequently )  mor e observable .  I t  i s no t  clear ,  however ,  tha t  th e cognitiv e proces s 
of  socia l  entitie s i s an y les s comple x tha n tha t  o f  th e brain .  Cognitivist s enjo y a  uniqu e vantag e 
poin t  o n thes e large-scal e cognitiv e processes :  w e ar e o n th e insid e lookin g out .  Incorporatin g thi s 
uniqu e perspectiv e int o ou r  researc h program s i s likel y t o wide n th e rang e o f  cognitiv e issue s tha t 
can b e addressed . 

THE BELIEF SYSTEMS OF MASS PUBLICS 

As a preliminary example of how empirical research on the social organization of cognition 
may provid e usefu l  insight s int o th e constructio n o f  computationa l  models ,  conside r  natur e o f  mas s 

belie f  systems. ^  I t  ha s lon g bee n recognize d tha t  opinio n formatio n i s a  multi-stag e proces s i n 
whic h opinio n leader s for m thei r  view s base d upo n publi c source s o f  information ,  an d the n 
influenc e th e attitude s o f  a  peripher y o f  opinio n follower s (Berelson ,  e t  al. ,  1954) .  Thi s typ e o f 
layere d structur e give s suppor t  t o Minsky' s (1981;1985 )  K-lin e mode l  i n whic h ther e i s a  divisio n 
of  labo r  betwee n loca l  agent s an d agent s tha t  perfor m mor e generalize d patter n recognition . 

^T o wit ,  "  .  .  .abstractnes s an d henc e neutralit y wit h regar d t o t o wha t  coul d realize ' 
th e function s deeme d essentia l  t o sentien t  o r  intentiona l  systems "  (Dennett ,  1981 ,  p . 
153) . 

5 Althoug h th e researc h t o b e reviewe d pertain s t o th e organizatio n o f  politica l 
knowledg e mas s publics ,  ther e i s n o inheren t  reaso n t o believ e tha t  th e structura l 
pattern s ar e restrice d t o tha t  domain . 
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Subsequent studies suggest funher implications. Converse (1964), in a highly influential 

study ,  conclude d tha t  th e mas s publi c manifest s belie f  system s organize d a t  severa l  identifiabl e 

layer s o f  organization ,  rangin g from a  coheren t  organizatio n o f  informatio n a t  a  hig h leve l  o f 

abstraction ,  throug h interes t  grou p identification ,  t o thos e whos e informatio n i s ver y specific ,  an d 

not  coheren t  o r  integrated .  I n Converse' s words : 

Moving from the top to the bottom of this information dimension the character of 

th e object s tha t  ar e centra l  i n a  belie f  syste m change .  Thes e object s shif t  from  th e 

remote ,  generi c an d abstrac t  t o th e increasingl y simpl e concrete ,  o r  'clos e t o him' . 

Converse's findings of differential levels of abstraction and conceptual integration in the 

belie f  system s o f  mas s public s hav e bee n elaborate d b y subsequen t  research .  N e u m a n (1981 )  ha s 

identifie d tw o complimentar y dimension s o f  politica l  thought :  conceptua l  differentiatio n an d 

conceptua l  integration .  Differentiatio n refer s t o th e numbe r  o f  discrete ,  concret e element s o f 

informatio n utilize d b y th e actor .  Conceptua l  integratio n involve s th e us e o f  abstrac t  concept s t o 

structur e discret e element s o f  information ,  N e u m a n posit s a  spiralin g patter n o f  growin g 

conceptua l  sophisticatio n i n whic h ne w element s o f  informatio n ar e acquire d (differentiation )  an d 

the n abstracte d int o a  manageabl e orde r  (integration) .  Th e structur e o f  belie f  the n guide s an d 

constrain s subsequen t  informatio n acquisition . 

Brad y an d Sniderma n (1985 )  hav e isolate d anothe r  aspec t  o f  mas s belie f  system s tha t  m a y 

be relevan t  t o mor e generalize d model s o f  cognition .  Member s o f  mas s public s ar e abl e t o mak e 

highl y accurat e estimate s o f  th e politica l  belief s o f  strategi c groups ,  an d h o w member s o f  suc h 

group s ar e likel y t o lin e u p o n ke y issues .  Thi s accomplishmen t  i s a  puzzl e sinc e mos t  member s o f 

mass public s demonstrat e a  lo w leve l  o f  abstractio n an d littl e concret e information .  Th e 

mechanis m b y whic h suc h estimate s ar e mad e apear s t o involv e a n affectiv e heuristi c tha t  serve s a s 

an intellectua l  shortcut .  Specifically ,  respondant s appea r  t o combin e thei r  o w n belief s wit h thei r 

affectiv e respons e t o strategi c group s an d generat e a n impressivel y accurat e m a p o f  th e politica l 

landscape .  Othe r  researc h suggest s heuristic s base d upo n multipl e affectiv e dimensions ,  fo r 

example ,  evaluation ,  potenc y an d activit y (Osgood ,  1962 ;  Heise ,  1979) , 

Thi s cursor y revie w o f  researc h o n mas s belie f  system s suggest s fou r  component s tha t 
migh t  usefull y b e incorporate d int o model s o f  min d base d upo n socia l  organization .  Th e firs t 

componen t  differentiatio n o f  agent s base d upo n thei r  locatio n i n a  knowledg e hierarch y varyin g i n 

leve l  o f  abstractio n an d informatio n span ,  A  secon d componen t  i s th e us e o f  a n affectivit y calculu s 

t o enhanc e th e applicatio n o f  agen t  knowledge ,  extendin g i t  a t  lowe r  level s o f  th e knowledg e 

hierarch y an d accentuatin g i t  a t  highe r  levels .  Th e fina l  componen t  i s th e dynami c evolutio n o f 

agents ,  throug h a  spira l  process ,  from a  m i n i m u m informatio n spa n a t  a  lo w leve l  o f  abstractio n t o 

a broade r  informatio n spa n a t  successivel y highe r  level s o f  abstraction .  Agen t  evolutio n implie s 

th e creatio n o f  n e w agent s an d th e selectiv e retentio n o f  matur e agent s (cf ,  Holland ,  e t  ai ,  1986) . 

THE STRUCTURE OF SOCIAL MIND 

The social organization of knowledge impUes, in addition to agents (individually and 

collectively) ,  a  numbe r  o f  intermediat e socia l  entities .  Socia l  organization s ar e compose d o f 

smalle r  organization s whic h ar e ultimatel y compose d o f  group s o f  agent s tha t  interac t  directly . 

Thus ,  th e structur e o f  socia l  organization s i s define d recursivel y t o a n arbitrar y depth ,  furthe r 

supportin g th e us e o f  agent s tha t  posses s extensiv e modelin g capabiUties. "  I n term s o f  functiona l 

architecture ,  socia l  organization s ar e massivel y paralle l  system s compose d o f  intelUgen t  agents . 

6 Th e vie w developed  her e posit s comple x cognitiv e system s bein g composed , 

recursively ,  o f  comple x cognitiv e systems .  Suc h structure s paralle l  th e universalit y 

of  scal e identifie d i n researc h o n nonlinea r  dynamic s i n multipl e domain s (cf. , 

Cvitanovic ,  1986) . 
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The information processing capacity of component agents is not infinite, but it is of sufficient depth 
tha t  syste m designer s ma y utiliz e significan t  level s o f  agen t  complexity . 

The computationa l  requirement s implie d b y a  syste m wit h a  recursivel y neste d structur e 
compose d o f  massivel y paralle l  agents ,  eac h havin g extensiv e modelin g capabilites ,  ar e constraine d 
by a  share d definitio n an d utilizatio n o f  menta l  model s amon g th e multipl e agents .  Specifically , 
agent s ar e no t  discret e entities ,  bu t  node s tha t  hav e acces s t o a  large r  knowledg e networ k o f  whic h 
the y ar e a  part .  Non-specialis t  subgroup s an d individua l  agent s ma y thu s b e conceive d a s non -
autonomous ,  maintainin g simple r  loca l  model s o f  object s an d objec t  type s tha t  dra w upo n th e 
large r  networ k model(s) . 

The simpl e cognitiv e model s allo w routin e informatio n processing ,  an d serv e a s associativ e 
pointer s t o th e mor e detaile d informatio n availabl e a s neede d fro m th e highe r  leve l  agent s o f  whic h 
the y ar e a  part .  Th e integratio n o f  relate d model s a t  multipl e organizationa l  level s i s no t  a  resul t  bu t 
a task ,  a n ongoin g proces s tha t  i s achieve d onl y partiall y  (Schutz ,  1967) .  I n socia l  systems ,  larg e 
salien t  mode l  discrepencie s la y th e basi s fo r  conflic t  an d disorderl y change . 

A majo r  featur e o f  socia l  mind ,  emphasize d b y mos t  theorist s wh o invok e th e model ,  i s th e 
use o f  a  functiona l  divisio n o f  labor .  Th e existenc e o f  specialist s an d generalist s suggest s a  diffus e 
for m o f  organizatio n connecte d b y anothe r  typ e o f  (hierarchica l  o r  heterarchical )  structure .  Thi s 
secon d (control )  strucmr e determine s th e flo w o f  infonnatio n an d contro l  acros s multipl e levels . 
The locatio n o f  a n agen t  withi n th e contro l  structur e define s a  vertica l  dimensio n o f  socia l  structure . 
The advantage s an d disadvantage s o f  alternativ e contro l  structure s constitute s a  majo r  topi c o f 
researc h fo r  th e socia l  mode l  o f  mind . 

Empirica l  socia l  system s sugges t  anothe r  typ e o f  differentiation :  groupin g acros s physica l 
space .  Spatia l  groupin g provide s communicatio n opportunitie s an d obstacle s which ,  i n socia l 
systems ,  resul t  i n comple x pattern s o f  ethnicity ,  language ,  religion ,  nationalit y an d tradition . 
Spatia l  differentiatio n allow s alternativ e organizatio n an d model s t o develop .  Accordingly ,  i t  i s  a 
potentia l  sourc e o f  bot h experimentatio n an d poo r  socia l  integration .  Contro l  structur e researc h 
migh t  reasonabl y focu s o n th e identificatio n o f  structure s whic h benefi t  fro m th e forme r  whil e 
minimizin g th e latter . 

Thus ,  socia l  model s ar e constitute d b y a  minimu m o f  thre e dimension s o f  structure : 
divisio n o f  labor ,  spatia l  dispersio n an d stratificatio n o f  contro l  (cf. ,  Blau ,  1977) .  Eac h agent , 
whethe r  individua l  o r  social ,  i s define d i n term s o f  eac h dimension .  Model s o f  relevan t  object s ar e 
distribute d acros s th e matrix .  Th e composit e mode l  o f  a n objec t  ma y b e regarde d a s a  conceptua l 
prototyp e (cf. ,  Rosch ,  1978, ;  Lakoff ,  1987 ;  Sallach ,  1988) . 

The relationshi p betwee n th e composit e mode l  o f  a n object ,  an d th e mode l  use d b y eac h 
agen t  ma y b e regarde d a s analagou s t o th e multipl e level s o f  databas e design ,  wher e th e use r  vie w 
contain s th e informatio n neede d b y a  specifi c  typ e o f  user ,  whil e th e conceptua l  vie w integrate s th e 
user  view s o f  a n enterpris e int o a  singl e schem a (cf. ,  Flavin ,  1981) .  However ,  i n th e databas e 
analogy ,  schem a definitio n i s performe d b y th e databas e administrator .  I n th e socia l  mode l  o f 
mind ,  th e integratio n o f  th e model s o f  multipl e agent s mus t  b e a  self-organizin g process . 

THE REPRESENTATION OF SHARED KNOWLEDGE 

The previous section describes a common knowledge network, where the detail of local 
representatio n i s determine d b y th e functiona l  requirement s o f  th e position ,  an d simpl e loca l 
model s poin t  t o mor e generalized ,  o r  specialize d repositorie s o f  infonnation .  A  structur e o f  thi s 
typ e i s bot h efficien t  (i n limitin g informatio n redundancy )  an d proWemari c (i n coordinatin g th e 
informatio n need s o f  th e agen t  wit h th e resource s o f  specialis t  node s an d o f  th e networ k a s a 
whole) .  Th e proble m o f  representin g suc h a  knowledg e networ k i s largel y a  proble m o f  th e 
efficien t  integratio n o f  inconsisten t  knowledge .  Wha t  i s neede d i s th e equivalen t  o f  a  self -
organizin g schem a fo r  a  semanti c dat a model . 

Fro m th e mas s public ,  throug h intermediat e organizations ,  t o th e individua l  agent ,  ther e ar e 
multipl e level s o f  informatio n integratio n t o b e reconcile d i n a  socia l  mode l  o f  mind .  Th e genera l 
patter n i s tha t  agent s tha t  ar e hig h i n th e socia l  knowledg e syste m ar e likel y t o hav e highl y 
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integrated information structures. Other agents composing the social knowledge system will vary 
i n th e exten t  o f  informatio n integration ,  an d i n th e spa n o f  locall y availabl e information . 

Th e structur e o f  mas s belie f  system s suggest s a  strateg y fo r  knowledg e representatio n fo r 

th e socia l  mode l  o f  mind .  Withi n th e socia l  knowledg e syste m a s a  whole ,  ther e wil l  b e island s o f 

informatio n tha t  ar e comprehensiv e an d highl y integrated .  Fo r  thes e nuclei ,  coheren t  schemat a ar e 

generated .  Entitie s whos e informatio n spa n i s narowe r  bu t  consistent ,  ar e define d i n term s o f  a 

broade r  schem a (th e equivalen t  o f  a  databas e 'view') .  Entitie s whos e informatio n i s coheren t  bu t 

organize d accordin g t o differen t  abstraction s ar e represente d a s alternat e schemata. ^  Finally , 

entitie s an d agent s tha t  fai l  t o manifes t  a  minima l  leve l  o f  integratio n ar e define d i n term s o f  a n 

affectiv e heuristic.Thi s strateg y fo r  representatio n o f  knowledg e share d acros s a  networ k i s neutra l 

as t o whethe r  th e cor e schemat a ar e define d i n term s o f  individua l  agent s o r  organizatio n o f  agents . 

If ,  however ,  th e leve l  o f  integratio n i s equivalent ,  di e large r  socia l  entit y woul d b e th e uni t  o f 

preference . 

Th e socia l  knowledg e syste m a s a  whol e woul d no t  b e presume d t o manifes t  a  hig h leve l 

of  integration .  Rather ,  knowledg e syste m integratio n woul d b e use d to :  1 )  t o provid e a  heuristi c 

fo r  th e evaluatio n o f  alternat e schem a organization ,  an d 2 )  a s a  variabl e propert y whic h constitute s 

an appropriat e subjec t  o f  investigation . 

CONCLUSION 

Social models of mind have been useful because of their ability to represent a functional 

divisio n o f  labo r  amon g semi-autonomou s agents .  Th e presen t  discussio n maintain s tha t  min d 

m ay b e usefull y viewe d a s instantiate d b y socia l  systems .  Thi s perspective s suggest s tha t  th e 

empirica l  investigatio n o f  socia l  system s ca n provid e usefu l  msight s int o th e socia l  organizatio n o f 

cognitiv e systems . 

Th e stud y o f  belie f  system s i n mas s public s illustrate d thre e principle s o f  th e societ y o f 

mind :  th e organizatio n o f  knowledg e alon g hierarchie s o f  conceptuj d differentiatio n an d 

integration ,  2 )  th e simulatio n o f  knowledg e amon g low-leve l  agent s b y th e us e o f  affectiv e 

heuristics ,  an d 3 )  dynami c learnin g throug h th e evolutio n o f  agents .  Th e structur e o f  socia l  min d 

i s define d b y a  m i n i m u m o f  thre e dimension s (function ,  contro l  an d physica l  location) ,  whic h 

suggest s tha t  syste m knowledg e i s distribute d acros s a  networ k o f  agent s an d organizations .  Th e 
us e o f  self-organizin g schemat a a s a  for m o f  non-redundan t  knowledg e representatio n wa s 

explored . 
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A Mode l  o f  Me te r  Percep t io n i n Mus i c 

Benjaain 0. Miller, Don L. Scarborou([h and Jacqueline A. Jones 
Brookly n Colleg e o f  th e Cit y Universit y o f  Ne w Yor k 

ABSTRACT 

A fundamental problem in music cognition is the question of how the listener 
extract s th e music' s tempora l  organization .  We describ e a  model ,  implemente d 
as a  compute r  simulation ,  tha t  construct s a  hierarchica l  representatio n o f 
metri c structur e tha t  conform s t o th e requirement s o f  Lerdah l  &  Jackendoff' s 
(1983 )  generativ e theory .  Th e mode l  integrate s bottom-u p processin g o f  scor e 
dat a wit h top-dow n processe s tha t  generat e prediction s o f  tempora l  structure , 
and wit h rule s o f  organizatio n tha t  correspon d t o musica l  intuition .  Severa l 
example s o f  th e program' s outpu t  ar e use d t o illustrat e thes e processes . 

INTRODUCTION 

People perceive patterns in temporal events even in the absence of any 
physica l  cues .  Fo r  example ,  w e hea r  a  sequenc e o f  identica l  equall y space d 
tone s a s bein g groupe d b y two s o r  possibl y three s (Fraisse ,  1982) ,  wit h th e 
firs t  ton e o f  eac h grou p accented .  When physica l  cues ,  suc h a s accent s o r 
pauses ,  ar e present ,  perceptua l  groupin g i s tha t  muc h mor e robust .  A  resul t 
of  suc h perceptua l  processe s i s meter .  A  mete r  specifie s a  perceive d puls e 
tha t  mark s of f  equa l  interval s i n time .  Pulse s ten d t o b e grouped ,  wit h th e 
firs t  o f  eac h grou p hear d a s accented .  Withi n groups ,  stron g an d wea k pulse s 
alternat e i n a  wa y tha t  reflect s hierarchica l  organization ,  a s illustrate d 
below .  I n th e do t  notatio n introduce d b y Lerdah l  &  Jackendof f  (1983) ,  th e 
number s a t  th e to p represen t  successiv e equall y space d point s i n time ,  an d th e 
dot s belo w ar e pulses .  Th e firs t  ro w o f  dot s show s a  puls e a t  eac h successiv e 
poin t  i n time .  Pulse s wit h dot s a t  mor e tha n on e leve l  ar e perceive d a s 
stresse d relativ e t o others ,  an d the y hierarchicall y organiz e th e pulse s int o 
pairs ,  pair s o f  pairs ,  an d s o on .  Of  thes e levels ,  th e mos t  perceptuall y 
salien t  i s  wha t  w e intuitivel y cal l  th e beat ,  o r  wha t  Lerdah l  &  Jackendof f 
cal l  th e tactus . 

Pulse 123456789 10 etc. 
1 

Metri c leve l  2  . 
3 . 

Rhythm emerges from the interaction of metric structure with auditory 
events .  Fo r  example ,  syncopate d rhythm s occu r  whe n perceive d musica l  accent s 
ar e hear d a s occurrin g a t  unaccente d position s i n th e metri c structure .  Thus , 
musica l  event s ar e hear d withi n a  framewor k establishe d b y th e metri c 
structure .  O n th e othe r  hand ,  th e musi c itsel f  mus t  als o guid e th e listene r 
i n establishin g a  metri c framewor k fo r  th e interpretatio n o f  th e music .  We 
ar e intereste d i n ho w a  listene r  discover s a  metri c structure . 

We have been developing a model of meter and rhythm perception based on 
Lerdah l  &  Jackendoff' s  (1983 )  Generativ e Theor y o f  Tona l  Music ,  o r  GTTM.  GTTM 
attempt s t o formaliz e th e intuition s o f  a  huma n listene r  regardin g classica l 
Wester n tona l  music .  Th e theor y doe s thi s b y mean s o f  fou r  stage s o f 
analysis ,  eac h embodie d i n tw o set s o f  rules .  Well-formednes s rule s (WFRs ) 
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are analogous to grammatical rules, in that they specify legal structures 
withi n a  stage ,  an d preferenc e rule s (PRs )  correspon d t o law s o f  perceptua l 
organization .  We ar e modeling ,  a s a  compute r  simulation ,  th e firs t  stage , 
metri c analysis ,  whic h yield s a  hierarchica l  representatio n o f  metri c 
structur e tha t  conform s t o traditiona l  intuition s abou t  mete r  an d accent . 

In previous work, there have been five very different computer simulation 
model s o f  mete r  an d rhyth m perception .  Difference s amon g th e model s hav e t o 
do with :  th e metho d o f  analysis—tha t  is ,  note-by-not e o r  all-at-onc e (i.e . 
th e entir e scor e i s availabl e i n constructin g th e analysis) ;  th e typ e o f  dat a 
use d (i.e .  tim e interval s onl y o r  tim e an d pitch) ;  thei r  abilit y  t o dea l  wit h 
anacruci s (initia l  unaccente d notes) ,  syncopation ,  an d ambiguity ;  an d th e 
natur e o f  thei r  output .  Al l  simulation s ar e limite d t o singl e voic e input . 

Simon's (1968) all-at-once LISTENER program groups the note durations it 
use s a s inpu t  int o unit s o f  equa l  duration .  Fro m thi s i t  extract s repeatin g 
rhythmi c phrase s tha t  may spa n severa l  measures .  LISTENE R doe s no t 
distinguis h betwee n mete r  an d rhythm .  Longuet-Higgin s &  Steedma n (1971) , 
develope d a  note-by-not e parse r  tha t  adopt s th e firs t  note-valu e a s th e basi c 
metri c uni t  an d adjust s i t  base d o n successiv e not e values .  I t  canno t  handl e 
passage s o f  note s o f  equa l  duration .  A  late r  progra m b y Steedma n (1977) , 
usin g th e outpu t  o f  th e Longuet-Higgin s &  Steedma n program ,  make s a  secon d 
pas s throug h th e score ,  considerin g no t  onl y note-value s bu t  als o melodi c 
repetition ,  assumin g tha t  siz e an d separatio n o f  a  figur e an d it s repea t 
reflec t  th e metri c structure . 

A fourth program (Longuet-Higgins & Lee, 1982) returns to a time-only 
orientatio n a s wel l  a s a  note-by-not e approach .  Th e progra m take s a  lis t  o f 
not e value s (onse t  t o onset )  a s input ,  an d use s fou r  production s t o generat e a 
metri c uni t  an d th e locatio n o f  ba r  line s a s output .  Thi s progra m i s a  majo r 
improvemen t  ove r  earlie r  programs .  I t  handle s syncopatio n an d anacrucis ,  an d 
i t  i s  als o hierarchical ,  identifyin g mor e tha n on e metri c leve l  a s i t 
progressivel y expand s th e metri c unit .  However ,  sinc e i t  analyze s unti l  th e 
metri c uni t  reache s a  maximu m siz e o f  on e whol e not e an d the n stops ,  i t  canno t 
detec t  change s i n mete r  i n th e middl e o f  a  piece ,  no r  doe s i t  produc e a n 
analysi s o f  th e whol e piece . 

Grid theory (Povel, 1984) is a different approach to time-only all-at-
onc e analysis .  A  gri d i s analogou s t o a  metronom e tha t  tick s a t  a  unifor m 
rate .  I f  a  metronom e tick s whil e musi c plays ,  w e ca n tal k abou t  th e fi t 
betwee n th e tw o i n term s o f  ho w man y tick s coincid e wit h not e onset s (hits; 
th e mor e th e better )  an d ho w man y not e onset s ar e no t  accompanie d b y tick s 
(misses ;  th e fewe r  th e better) .  Fo r  a  give n piece ,  th e fi t  o f  a  gri d i s a 
functio n o f  tha t  grid' s uni t  (inter-tic k interval )  an d phas e (wher e th e tick s 
star t  relativ e t o th e music) .  Th e level s o f  a  metri c hierarch y i n GTTM ca n b e 
though t  o f  a s grid s wit h th e sam e phas e an d differen t  units .  Povel' s insigh t 
provide s a  way .  i n principle ,  o f  quantifyin g th e notio n o f  th e tactus ,  a n 
aspec t  o f  GTTM theor y tha t  i s  o f  grea t  psychologica l  importance .  We sugges t 
tha t  th e tactu s i s tha t  leve l  (grid )  i n th e metri c hierarch y tha t  maximize s 
th e rati o o f  positiv e evidenc e (hits )  t o negativ e evidenc e (misses) . 

Each of the above models produces as output some aspect of the metric or 
rhythmi c structure :  LISTENE R extract s rhythmi c group s o r  phrases ;  th e 
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programs by Longuet-Higgins, Lee, and Steedman extract the time signature, 
wit h som e additiona l  informatio n abou t  th e groupin g structur e withi n eac h 
measure ;  Povel' s progra m identifie s a  singl e metri c uni t  a s th e bea t  o r 
tactus .  Non e o f  thes e simulation s provide s a  complet e analysi s o f  th e metri c 
hierarchy .  Furthermore ,  onl y Longuet-Higgin s &  Le e provid e a  psychologicall y 
plausibl e mode l  o f  ho w listener s discove r  metri c structure .  Th e presen t  wor k 
addresse s thes e shortcomings . 

Where Povel's program selects, out of a large set, a single best-fitting 
grid ,  ou r  mode l  generate s a  famil y o f  grid s representin g a  metri c hierarch y 
tha t  satisfie s th e GTTM metri c well-formednes s rules .  I n addition ,  thi s mus t 
be don e a s th e progra m "listens "  t o th e scor e rathe r  tha n all-at-once .  T o 
thi s end ,  w e hav e adapte d th e productio n rule s develope d b y Longuet-Higgin s & 
Lee (1982) .  We hav e adde d t o thes e rule s b y providing :  a  wa y t o generat e th e 
entir e hierarchy ;  criteri a fo r  excludin g level s generate d b y th e rule s bu t  no t 
acceptabl e i n th e contex t  o f  GTTM;  an d a  mean s o f  generatin g thos e level s no t 
generate d b y Longuet-Higgin s &  Lee' s rule s bu t  require d b y GTTM. 

THE MODEL 

In overview, our model has three types of processes: 1) Bottom-up 
processe s tha t  not e tim e interval s betwee n successiv e not e onset s a s the y 
occur ;  2 )  Top-dow n processe s tha t  tak e thes e interval s an d combination s 
thereo f  an d us e the m t o predic t  th e tim e o f  futur e events ,  wit h differen t 
interval s leadin g t o differen t  predictions .  Thes e predicte d even t  time s 
correspon d t o Povel' s grids ;  an d 3 )  Processe s tha t  evaluat e th e variou s 
predicte d metri c unit s o r  "grids "  fo r  consistenc y wit h a  well-structure d 
hierarch y a s specifie d b y GTTM. 

Below is our analysis of Mozart's Symphony no. 40 (first violin part). 
I t  i s  comparabl e t o GTTM' s analysi s (Lerdah l  &  Jackendoff ,  1983 ,  p .  23) ,  wit h 
tw o differences .  First ,  fo r  reason s t o b e described ,  ou r  analysi s doe s no t 
includ e th e large r  metri c levels .  Second ,  non e o f  th e metri c level s i n ou r 
analysi s begin s o n th e firs t  not e o f  th e symphony ,  becaus e doin g s o i s no t 
psychologicall y plausible .  Onc e th e progra m ha s identifie d metri c levels ,  i t 
generate s expectation s a t  eac h level ,  lik e a  listene r  wh o ha s "go t  th e beat. " 
Gettin g th e beat ,  however ,  take s som e time .  Onc e thi s i s done ,  th e progra m 
generate s a  metri c structur e tha t  conform s t o th e well-formednes s rule s 
(WFRs) :  ther e i s a  do t  a t  ever y not e onse t  (WF R 1 ) ;  i f  ther e i s a  do t  a t  leve l 
L ther e i s a  do t  a t  L- 1 (WF R 2 ) ;  dot s a t  leve l  L  grou p dot s a t  L- 1 eithe r  b y 
two s o r  b y three s (WF R 3 ) ;  tempora l  interval s (represente d b y distance ) 
betwee n dot s a t  an y leve l  ar e unifor m (WF R 4 ) .  Not e als o tha t  stron g beat s 
(thos e wit h dot s a t  highe r  levels )  coincid e wit h onset s o f  longe r  notes .  Thi s 
agree s wit h Mozart' s  ba r  line s an d wit h preferenc e rul e 5 . 

The program begins by placing a marker, Tl, at the onset of the first 
note .  When i t  reache s th e beginnin g o f  th e secon d note ,  i t  place s anothe r 
marker ,  T2 ,  an d establishe s th e T 2 -  T l  interva l  a s th e curren t  metri c uni t 
(MU) .  Th e hypothesi s tha t  thi s interva l  i s  a  uni t  i n th e piece' s metri c 
structur e predict s tha t  anothe r  onse t  wil l  occu r  on e metri c uni t  furthe r  on , 
so th e progra m project s a  thir d marker ,  T3 ,  on e MU int o th e future ,  i.e .  a t  T 2 
+ MU.  Th e hypothesi s i s mad e explici t  i n a  netronome ,  a  proces s tha t  i s use d 
t o generat e a  leve l  i n th e metri c hierarchy .  A t  thi s poin t  th e MU i s a n 
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eighth-note ,  s o a n eighth-not e metronom e i s made .  Whe n thi s metronom e 

" t icks, "  i t  place s a  do t  i n th e growin g metri c hierarch y an d the n set s itsel f 

t o tic k agai n on e M U later .  Th e metronom e count s it s  dots ,  an d whethe r  a  do t 

coincide s wit h a  not e onse t  ( a h i t ) . 

1 2 3 4 5 6 7 8 9 1 0 11 1 2 1 3 U  1 5 1 6 1 7 1 8 1 9 2 0 

' j A -  I  frl r  C r r  f r i r ^ ^  {  ^ ^ i ^  f r r  ^ 

J 
J 

Mozart' s Synphon y No .  40 ,  Firs t  Movemen t  (1s t  Violi n part ) 

This completes processing at the onset of the second note. The next 
locatio n i s alway s th e lesse r  o f  tw o distances :  th e distanc e t o th e nex t  not e 
onse t  an d th e distanc e t o th e nex t  tic k o f  th e lowes t  leve l  metronome .  Th e 
distanc e t o th e sol e metronome' s nex t  tic k i s th e sam e a s th e distanc e t o th e 
nex t  eighth-note ,  s o th e progra m move s t o thi s location . 

The program finds T3 at this new location, supporting the hypothesis that 
th e eighth-not e i s a  metri c interval .  O n th e strengt h o f  this ,  th e progra m 
hypothesize s a  higher-leve l  tempora l  groupin g a t  doubl e th e curren t  (eighth -
note )  metri c unit .  Ther e ar e tw o reason s fo r  doublin g rathe r  tha n triplin g 
th e curren t  MU t o generat e th e nex t  highe r  level .  First ,  ratio s o f  tw o ar e 
fa r  mor e common.  Second ,  tw o i s th e mos t  common groupin g i n th e subjectiv e 
organizatio n o f  identical ,  isochronou s tone s (Fraisse ,  1982) ,  an d i n 
spontaneou s tappin g (Fraisse ,  1947-1948) .  Th e doublin g operatio n (Longuet -
Higgin s &  Lee' s "Conflate "  procedure )  hold s T l  fixe d an d move s T 2 t o wher e T 3 
i s (i.e .  a t  T l  +  2MU) ,  recalculate s th e MU (T 2 -  Tl )  an d project s T 3 t o T 2 + 
MU.  Th e ne w quarter-not e MU generate s a  ne w metronom e whic h i s se t  t o tic k a t 
Tl  +  MU,  i.e .  T2 .  Ther e ar e no w tw o metronomes ,  wit h differen t  units .  Th e 
progra m examine s eac h i n tur n t o se e i f  i t  i s  du e t o tic k a t  th e curren t 
location .  I f  i t  is ,  th e metronom e produce s a  dot ,  count s it ,  an d score s a  hi t 
i f  ther e i s a  not e onse t  a t  th e curren t  location .  I f  a  metronom e i s no t  du e 
t o tic k bu t  ther e i s a  not e onset ,  th e metronom e record s a  miss ,  a n onse t  i t 
di d no t  predict .  I n ou r  example ,  bot h metronome s ar e du e t o tic k a t  th e 
curren t  locatio n (th e thir d not e onset) ,  s o no w th e metri c hierarch y contain s 
tw o dot s a t  th e eighth-not e leve l  an d on e a t  th e quarter-not e level ,  al l  hits . 

The distance to the next note onset is a quarter-note, while the unit of 
th e lowes t  metronom e i s a n eighth-note ,  s o th e nex t  locatio n i s halfwa y 
betwee n th e onse t  o f  not e 3  an d th e onse t  o f  not e 4 .  Th e progra m examine s 
eac h metronome .  Onl y th e eighth-not e metronom e i s se t  t o tic k here ,  an d i t 
produce s a  dot ,  bu t  ther e i s n o onse t  here ,  s o i t  i s  neithe r  a  hi t  no r  a  miss . 

T3 occurs at the onset of the fourth note, so we might expect the program 
agai n t o doubl e th e MU an d creat e a  ne w metronome .  However ,  somethin g mor e 
importan t  ha s happened .  A t  th e onse t  o f  not e 4 ,  th e progra m reache s th e en d 
of  th e not e 3  quarter-note ,  an d i t  recognize s tha t  thi s not e i s longe r  tha n 
any i t  ha s hear d before .  Sinc e longe r  note s usuall y initiat e higher-leve l 
metri c grouping s (Pove l  &  Essens ,  1985) ,  an d sinc e i t  i s  stil l  earl y i n th e 
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piece, the program retrospectively interprets the first two notes as upbeats 
t o th e thir d note .  Accordingly ,  a n "Update "  proces s move s T l  forwar d s o a s t o 
make th e onse t  o f  not e 3  th e ancho r  poin t  o f  th e metronomes ,  an d project s T 2 
and T 3 a t  on e an d tw o MUs,  respectively ,  fro m Tl .  Th e MU i s no t  changed ,  an d 
no ne w metronom e i s created .  Not e tha t  th e Conflatio n tha t  seeme d warrante d 
at  thi s locatio n i s n o longe r  possible ,  sinc e T 3 ha s bee n projecte d t o a  poin t 
we hav e no t  ye t  reached .  Th e progra m no w examine s th e metronomes :  bot h ar e 
due t o tick ,  an d sinc e ther e i s a n onse t  her e bot h dot s ar e hits . 

At the onset of note 5 the eighth-note metronome yields a hit and the 
quarter-not e a  miss .  A t  th e onse t  o f  not e 6 ,  w e hav e reache d T3 .  Th e progra m 
therefor e Conflates ,  doublin g th e quarter-not e MU t o a  half-note ,  an d make s a 
thir d metronome .  Thi s metronom e i s se t  t o tic k a t  T l  +  MU,  whic h happen s t o 
be wher e w e are .  Not e tha t  i f  T l  ha d no t  bee n Update d befor e thi s Conflation , 
th e firs t  do t  a t  th e half-not e leve l  woul d hav e bee n a t  th e onse t  o f  not e 4 , 
whic h woul d hav e bee n inappropriate .  Instead ,  th e half-not e metronom e 
produce s dot s suc h tha t  ever y othe r  do t  coincide s wit h a  ba r  lin e i n th e 
score .  A t  not e 9  th e progra m reache s T 3 onc e again ,  wher e anothe r  conflatio n 
yield s a  MU o f  a  whole-not e an d a  fourt h metronome . 

We do not allow enlargement of the MU beyond one whole-note, so our 
analysi s doe s no t  produc e GTTM' s two-measure ,  four-measur e an d highe r  metri c 
levels .  Th e poin t  o f  thi s limitatio n i s tha t  highe r  level s are :  a )  les s 
perceptuall y salien t  (the y ar e fa r  abov e th e tactus) ;  an d b )  ar e bette r 
understoo d a s definin g phrasa l  boundarie s tha n metri c unit s (Longuet-Higgin s & 
Lee ,  1982) .  Indeed ,  GTTM allow s fo r  metri c discontinuitie s a t  hig h level s an d 
fo r  violatio n o f  WFR 4  (whic h normall y require s dot s a t  a  give n leve l  t o b e 
equall y space d i n time )  i n suc h cases .  We hav e no t  ye t  attempte d t o 
incorporat e suc h intuition s i n ou r  program . 

The rest of the analysis generates the full metric hierarchy and counts 
th e hit s an d misse s a t  eac h o f  it s  levels .  I n addition ,  a  procedure .  Slide , 
whic h w e hav e adde d t o thos e o f  Longuet-Higgin s &  Lee ,  slide s al l  o f  th e T -
marker s forwar d 1  MU wheneve r  th e progra m catche s u p wit h T3 .  We assum e tha t 
th e listene r  continue s t o predic t  futur e onset s o n th e basi s o f  th e larges t 
experience d metri c unit ,  an d use s thi s projectio n t o detec t  metri c changes . 
When a  metri c chang e occurs ,  th e framewor k o f  T-marker s may b e rese t  a t  th e 
poin t  o f  change .  We hav e no t  ye t  implemente d thes e intuitions ,  bu t  th e 
proble m o f  mete r  chang e wil l  b e a n importan t  tes t  o f  ou r  model . 

Our analysis of Mozart's Piano Sonata K.331, shown below, illustrates 
anothe r  importan t  operation .  When th e progra m get s t o not e 2  i t  put s T 2 ther e 
and declare s th e MU t o b e a  dotte d eighth-note .  Befor e reachin g T 3 th e 
progra m realize s tha t  not e 3  i s longe r  tha n th e not e beginnin g a t  T2 ,  i.e . 
not e 2 .  Again ,  o n th e assumptio n tha t  longe r  note s shoul d initiat e highe r 
leve l  metri c units ,  th e MU i s no w Stretche d t o a  quarter-not e b y movin g T 2 t o 
th e onse t  o f  not e 3 .  Intuitively ,  th e purpos e o f  th e Stretc h procedur e i s t o 
handl e dotte d notes .  A  dotte d not e i s usuall y followe d b y a  complementar y 
not e which ,  adde d t o th e dotte d note ,  yield s a  duratio n tha t  fit s  th e metri c 
hierarch y a t  a  highe r  leve l  tha n eithe r  o f  th e note s alone . 

The program has so far created sixteenth-, dotted eighth- and quarter-
not e metronomes .  B y th e en d o f  not e 4 ,  i t  agai n find s tha t  it s hypothesi s 
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(that there will be an onset at T3) disconfirmed, since note 4 surrounds T3. 
Thi s suggest s tha t  th e MU tha t  generate d tha t  hypothesi s i s  incorrect ,  an d 
tha t  th e H U shoul d b e enlarged .  Th e mos t  conservativ e enlargemen t  i s  mad e b y 
movin g T 2 t o th e onse t  o f  not e 4 ,  yieldin g a  MU o f  a  dotte d quarter-note . 
Bot h application s o f  th e Stretc h procedur e illustrat e a  common principle : 
wheneve r  th e metri c uni t  i s  enlarge d b y som e mean s othe r  tha n doublin g o r 
triplin g i t  i s  assume d tha t  th e ol d MU i s incorrec t  an d shoul d therefor e b e 
eliminate d (b y markin g i t  a s rejected) .  Thi s indicate s tha t  i t  i s  no t  par t  o f 
th e listener' s metri c representation . 

M 
i m i i 

mn 

r 

i 
J. 
J. 

Mozart' s  Pian o Sonata ,  K .  331 ,  Firs t  Movemen t 

I n som e piece s th e listene r  may hea r  a  not e whos e duratio n i s no t 
represente d i n th e metri c hierarchy .  I n suc h case s w e assum e tha t  th e 
listene r  create s a  metronom e t o represen t  tha t  duratio n i f  i t  i s  consisten t 
wit h th e curren t  MU.  B y consisten t  w e mea n tha t  th e duratio n i n questio n i s 
an integra l  multipl e o r  diviso r  o f  th e MU.  Conside r  th e beginnin g o f  th e las t 
movement  o f  Mozart' s  Symphon y no .  4 1 ("Jupiter" )  below .  A t  th e outse t  th e 
listene r  establishe s a  MU o f  a  whole-note ,  an d eventuall y hear s th e firs t  o f 
th e quarter-notes .  Longuet-Higgin s &  Lee' s rule s d o no t  provid e an y wa y t o 
generat e smalle r  metri c levels ,  bu t  w e assum e tha t  th e musi c itsel f  may 
directl y dictat e level s i n suc h cases .  Sinc e th e firs t  quarter-not e i s 
consisten t  wit h th e MU,  th e progra m create s a  quarter-not e metronome .  A  fe w 
note s late r  w e hea r  a  dotte d half-note ;  this ,  too ,  i s  smalle r  tha n th e MU,  bu t 
i t  i s  no t  consistent ,  s o n o metronom e i s made . 

^ 
M 

# 
^ y 

•  • 

J" 
J 

o 

•  <»o«ooo»oooooo»o»aooaoo«e«eeoeooe« e 
o«eeeoooooooeoooo 

•  •  0  e 

Mozart' s Symphon y No .  41 ,  Las t  Movemen t 

The "Jupiter" example also illustrates a third way that metric levels are 
created .  Fo r  th e firs t  fou r  bar s th e metri c hierarch y consist s o f  a  singl e 
level .  When th e quarter-not e metronom e i s created ,  it s  uni t  i s  consisten t 
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with the current MU, but the metric hierarchy now violates WFR 3, which limits 
th e rati o betwee n adjacen t  level s t o thre e o r  less .  Th e solutio n i s t o 
interpolat e a  thir d leve l  tha t  satisfie s WFR 3  wit h respec t  t o bot h th e 
quarter-not e leve l  an d th e whole-not e level ,  i.e .  a  half-not e level .  Afte r 
th e dotte d half ,  w e hea r  a  sixteenth-note ,  an d i t  i s  agai n necessar y t o creat e 
a ne w metronome ,  interpolate d a t  th e eighth-not e level . 

CONCLUSION 

Our program yields a psychologically and musically plausible metric 
analysi s o f  a  wid e variet y o f  scores .  Usin g note-by-not e processing ,  i t 
produce s a  metri c hierarch y tha t  conform s t o th e GTTM rules ,  an d i t  identifie s 
one o f  th e metri c level s a s th e tactu s o r  beat .  Ther e ar e man y othe r  scores , 
however ,  tha t  i t  canno t  correctl y analyze .  Thi s i s a  limitatio n o f  duration -
onl y analysis :  rhyth m i s no t  th e sol e carrie r  o f  informatio n abou t  metri c 
structure .  Th e exten t  t o whic h ou r  approac h succeed s reflect s th e redundanc y 
betwee n rhythmic ,  melodi c an d harmoni c dimension s i n mos t  music .  Th e 
importan t  question ,  therefore ,  i s  whethe r  thos e score s tha t  ou r  progra m canno t 
analyz e ar e als o difficul t  fo r  huma n listener s whe n onl y th e rhyth m i s 
presented .  Answerin g thi s questio n wil l  b e a n importan t  tes t  o f  ou r  model . 
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Acquirin g Compute r  Skill s  b y Exploratio n versu s Demonstratio n 

Franz Schmalhofer and Otto Kuhn^ 

McGill University / Canada, and UniversitSt Freiburg / West Germany 

I t  i s  wel l  know n tha t  mor e effectiv e leamin g ca n b e achieve d b y tailorin g th e learnin g episode s t o 
th e particula r  need s o f  a n individua l  rathe r  tha n presentin g th e sam e sequenc e o f  instruction s t o al l  learners . 
Ther e ar e tw o way s b y whic h thi s ca n b e achieved :  a  tuto r  ca n adjus t  it s  instruction s t o th e learner' s 
previousl y acquire d knowledg e o r  i t  ma y simpl y allo w th e learner s themselve s t o determin e th e sequenc e 
of  leamin g episodes .  I n th e firs t  case ,  th e individualizatio n i s determine d b y th e prio r  leamin g historie s 
wit h th e globa l  leamin g goal s bein g assume d identica l  fo r  al l  leamers .  Th e LIS P tuto r  o f  Anderson ,  Boyl e 
& Reise r  (1984 )  i s a n exampl e fo r  suc h a  system ,  i n whic h th e leamin g goal s ar e determine d b y th e 
tutorin g system ,  an d tiie  instmction s whic h assis t  th e leamer s i n performin g th e respectiv e tas k ar e 
adjuste d t o th e leamers '  knowledge .  Furthe r  individualizatio n ca n b e achieve d b y havin g th e leamer s lear n 
by exploration :  th e leamer s themselve s ca n no w se t  thei r  ow n leamin g goal s accordin g t o thei r  specifi c 
interests .  Smdent-drive n exploratio n ca n b e enhance d b y providin g instmction s o n thos e occasion s wher e 
leamin g b y exploratio n fails .  Fo r  example ,  th e redundanc y checker s discusse d b y Brow n (1984) ,  ca n b e 
use d t o detec t  weaknesse s i n a  student' s exploration . 

I n a  numbe r  o f  case s leamin g b y exploratio n ma y b e mor e appropriate .  Fo r  example ,  i n applicatio n 
system s suc h a s tex t  editor s o r  spreadsheet s dependin g o n thei r  need s user s ma y lea m differen t  part s o f  th e 
system .  Unde r  suc h circumstance s i t  ca n b e quit e frustratin g t o th e leamer s whe n the y ar e taugh t  syste m 
component s i n whic h the y ar e no t  interested .  Contrar y t o instmction-base d leaming ,  i n whic h advance d 
leamer s m a y stil l  b e presente d wit h introductor y material s du e t o th e difficultie s o f  knowledg e diagnosis , 
leamin g b y exploratio n allow s di e leamer s themselve s t o decid e wha t  t o leam .  Unde r  certai n circum -
stance s leamin g b y exploratio n ma y wel l  b e mor e effectiv e the n leamin g from  instmction .  Fo r  exampl e 
Carrol l  e t  al .  (1985 )  hav e show n tha t  a  tex t  editin g syste m ma y b e learne d mor e effectivel y b y explorin g i t 
tha n b y studyin g a  conventiona l  manual . 

The advantage s o f  leamin g b y exploratio n ma y b e cause d b y a  numbe r  o f  differen t  factors . 
Leamer s ca n selectivel y acquir e tha t  kiiowledg e whic h the y conside r  mos t  important .  The y ca n b e mor e 
activ e an d se t  thei r  ow n leamin g goals .  I n orde r  t o achiev e thei r  leamin g goals ,  the y ca n engag e i n proble m 
solvin g (Robert ,  1986) .  Thi s ma y lea d t o procedura l  an d proble m solvin g oriente d knowledg e repre -
sentation s whic h ar e bette r  suite d fo r  solvin g compute r  tasks .  Successfull y solvin g thes e problem s ma y b e 
quit e motivatin g fo r  th e leamer .  Sinc e leamin g b y exploratio n originate s from  th e student' s ow n domai n 
knowledge ,  th e newl y acquire d knowledg e become s inherenti y connecte d an d interwove n wit h th e prio r 
knowledge .  Therefore ,  i t  ma y b e bette r  remembered . 

However ,  eac h o f  thes e advantage s ma y als o tu m int o a  disadvantage .  A  smden t  coul d hav e 
insufficien t  domai n knowledg e t o se t  appropriat e learnin g goals .  Becaus e o f  insufficien t  domai n 
knowledg e th e student s ma y no t  b e abl e t o determin e whic h knowledg e i s reall y important .  The y ma y 
acquir e suboptima l  procedure s fo r  achievin g thei r  goal s o r  i n th e extrem e cas e n o successfu l  procedure s a t 
all .  Proble m solvin g processe s ma y no t  alway s b e successfull y complete d an d ca n b e mor e tim e 
consumin g tha n leamin g from  instmctions .  Thi s cause s fhistratio n fo r  th e leamer .  A  student' s lac k o f 
domai n knowledg e ca n thu s pu t  sever e limitation s o n wha t  ca n b e learne d b y exploration . 

Althoug h leamin g b y exploratio n an d leamin g b y instruction s (or ,  mor e specifically ,  demonstra -
tions )  diffe r  i n a  numbe r  o f  interrelate d ways ,  on e differenc e appear s t o b e mos t  fundamental .  Whil e in -
stmctiona l  material s ar e determine d b y th e teacher ,  wh o i s ver y knowledgeabl e o f  th e domain ,  i n explo -
ratio n th e leamin g episode s ar e generate d b y th e student s wh o kno w abou t  thei r  particula r  knowledg e 
desires .  Th e advantage s an d disadvantage s o f  leame r  versu s teache r  generate d leamin g episode s wer e 
investigate d i n a n experimen t  i n whic h 8 0 student s fro m th e Universit y o f  Freibur g acquire d som e 
elementar y LIS P programmin g knowledge .  Th e result s o f  thi s stud y sho w ho w th e effectivenes s o f 

^  Thi s researc h wa s supporte d b y gra m Sch m 648/ 1 fro m DF G (Germa n Scienc e Foundation ) 
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learning by exploration depends upon the amount of relevant knowledge which the learner can utilize for 
generatin g learnin g episodes .  Thes e result s sugges t  a  particula r  combinatio n o f  th e tw o learnin g methods . 
On thi s basis ,  a  supervise d exploratio n environmen t  fo r  acquirin g som e elementar y LIS P knowledg e wa s 
developed ,  implemente d o n a n I B M PC/AT ,  an d consequend y evaluate d throug h tw o learners '  thin k alou d 
protocols . 

Experiment 

Fort y student s wh o ha d som e previou s experienc e wit h computer s (eithe r  the y ha d take n a  BASI C 
programmin g cours e o r  ha d use d som e applicatio n softwar e suc h a s wor d processor s o r  databas e 
programs )  an d 4 0 student s withou t  an y prio r  compute r  experienc e wer e firs t  instructe d abou t  som e 
fundamenta l  LIS P concept s (atom s an d lists) .  The n the y acquire d additiona l  knowledg e abou t  som e simpl e 
LIS P function s eithe r  b y exploratio n o r  b y learnin g fro m demonstratio n examples .  I n particula r  th e 
functio n FIRST ,  whic h extract s th e first  elemen t  fro m a  list ,  an d th e functio n SET ,  whic h bind s a  LISP -
expressio n t o som e symbol ,  wer e learned .  Simpl e LIS P function s wer e use d a s th e learnin g domai n 
becaus e modularit y i s  a  prerequesit e o f  explorabilit y  an d th e LIS P ftinctions  satisf y thi s requirement .  Also , 
th e subject s o f  th e stud y shoul d no t  hav e ha d an y specifi c  domai n knowledge .  Wherea s tiiis  wa s tru e fo r 
LISP ,  the y ma y hav e alread y bee n familia r  wit h tex t  processing . 

Exploratio n condition :  I n th e exploratio n conditio n th e learner s coul d ente r  LIS P expression s wit h 
an edito r  providin g hel p fo r  generatin g syntacticall y correc t  inputs .  A  LIS P interprete r  evaluate d thes e 
expression s an d gav e appropriat e feedback .  Th e exploratio n conditio n wa s divide d int o thre e block s s o 
tha t  eac h o f  th e function s whic h wer e t o b e learne d woul d b e notice d b y th e subjects .  Fo r  eac h bloc k th e 
subject s generate d eithe r  8  input s (firs t  an d secon d block )  o r  1 6 input s (thir d block) .  A t  th e beginnin g o f 
each bloc k on e o r  tw o simpl e meaningfu l  input s t o th e LIS P syste m wer e presented ,  namel y 

1.  "(FIRS T '( A B))" ,  3 .  "(SE T "FRIEND S "(JAC K JOHN) ) 
2.  "(FIRS T (FIRS T '(( A B )  C)))" ,  (FIRS T FRIENDS)" . 

Instruction condition: In the instruction condition 32 appropriately selected examples were 
presente d wher e eac h bloc k starte d wit h th e exampl e whic h wa s als o presente d i n th e exploratio n 
condition .  I n eac h conditio n 3 2 trainin g example s wer e thu s generate d o r  presented .  Th e exploratio n sub -
ject s wh o entere d th e presente d input s ha d t o creat e anothe r  2 8 input s o n thei r  own ,  wherea s th e subject s 
i n th e demonstratio n conditio n wer e presente d wit h 3 2 example s an d coul d no t  generat e an y example s b y 
themselves . 

Programmin g an d evaluatio n tasks :  Th e acquire d knowledg e o f  eac h learne r  wa s teste d b y 1 0 
programmin g task s i n whic h th e subject s ha d t o generat e a n inpu t  t o th e LISP-syste m i n orde r  t o obtai n 
some prespecifie d result .  Th e input s wer e evaluate d b y th e LISP-interprete r  an d th e resul t  wa s show n t o 
th e subjects .  I f  th e resul t  o f  th e subjects '  inpu t  wa s no t  th e resul t  tha t  wa s t o b e achieved ,  th e subject s wer e 
give n tw o mor e trial s t o achiev e th e correc t  result .  Thereafter ,  th e subjects '  knowledg e abou t  th e LISP -
syste m wa s examine d b y evaluatio n tasks ,  i n whic h input s t o th e LISP-syste m wer e presented ,  an d th e 
subjects ,  rathe r  tha n th e LIS P interpreter ,  ha d t o generat e th e results .  Th e whol e experimen t  too k betwee n 
1.2 5 an d 3  hours .  Fo r  a  mor e detaile d descriptio n se e Kiih n &  Schmalhofer ,  1987 . 

Result s : 

For  th e novice s an d th e compute r  user s th e relativ e frequencie s o f  correc t  solution s i n th e 
programmin g an d th e evaluatio n task s a s a  functio n o f  instructio n metho d ar e show n i n Figur e 1 .  A 
(2x2x2 )  A N O V A wit h th e factor s prio r  knowledge ,  instructio n metho d an d tes t  tas k showe d tha t  overal l 
th e tw o task s wer e abou t  equall y difficul t  (F(l,76)=0.31) ,  an d tha t  compute r  user s performe d bette r 
(F(l,76)=21.6 ,  MSE=0.35 ,  p<.001) .  Mor e interestingly ,  novice s performe d bette r  i n th e evaluatio n task s 
and compute r  user s performe d bette r  i n th e programmin g tasks ,  resultin g i n a  prio r  knowledg e b y tes t  tas k 
interactio n (F(l,76)=20.5 ,  MSE=0.14 ,  p<.001) .  I n addition ,  learnin g fro m demonstration s wa s mor e 
usefu l  fo r  correctl y solvin g th e evaluatio n task s an d learnin g b y exploratio n wa s mor e effectiv e fo r  th e 
programmin g tasks ,  resultin g i n a n instructio n metho d b y tes t  tas k interactio n (F(l,76)=5.13 ,  MSE=0.14 , 
p<.05) .  Supposedly ,  i n th e exploratio n conditio n th e generatio n o f  input s wa s traine d whic h i s a n 
importan t  componen t  fo r  successfull y solvin g programmin g tasks .  Th e instructio n group s ha d som e 
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advantag e i n th e evaluatio n tasks ,  possibl y becaus e th e sel f  generate d learnin g example s provid e les s 

complet e informatio n abou t  th e syste m tha n th e example s selecte d b y a  teacher . 

Figur e 1 :  Proportion s o f  correctl y solve d tes t  task s 
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I n orde r  t o analys e th e relatio n b e t w e e n th e subject s ( p r o g r a m m i n g an d evaluation )  per formanc e 

a n d th e s m d i e d e x a m p l e s ,  th e trainin g e x a m p l e s generate d b y th e subject s i n th e exploratio n conditio n a s 

wel l  a s th e trainin g e x a m p l e s presente d b y th e tuto r  i n th e instructio n conditio n w e r e classifie d a s 

belongin g t o o n e o f  fou r  categorie s w h i c h w e r e definie d a s follows :  1 )  positiv e examp le s tha t  contai n n e w 
informatio n abou t  th e system ,  2 )  redundan t  positiv e e x a m p l e s ,  3 )  "nea r  misses "  (Wins ton ,  1 9 8 7 ) ,  i.e . 

negativ e e x a m p l e s tha t  ar e ver y simila r  t o positiv e e x a m p l e s a n d thu s c o n v e y informatio n abou t  th e 

sys tem ,  a n d 4 )  al l  othe r  input s w e r e classifie d a s "fa r  misses" .  Th i s classificatio n w a s per fo rme d wit h a 

L I S P p r o g r a m m e ,  w h i c h constructe d generalize d template s representin g th e k n o w l e d g e tha t  m a y b e 

acquire d from  th e trainin g examp le s (se e Schmalhofer ,  1986) .  T h e classificatio n w a s per forme d accordin g 

t o th e m o d e l  o f  k n o w l e d g e acquisitio n o f  th e learnin g env i ronmen t  tha t  i s  presente d i n th e nex t  sectio n o f 

thi s paper . 

Tab l e 1  s h o w s th e relativ e frequencies  o f  th e fou r  type s o f  examp le s generate d b y th e novices ,  th e 

c o m p u t e r  user s a n d th e tutor .  I t  c a n b e see n tha t  th e exploratio n subject s generate d fewe r  negativ e 

e x a m p l e s tha n w e r e presente d i n th e instructio n condition .  B o t h novice s an d c o m p u t e r  user s generate d 

m o r e redundan t  input s tha n w e r e presente d i n th e instructio n condition .  A lso ,  c o m p u t e r  user s generate d 

m o r e positiv e n e w e x a m p l e s tha n novice s (t(38)=2.45 ,  p< .05 ) .  Furthermore ,  a  considerabl e proportio n o f 

th e generate d input s i n th e exploratio n conditio n w e r e fa r  misse s w h i c h d o no t  provid e usefu l  information . 

A l t h o u g h th e trainin g e x a m p l e s generate d i n th e exploratio n conditio n w e r e o f  poore r  qualit y tha n 

thos e presente d i n th e instructio n condition ,  th e c o m p u t e r  user s o f  th e exploratio n conditio n per forme d 

bette r  i n th e p r o g r a m m i n g task s tha n th e compu te r  user s o f  th e instructio n condition .  Fo r  th e p r o g r a m m i n g 

tasks ,  th e advantag e o f  generatin g trainin g e x a m p l e s apparend y ca n ou twe ig h th e disadvantag e d u e t o th e 

usuall y poore r  qualit y o f  sel f  generate d trainin g examples . 

Tabl e 1 :  Proportion s 
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Thus, the knowledge that can be acquired from learning by exploration depends upon the quality of 
th e generate d trainin g examples ,  whic h itsel f  depend s upo n th e subjects '  prio r  knowledge .  T w o multipl e 
regressio n analyse s wer e conducte d fo r  di e proportion s o f  correcti y solve d programmin g an d evaluatio n 
task s wit h th e proportion s o f  th e firs t  3  type s o f  trainin g example s (positv e new ,  positiv e redundant ,  an d 
near  misses )  an d prio r  knowledg e (wit h th e d u m my codin g 0  fo r  novice s an d 1  fo r  compute r  users )  a s 
predictors .  Initially ,  al l  4  predictor s wer e entere d int o th e regressio n equatio n an d the n insignifican t 
predictor s wer e droppe d stepwise .  Th e result s o f  thes e analysi s ar e show n i n Tabl e 2 . 

Table 2: Prediction of correctly solved tasks from prior knowledge and 3 types of 
generate d trainin g example s i n th e exploratio n conditio n 

programming tasks evaluation tasks 
fi-weight  correlatio n 6-weigh t  correlatio n 

prio r  knowledg e 0.290** *  0.605** *  0.104 *  0.457* * 
positiv e ne w 1.328** *  0.621** *  0.399 *  0.433 * 

positiv e redundan t  -0.421 + -0.03 8 
***=p<.001 ,  **=p<.01 ,  *  =  p<.05 ,  +  =  p<.1 0 

It can be seen that the proportion of positive new training examples is a good predictor of the performance 
i n th e tw o tasks ,  eve n afte r  th e effec t  du e t o difference s i n prio r  knowledg e ha s bee n take n int o account . 
The result s furthermor e sho w tha t  th e mor e redundan t  trainin g example s wer e generate d th e les s 
programmin g task s coul d b e solve d i n th e tes t  phase .  Th e result s demonstrat e tha t  tiie  effectivenes s o f 
learnin g b y exploratio n depend s o n th e learners '  domai n knowledg e an d thei r  abilit y  t o generat e 
appropriat e trainin g examples . 

Combining exploration and instruction in a tutoring component 

The experimenta l  result s indicat e tha t  learner s wit h sufficien t  prio r  knowledg e benefi t  fro m 
explorin g a  compute r  system ,  an d tha t  instruction s ar e mor e efficien t  whe n tha t  knowledg e i s no t  ye t 
available .  Thu s instruction s ca n b e use d t o induc e th e knowledg e whic h i s necessar y fo r  mor e successfu l 
exploration .  Th e correlatio n betwee n th e typ e o f  generate d trainin g exampl e an d tas k performanc e show s 
tha t  th e generate d trainin g example s ca n b e use d t o diagnos e whethe r  th e learne r  ha s sufficien t  prio r 
knowledg e fo r  successful ,  exploration .  O n th e basi s o f  suc h a  diagnosi s specifi c  instruction s ca n b e 
presente d t o provid e th e informatio n whic h i s neede d t o mak e exploratio n successful . 

Rathe r  tha n startin g learnin g b y instructio n i t  thu s seem s feasibl e t o hav e al l  learner s star t  b y 
explorin g th e system ,  monito r  thei r  exploratio n behavio r  an d provid e instruction s a s needed .  Thereb y th e 
learner s ca n engag e i n activ e learnin g an d determin e themselve s wha t  t o learn .  Instruction s ar e onl y 
presente d whe n die y ar e neede d t o maintai n thi s activ e learnin g process .  Th e advantage s o f  learnin g b y 
exploratio n ca n thu s b e utilize d whil e it s  disadvantage s ar e avoided .  Suc h a n exploratio n environmen t  wa s 
develope d fo r  learnin g som e elementar y LIS P functions . 

The basi c exploratio n environment : 

The learnin g environmen t  i s base d upo n a  reduce d LIS P interprete r  whic h i s writte n i n T U R B O 
P A S C AL o n a n I B M PC/AT .  I t  ca n handl e th e function s LIST ,  FIRST ,  REST ,  SET ,  D E F U N a s wel l  a s 
any combinatio n an d an y lis t  suucture .  B y actin g i n th e learnin g environmen t  th e studen t  shoul d leam : 

-  th e numbe r  an d typ e o f  argument s whic h a  functio n require s 
-  th e correc t  synta x fo r  a n inpu t  t o th e LIS P syste m 
-  ho w a  give n inpu t  i s  evaluate d an d wha t  resul t  i s  returne d 
-  dia t  quote d expressions ,  boun d atom s o r  functio n call s ca n b e specifie d a s arguments . 

At  th e beginnin g o f  th e learnin g sessio n onl y th e name s o f  th e function s whic h th e learne r  ca n 
explor e ar e show n o n th e to p o f  th e screen .  Th e learne r  mus t  the n generat e a n inpu t  t o th e LIS P system .  I n 
orde r  t o avoi d unnecessar y typin g errors ,  onl y character s tha t  ar e vali d i n LIS P (letters ,  digits ,  blank , 
parenthese s an d th e quote )  ca n b e typed ,  an d onl y line s wit h balance d parenthese s ar e accepte d a s inputs . 
I n additio n color s ar e use d t o indicat e th e leve l  o f  nestin g i n th e expressions .  A s thes e feature s hel p 
generatin g syntacticall y correc t  trainin g examples ,  the y shoul d reduc e di e numbe r  o f  trivia l  synta x error s 
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that result from typing errors and limitations of a learner's memory. Such errors don't convey useful 
informatio n abou t  th e syste m t o b e smdied ,  an d the y reduc e th e efficienc y o f  learnin g b y exploratio n b y 
increasin g th e stud y tim e (se e Kohn e &  Weber ,  1987 ;  Waloszek ,  Weber ,  Wender ,  1986 ) 

The generate d input s ar e evaluate d b y th e LIS P interprete r  an d th e resul t  o f  th e evaluatio n o r  a n 
erro r  messag e ar e displayed .  I f  th e monito r  whic h supervise s th e learnin g proces s detect s a  sequenc e o f 
trainin g example s tha t  supposedl y d o no t  contai n usefu l  information ,  th e learne r  i s prompte d t o pres s a  ke y 
i n orde r  t o ge t  help .  Th e detectio n o f  inefficien t  exploratio n a s wel l  a s th e assistanc e tha t  i s provide d ar e 
base d upo n th e monitorin g o f  th e knowledg e acquisitio n process . 

Monitorin g o f  th e knowledg e acquisitio n proces s 

Ever y inpu t  o f  a  studen t  i s  immediatel y analyze d b y th e monitor .  Ideall y suc h a n analysi s shoul d b e 
conducte d accordin g t o psychologica l  principles .  I n particula r  i t  shoul d rende r  a  descriptio n whic h i s 
closel y relate d t o th e informatio n whic h th e learner s stor e i n thei r  memories .  I t  i s know n tha t  rathe r  tha n 
individuall y storin g ever y exampl e i n memor y learner s onl y remembe r  thos e thing s whic h the y conside r 
generall y relevan t  an d ignor e th e ver y specifi c information .  Th e knowledg e o f  th e genera l  for m o f  correc t 
input s t o th e LIS P syste m ca n b e describe d b y template s (Anderson ,  Farrel l  &  Sauers ,  1984) . 

The monito r  model s a  templat e constmctio n proces s b y a n inductiv e learnin g mechanis m whic h 
create s increasingl y genera l  templat e representations .  Fo r  th e first  an d al l  othe r  input s th e LIS P interprete r 
determine s whethe r  o r  no t  i t  i s  syntacticall y correct .  Syntacticall y correc t  input s ar e calle d positiv e 
examples .  Th e firs t  positiv e exampl e i s store d i n memory .  W h e n a  secon d positiv e exampl e i s generate d 
th e tw o example s ar e compare d from  lef t  t o righ t  i n orde r  t o construc t  a  template .  A s lon g a s th e respectiv e 
element s o f  th e tw o example s ar e equa l  the y ar e take n a s constant s o f  th e template .  Whe n the y ar e unequa l 
but  ar e name d a s belongin g t o th e sam e class ,  a  variabl e i s introduce d int o th e templat e wit h th e constrain t 
tha t  i t  ma y tak e a s a  valu e an y member  o f  th e respectiv e class .  I f  th e tw o element s tiiat  ar e bein g compare d 
belon g t o differen t  classe s i t  i s checke d whethe r  o r  no t  the y bot h belon g t o a  mor e genera l  superclass .  I f 
thi s i s th e case ,  a  variabl e i s introduce d wit h th e constrain t  tha t  i t  mus t  b e boun d t o a  member  o f  th e 
respectiv e superclass .  I f  n o c o m m o n superclas s ca n b e found ,  th e generate d inpu t  i s use d t o buil d a 
separat e template . 

Sinc e th e generate d input s ma y diffe r  i n th e numbe r  o f  elements ,  generalization s ar e mad e no t  onl y 
wit h respec t  t o th e clas s membership ,  bu t  als o wit h respec t  t o th e numbe r  o f  elements .  Th e latte r 
generalization s ar e performe d a s follows :  I f  durin g th e compariso n from  lef t  t o righ t  eithe r  i n th e inpu t  o r 
th e templat e al l  element s hav e bee n processed ,  whil e i n th e othe r  additiona l  element s ar e available ,  th e clas s 
membership s o f  thes e element s ar e determined ,  an d i f  a  commo n supertyp e ca n b e found ,  a n additiona l 
variabl e i s adde d t o th e generalize d templat e whic h ca n matc h an y numbe r  o f  element s o f  tha t  class ;  i f  n o 
common clas s ca n b e determined ,  differen t  variable s ar e used .  Fo r  a  sequenc e o f  inpu t  example s Tabl e 3 
shows th e template ,  whic h i s constructe d from  th e firs t  exampl e an d ho w thi s templat e i s modifie d an d a 
separat e templat e i s constructe d from  th e fort h example .  (? A denote s a  singl e member  an d + A a n arbitrar y 
number  o f  member s o f  a  class. ) 

Table 3: Templates formed from a sequence of inputs 

inpu t  sequenc e Constructe d template s an d modification s 
1.  (FIRS T '( A B) )  (FIRS T '( A 'B)) ,  ( A is-atom) ,  ( B is-atom ) 
2.  (FIRS T '( X ( Y Z) )  (FIRS T •(? A ̂ B)) ,  (? A is-atom) ,  (? B is-expr ) 
3.  (FIRS T '(( A B)) )  (FIRS T •(? A +B)) ,  (? A is-expr) ,  (+ B is-expr ) 
4.  (FIRS T FRIENDS )  (FIRS T ?A) ,  (? A is-bound-atom ) 

(FIRS T '(? A +B)) ,  (? A is-expr) ,  (+ B is-expr ) 

A think-alou d stud y showed ,  tha t  thre e cause s o f  negativ e example s ca n b e distinguished :  1 ) 
accidenta l  error s suc h a s misspellin g a  functio n nam e o r  forgettin g t o typ e a  quote ,  2 )  error s tha t  ar e mad e 
t o determin e wha t  element s o f  a  templat e ar e necessar y an d whethe r  i t  ca n b e furthe r  generalized ,  an d 3 ) 
error s tha t  occu r  whe n a  learne r  attempt s ne w an d mor e comple x inputs.Th e verba l  protocol s showe d tha t 
fo r  incorrec t  input s o f  typ e 1 )  o r  2) ,  th e erro r  messag e provide d b y th e syste m containe d sufficien t 
informatio n fo r  th e learner .  Therefore ,  n o interventio n o f  th e tuto r  i s  required .  I t  ca n therefor e b e assume d 
tha t  a  negativ e inpu t  o f  typ e 1 )  o r  2 )  i s likel y t o b e followe d b y a  positiv e input .  Whe n learner s mak e error s 
whil e tryin g somethin g new ,  th e syste m erro r  messag e ma y no t  provid e enoug h information .  I n thi s case , 
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a learner will produce a sequence of errors. Since only type 3 errors are likely to occurr in a sequence 
withou t  intermitten t  positiv e examples ,  the y ca n b e easil y detecte d b y th e monitor . 

Providin g example s an d tgx̂ -infQrm^no n t p assis t  exploratio n 

Assistanc e t o learnin g b y exploratio n i s provide d b y th e tuto r  o n tw o occasions :  1 )  whe n a 
sequenc e o f  n  (= 2 i n th e curren t  versio n o f  th e tutor )  redundan t  input s ha s bee n detected ,  o r  2 )  whe n a 
sequenc e o f  m (=2 )  error s ha s bee n detected . 

Sinc e redundan t  example s ar e usuall y generate d whe n a  learne r  doe s no t  kno w wha t  els e ca n b e 
learne d abou t  th e system ,  informatio n abou t  mor e genera l  o r  presentl y no t  ye t  explore d feature s o f  th e 
syste m shoul d b e provided .  Suc h informatio n ca n bes t  b e provide d i n th e for m o f  a  shor t  text .  Th e 
templat e tha t  matche d th e las t  exampl e i s examine d a s t o whethe r  i t  ca n b e furthe r  generalize d o r  whethe r  i t 
alread y describe s som e uni t  o f  th e exper t  knowledge .  I f  furthe r  generalizatio n i s possible ,  a  verba l 
descriptio n o f  mor e genera l  input s i s presented .  I f  n o furthe r  generalizatio n o f  th e particula r  templat e i s 
possible ,  a  genera l  verba l  descriptio n o f  th e no t  ye t  learne d function s i s presented .  Th e verba l  description s 
tha t  ar e provide d a s hel p ar e al l  prestore d s o tha t  the y ca n simpl y b e selecte d fo r  presentation .  Tabl e 4 
shows th e hel p informatio n fo r  som e redundan t  examples . 

Table 4: Help information for some redundant inputs 

example I: (FIRST '(A B)) 
exampl e 2 :  (FIRS T '( X Y) ) 
hel p information :  Th e argumen t  fo r  th e functio n FIRS T ca n b e a  lis t  o f  an y complexity . 
exampl e 1 :  (FIRS T '(( A B )  ( C D)) ) 
exampl e 2 :  (FIRS T '( X Y) ) 
hel p information :  Th e argumen t  fo r  th e functio n FIRS T ca n als o b e a  boun d ato m o r  a  functio n call . 

When a sequence of errors is detected, it can be assumed that the learner wanted to perform a more 
comple x tas k an d di d no t  kno w ho w t o correctl y specif y th e parameter s o f  th e task .  Base d upo n th e PUP S 
theor y (Anderso n &  Thompson ,  1987) ,  i t  ma y b e suspecte d tha t  suc h error s occu r  becaus e th e specifi c 
for m i s unknown .  A  for m ca n bes t  b e taugh t  b y givin g a n example .  Sinc e th e learne r  wante d t o generat e a 
particula r  exampl e th e correc t  for m fo r  tha t  particula r  exampl e shoul d b e presented .  T o accomplis h thi s 
goal ,  th e las t  incorrec t  inpu t  o f  th e erro r  sequenc e i s correcte d an d the n presente d t o th e learner .  Th e 
correctio n i s accomplishe d b y analyzin g th e incorrec t  inpu t  fro m lef t  t o right.  Parenthes e an d quote s ar e 
delete d o r  adde d i f  needed ,  wit h th e followin g restriction :  I f  a  symbo l  i s identifie d a s bein g a  functio n 
name,  th e inpu t  i s  correcte d wheneve r  possibl e i n a  wa y s o tha t  th e functio n nam e yield s a  functio n call . 
Tabl e 5  show s ho w som e incorrec t  input s ar e corrected . 

Table 5: Correction of negative examples 

incorrect :  corrected : 
(FIRS T (FIRS T '( a (b))) )  (FIRS T (FIRS T '((a )  (b))) ) 
( H R ST (RES T "( a b) )  (RES T c  d) )  (FIRS T (RES T '( a b  (res t  c  d))) ) 
(LIS T (FIRS T '( a b )  (RES T "( c d))) )  (LIS T (FIRS T '( a b) )  (RES T '( c d)) ) 
I  A M H E R E '( I  A M H E R E) 

A preliminary evaluation of the appropriateness of the provided instructions was performed by 
havin g tw o subjects ,  wh o wer e firs t  instructe d abou t  dat a representation s i n LISP ,  thin k alou d whil e 
learnin g th e elementar y LIS P function s b y exploration .  The y wer e instructe d t o explor e a s lon g a s the y 
foun d i t  t o b e a  usefu l  learnin g experience ,  whic h wa s abou t  1. 5 hours .  I n orde r  no t  t o interfer e wit h th e 
learners '  usua l  exploration ,  n o tuto r  assistanc e wa s provide d t o th e learners .  Th e sequence s o f  th e subject s 
interaction s wit h th e LISP-syste m wer e recorde d an d the n use d t o determin e th e firs t  learnin g episode s o f 
each bloc k wher e assistanc e woul d hav e bee n provide d b y th e tutor .  Onl y th e firs t  occasion s o f  eac h o f  th e 
16 block s i n whic h th e tuto r  woul d hav e provide d assistanc e wer e use d fo r  evaluatin g th e appropriatenes s 
of  th e tutor' s assistance .  I n on e bloc k th e tuto r  woul d no t  hav e provide d assistance ,  s o tha t  onl y 1 5 
assistance s wer e t o b e evaluated .  I n 1 0 case s explanator y tex t  an d i n 5  case s correcte d example s woul d 
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have been presented. The tutor's assistance was then compared to the learners' verbalisations, which were 
use d t o judg e whethe r  th e tuto r  assistanc e woul d hav e bee n adequate .  Th e tutor' s assistanc e wa s judge d a s 
helpfu l  i n 6  cases ,  a s neutra l  i n 6  cases ,  an d a s inappropriat e i n 3  cases .  I n tw o o f  th e 6  helpfu l  case s th e 
tutor' s correcte d exampl e woul d hav e prevente d a n erro r  pat h o f  nin e episodes ,  whic h ma y b e judge d t o b e 
quit e effective . 

Most Intelligent Tutoring Systems are more instruction- than exploration-based and provide the 
studen t  wit h rathe r  littl e possibilit y  t o lear n b y exploration .  However ,  fo r  acquirin g compute r  knowledg e 
learnin g b y exploratio n ma y b e quit e fruitful .  Th e studie d materia l  ma y b e bette r  remembere d whe n 
learnin g b y exploratio n becaus e student s themselve s ca n selec t  wha t  t o lea m an d becaus e th e learnin g 
materia l  originate s from  th e students '  ow n memory ,  an d fo r  whateve r  reaso n self-generate d informatio n i s 
bette r  remembere d (Slameck a &  Katsaiti ,  1987) .  Wit h respec t  t o performin g simpl e programmin g task s 
thi s predictio n wa s confirme d fo r  learner s wh o ha d som e ver y genera l  prio r  domai n knowledg e (compute r 
users) ,  bu t  no t  fo r  complet e computer-novices .  Learnin g b y exploratio n allow s t o practis e th e generatio n 
of  possibl e syste m inputs ,  whic h appear s t o b e a n importan t  compute r  skil l  component .  W e sugges t  tha t 
learnin g b y exploratio n ca n becom e eve n mor e effectiv e whe n a  learner' s exploratio n i s monitore d s o tha t 
ofte n occurin g problem s ca n b e detecte d an d bypasse d b y givin g appropriat e instructions .  A  supervise d 
exploratio n environmen t  fo r  th e learnin g o f  som e LISP-basic s wa s described .  I n thi s environmen t 
explanator y tex t  an d a n error-correctio n facilit y  ar e use d t o provie d learner s wit h genera l  informatio n a s 
wel l  a s wit h informatio n abou t  th e specifi c  form s o f  system-inputs .  A  preliminar y empirica l  evaluatio n wa s 
performe d fo r  a n implementatio n o n a  PC . 

We believ e tha t  supervise d exploratio n ma y b e particularl y suite d fo r  learnin g th e specifi c  form s fo r 
codin g som e akead y know n procedure s i n a  ne w environment ,  llii s  ma y occu r  whe n writin g a  progra m i n 
a ne w programmin g languag e o r  usin g som e ne w applicatio n software .  Sinc e th e command s o f  a  syste m 
may b e separatel y learned ,  the y ca n b e learne d b y exploratio n an d ma y b e eve n bette r  learne d b y 
supervise d exploration .  However ,  instruction-base d learnin g ma y b e necessar y fo r  acquirin g mor e 
comple x knowledge .  Learnin g b y supervise d exploratio n i s therefor e onl y propose d a s a  componen t  fo r 
Intelligen t  Tutorin g Systems . 
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A H Y B R I D M O D EL F O R C O N T R O L L I NG R E T R I E V A L O F E P I S O D E S 

Colleen M. Seifert 

UCSD and NPRDC 

A central problem for models of memory is the retrieval of episodes. Most 
model s assiom e retrieva l  i s  a n automati c proces s wher e a n inpu t  i s matche d t o th e 
content s o f  memory ,  an d a n episod e i s activate d base d o n similarity .  I f  ther e i s a 
hig h degre e o f  similarit y betwee n a n inpu t  an d a  peu-ticula r  case ,  an d bot h case s 
shar e littl e wit h othe r  case s i n memory ,  the n similarit y alon e ma y b e enoug h t o 
accoim t  fo r  th e spontaneou s retrieva l  o f  th e case .  However ,  whe n ther e ar e man y 
instance s tha t  overia p i n similarity ,  o r  whe n th e similaritie s ar e abstrac t  i n 
nature ,  i t  appear s tha t  predictin g retrieva l  base d o n similarit y measure s alon e i s 
quit e difficult .  Schan k (1982 )  argue s tha t  th e proces s o f  remindin g i s mediate d b y 
an abstrac t  knowledg e structur e use d t o vmderstan d th e origina l  even t  -  case s ar e 
activate d a s a  consequenc e o f  activatin g organizin g schema s tha t  captur e 
importan t  similarities .  I s similarit y alon e enoug h t o caus e th e automati c activatio n 
of  prio r  episodes ? I n th e nex t  sections ,  I  wil l  presen t  evidenc e fro m empirica l 
studie s abou t  th e condition s unde r  whic h suc h reminding s occur ;  specifically ,  tha t 
remindin g base d o n similarit y i s no t  a n automati c proces s bu t  involve s a  strategi c 
or  goal-base d function .  Th e sam e information ,  i n th e presenc e o f  differen t 
processin g goal s suc h a s explanatio n o r  planning ,  wil l  resul t  i n retrieva l  o f 
differen t  prio r  case s fro m memory .  I n orde r  t o accoim t  fo r  this ,  I  propos e a  hybri d 
model  o f  retrieva l  tha t  incorporate s bot h th e content-addressabl e characte r  o f 
distribute d memor y model s wit h th e controllin g influenc e o f  goal s i n processing .  I n 
th e model ,  goal s ac t  a s a  controllin g mechanis m t o focu s attentio n o n feature s tha t 
wil l  resul t  i n retrieva l  o f  relevan t  episodes . 
Experimental Evidence for Activation of Episodes 

The question of interest is whether memory organization (similarity) alone 
wil l  predic t  th e automati c activatio n o f  cases .  Leavin g asid e th e questio n o f 
consciou s awarenes s o f  th e resul t  o f  th e retrieval ,  w e ca n investigat e whethe r  th e 
memory organizatio n forme d a t  encodin g provide s connection s betwee n case s suc h 
tha t  activatin g on e cas e i n memor y wil l  resul t  i n th e activatio n o f  othe r  case s 
encode d wit h th e sam e organizin g structures .  Thi s activatio n ma y b e th e resul t  o f 
an automati c retrieva l  process ,  tha t  i s imcontrolle d an d non-optional ,  a s i n 
semanti c priming ,  o r  i t  ma y occu r  onl y vmde r  som e conditions ,  imde r  strategi c 
control . 
The basic paradigm involved presenting pairs of stories that either share or 
do no t  shar e th e orgamizin g knowledg e structure ,  an d the n testin g whethe r  th e 
similarity-base d memor y organizatio n tha t  result s cause s differen t  activatio n 
patterns .  I n th e studies ,  tim e t o answe r  a  questio n abou t  a  previousl y rea d stor y i s 
use d t o measur e th e accessibilit y  o f  th e stor y i n memory .  I f  th e tw o storie s ar e 
connecte d b y th e organizin g structur e i n memory ,  the n answerin g a  questio n fro m 
one stor y shoul d activat e th e othe r  stor y i n memory ,  resultin g i n faste r  response s 
t o a  questio n fro m tha t  story . 

Experiments with abstract thematic structures 

The materials chosen for the experiments (Seifert, McKoon, Abelson, and 
RatcUff ,  1985) ,  include d similaritie s base d o n th e type s o f  structure s eviden t  i n 
protocol s o f  natura l  remindings ;  namely ,  th e goa l  an d pla n interactio n tha t  occu r 
as goal s ar e pursued .  Fo r  example ,  th e adag e "closin g th e ba m doo r  befor e th e 
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hors e i s gone "  ca n b e characterize d a s a  plannin g failur e wher e X  know s a  pla n t o 
preven t  goa l  failvire ,  bu t  delay s executio n t o avoi d th e cos t  unti l  th e goa l  i s  failing ; 
then ,  th e pla n i s executed ,  bu t  fail s  becaus e i t  i s  no t  a  recover y pla n bu t  a 
preventio n pla n (Dyer ,  1983) .  I f  tw o storie s base d o n th e sam e them e ar e 
connecte d i n memory ,  respondin g t o a n ite m fro m on e shoul d spee d th e tim e t o 
respon d t o a n ite m fro m th e other ,  compare d t o wher e th e precedin g ite m refer s t o 
a stor y tha t  doe s no t  shar e th e sam e theme ,  an d therefor e shoul d hav e n o 
connectio n i n memor y betwee n th e tw o stories .  Th e result s showe d tha t  th e share d 
knowledg e structur e di d no t  affec t  th e eas e o f  acces s o f  th e episode s i n memory . 
However ,  i n a  secon d experimen t  w e instructe d th e subjec t  t o thin k abou t  th e 
them e a s the y read ,  an d t o rat e th e similarit y o f  th e stor y pai r  afte r  th e tes t  list . 
Thi s time ,  ther e wa s a  significan t  effec t  o f  themati c similarit y o n respons e times , 
i n tha t  response s wer e faste r  fo r  tes t  item s whe n th e stor y pai r  share d th e sam e 
themati c organizin g structure .  Th e onl y differenc e betwee n th e tw o experiment s 
was th e instructio n t o atten d t o similarity .  W e conclude ,  then ,  tha t  accessin g th e 
same schem a doe s no t  automaticall y connec t  tw o episode s i n memory ;  instead , 
some strategi c purpos e i s necessar y t o promot e activatio n o f  prio r  episodes .  Th e 
strategi c basi s fo r  th e abilit y  t o utiliz e connection s betwee n episode s ha s bee n 
replicate d i n othe r  experiment s (Seifert ,  McKoon ,  Abelson ,  an d Ratcliff ,  1985) . 

Experiments with content-based structures 

One question was whether the strategic result was specific to abstract 
structures ,  o r  woul d hol d tru e o f  mor e conten t  base d structures .  T o tes t  this ,  w e 
examine d th e effec t  o f  memor y organizatio n packet s (MOPs )  (Schank ,  1982 )  o n 
connection s betwee n case s (fo r  a  complet e description ,  se e McKoon ,  Ratcliff ,  an d 
Seifert ,  1988) .  Pair s o f  storie s wer e writte n t o instantiat e th e sam e M O P (suc h a s 
"goin g t o th e beach" )  bu t  withou t  overlappin g lexica l  item s i n th e descriptio n o f 
M OP actions .  I n th e experimenta l  procedure ,  subject s rea d a  lon g lis t  o f  stories , 
and then ,  afte r  readin g al l  th e stories ,  connection s fro m on e stor y t o anothe r  wer e 
measxare d b y primin g i n old/ne w recognitio n judgment s o f  phrase s fro m th e stories . 
Sinc e th e tes t  item s include d M O P information ,  an y activatio n effect s ma y b e du e 
t o connection s i n semanti c memory ,  an d no t  reflec t  an y activatio n fro m on e cas e t o 
anothe r  case .  I n a  secon d experiment ,  th e tes t  item s use d a s prime s containe d onl y 
informatio n tha t  refer s t o th e story-specifi c  representation .  Result s showe d primin g 
fro m on e stor y t o anothe r  stor y o f  th e sam e M O P whe n tes t  phrase s wer e relate d 
t o th e M O P;  however ,  whe n th e tes t  phrase s wer e story-specifi c  bu t  no t  relate d t o 
th e M O P,  ther e wa s n o evidenc e o f  priming .  On e wa y t o describ e th e result s o f 
thes e experiment s i s t o sa y tha t  subject s canno t  discriminat e whethe r  tw o 
MOP-relate d phrase s wer e fro m th e sam e o r  differen t  stories ;  fo r  example , 
"spreadin g ou t  he r  towe l  i n a  dr y place "  fro m on e beac h stor y an d "foun d a n empt y 
spac e fo r  he r  blanket "  fro m anothe r  beac h stor y ar e equall y goo d prime s fo r 
"slowl y stroUe d int o th e coo l  ocean" .  Th e result s a s a  whol e demonstrat e tha t  cas e 
t o cas e activatio n i s no t  a n automati c phenomeno n resultin g fro m connection s i n 
memory. 
A paradigm for intentional reminding 

Since a strategic process appears to be involved in the activation of cases, a 
nex t  ste p wa s t o loo k a t  remindin g withi n a  strategy-base d task .  U p t o thi s point , 
i n orde r  t o kee p th e subjec t  tmawar e o f  th e inten t  o f  th e experiment ,  w e examine d 
activatio n rathe r  tha n consciou s reminding .  N o w tha t  th e activatio n appear s t o b e 
dependen t  upo n a  strategi c process ,  w e ca n examin e remindin g i n a  paradig m 
more simila r  t o natura l  remindings .  I n thes e experiment s (Seifert ,  McKoon , 
Abelson ,  an d Ratcliff ,  1985) ,  subject s wer e aske d t o stud y a  se t  o f  stories ,  the n t o 
rea d a  ne w se t  o f  storie s followe d b y tes t  item s fro m th e stud y set .  Th e tes t 
storie s ha d eithe r  th e sam e them e (a s describe d i n th e earlie r  experiments )  o r  a 
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different theme than the story that the target item was from. The results showed 
a significan t  facilitatio n effec t  fo r  sam e them e pairs .  A  tes t  stoi y appeare d t o 
activat e a  previou s stor y base d o n it s themati c similarity ,  resultin g i n respons e 
facilitation .  Subject s reporte d tha t  a s the y rea d th e tes t  stories ,  studie d storie s 
occasionall y "cam e t o mind" ;  i f  the y did ,  the y wer e a  goo d predicto r  o f  th e targe t 
item ,  an d s o th e remindin g wa s usefu l  informatio n t o th e task .  I t  seem s th e 
strategi c aspec t  o f  thi s tas k wa s tha t  th e purpos e o f  th e remindin g wa s buil t  int o 
i t  - -  usefulnes s i n predictin g th e tes t  ite m provide d a  functiona l  purpos e fo r  th e 
reminding .  Also ,  subject s wer e consciou s o f  th e reminding s an d thei r  utility ,  an d 
thi s ma y hav e encoiu-age d attentio n t o theme s an d th e resultin g remindings .  Thi s 
methodolog y wa s th e firs t  t o investigat e remindin g i n th e laboratory . 

Incorporating Goals in Reminding 

From the experiments presented above, I conclude that encoding a story does 
not  alway s activat e a  thematicall y simila r  stoi y unles s ther e i s als o presen t  a 
functiona l  o r  strategi c piurpos e fo r  th e reminding .  Thes e result s ar e reminiscen t  o f 
analogica l  transfe r  studie s (Gic k an d Holyoak ,  1983) ,  wher e transfe r  o f  a  stor y 
solutio n t o a  ne w proble m wa s infrequen t  imles s eithe r  instruction s o r  multipl e 
exampl e storie s wer e provided .  Th e similaritie s i n th e experiment s reporte d her e 
ar e mor e obviou s tha n thos e i n th e transfe r  literature ,  an d ye t  subject s wer e no t 
reminde d imles s encourage d b y th e strategi c natiu- e o f  th e task .  Intentio n appear s 
t o pla y a  bigge r  rol e i n retrieva l  tha n ma y hav e bee n assumed ,  becaus e withou t  i t 
th e retrieva l  doe s no t  occiu- .  Thi s strategi c aspec t  o f  retrieva l  point s ou t  th e 
importanc e o f  cognitiv e processin g goals ;  apparently ,  suc h goal s ma y ac t  a s a 
constrain t  o n retrieva l  i n tha t  activatio n occur s tha t  woul d no t  unde r  othe r 
circumstances .  I n thi s sense ,  cognitiv e goal s appea r  t o for m a  contex t  withi n whic h 
retrieva l  operates ,  an d th e natur e o f  thi s contex t  determine s wha t  reminding s 
occiu- .  Th e result s sugges t  that ,  a t  th e least ,  intentiona l  remindin g (Schank ,  1982 ) 
Dlay s a  muc h bigge r  rol e tha n previousl y indicated .  I  defin e intentiona l  ver y 
jroadly ,  a s no t  alway s consciousl y intended ,  bu t  a s a  bia s i n processing . 

A result that supports this conclusion is that the low transfer rates from a 
stor y scenari o t o a  ne w proble m (Gic k an d Holyoak ,  1983 )  wer e increase d whe n th e 
contex t  wa s mad e congruen t  i n th e tw o case s ( K Holyoa k an d L .  Novik ,  persona l 
communication ,  Februar y 1988) .  Tha t  is ,  presentin g th e firs t  cas e a s a  proble m 
rathe r  tha n £i s a  "stor y understandin g task "  improve d th e spontaneou s applicatio n 
of  th e prio r  solutio n t o th e ne w problem .  Sinc e processin g goal s appea r  t o focu s 
attentio n withi n th e retrieva l  process ,  th e type s o f  goal s an d thei r  connection s t o 
feature s mus t  b e examined .  Situation s tha t  appea r  t o foste r  reminding s i n human s 
ar e function s lik e explanation ,  planning ,  argumentation ,  decisio n making ,  an d 
conversation .  Th e kind s o f  processin g goal s tha t  ma y b e involve d ca n b e describe d 
at  a  genera l  level ,  bu t  certainl y w e ca n discove r  mor e abou t  wha t  subtask s o f 
cognitio n ma y b e involve d (Chandrasekharan ,  1987) .  Fo r  example ,  th e understande r 
seeks ,  i n hi s processin g o f  ne w inpu t  i n conversation ,  t o b e reminde d o f  a  memor y 
tha t  relate s t o wha t  h e hear d an d provide s evidenc e fo r  th e poin t  o f  vie w h e 
wishe s t o defend .  Reminding s ca n serv e t o verif y you r  analysi s o f  episode , 
illustrat e wh y you r  reasonin g i s valid ,  justif y o r  suppor t  a  claim ,  giv e specifi c 
solutio n information ,  an d perhap s provid e a n analogy . 
A Distributed Model of Retrieval 

I have argued from experimental results that strategic purpose is important 
becaus e automati c processe s hk e retrieva l  ar e mediate d b y processin g goals .  H o w 
migh t  goal s b e incorporate d int o th e remindin g process ? Retrieva l  ca n b e modelle d 
as a  featur e spac e wit h encode d episodes ,  a s i n a  completio n networ k i n a  paralle l 
distribute d processin g mode l  o f  memoi y (McClellan d an d Rumelhart ,  1985) . 
Memory acces s i s determine d b y th e similarit y betwee n inpu t  feature s an d store d 
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patterns, where the process finds the activation pattern that bests fits the 
connectio n constraints .  Fo r  example ,  give n a n inpu t  suc h a s " a Professo r  forgo t  hi s 
compute r  password" ,  a  similarit y matc h ma y fin d a  particula r  episod e pattern ,  suc h 
as "Prof .  Jone s forgo t  hi s passwor d las t  week" ,  t o b e a  clos e enoug h matc h 
compare d t o othe r  pattern s i n memory .  I f  th e resul t  o f  th e matchin g proces s i s a 
set  o f  feature s correspondin g t o a  schema ,  th e retrieve d patter n migh t  b e "Absen t 
minde d Professor s forge t  things. "  Anothe r  possibilit y  i s  tha t  nothin g wil l  matc h 
wel l  enoug h fo r  a  stabl e patter n t o b e retrieved .  Thes e result s ca n b e 
characterize d i n term s o f  maximizin g goodnes s o f  fit :  a  goo d fi t  ma y b e a n episod e 
reminding ,  a n adequat e fi t  ma y a  b e a  generalization ,  an d a  lo w fi t  ma y mea n n o 
clos e matche s coul d b e retrieved . 
Rumelhart (1988) has proposed that the matching process can operate by 
relaxin g th e constraint s o n th e match ,  resultin g i n ansdog y i n case s wher e n o 
distinc t  patter n coul d b e retrieve d b y stric t  sinularit y t o th e inpu t  pattern .  Fo r 
example ,  i f  to o man y episode s shar e th e featur e set ,  o r  i f  som e o f  th e feature s ar e 
inconsisten t  wit h th e pattern s alread y encode d int o th e memory ,  the n n o episod e 
patter n coul d b e isolate d b y similarit y alone .  However ,  b y softenin g th e constraint s 
on th e match ,  som e o f  th e inpu t  feature s covd d b e utilize d a s "don' t  care " 
constraints ,  allowin g analogica l  matche s tha t  focu s o n som e feature s an d thro w ou t 
feature s tha t  ma y b e preventin g a  matc h fro m occurring .  Th e notio n i s t o releas e 
feature s b y allowin g th e networ k t o "tur n the m of f  progressivel y vmti l  a  bette r 
matc h i s found .  Rumelhart' s  proposa l  i s  t o fee d additiona l  inpu t  strengt h t o th e 
feature s differentizdly ,  an d allo w th e syste m t o fin d th e overal l  bes t  fi t  b y 
overridin g feature s wit h lo w value s tha t  conflict .  A  featur e i s throw n ou t  onl y i f 
doin g s o lead s t o bette r  fi t  tha n th e contributio n fro m tha t  featur e add s t o th e 
match .  Thi s relaxe d matc h proces s provide s a  mechanis m fo r  overridin g feature s 
tha t  ar e preventin g a  matc h (suc h a s contex t  information )  whil e givin g increase d 
importanc e t o feature s tha t  ma y b e helpfu l  i n analogica l  transfe r  t o othe r  episodes . 

Methods of feature selection 

The softening of constraints could be accomplished in several ways. The 
particula r  implementatio n Rumelhar t  propose s i s t o dehve r  a  constan t  amoun t  o f 
activatio n t o eac h o f  th e features ;  th e lowe r  th e constant ,  th e mor e likel y tha t 
feature' s contributio n t o fi t  wi U b e les s usefu l  tha n throwin g i t  out ,  makin g i t 
easie r  fo r  th e syste m t o overrid e it .  Th e selectio n o f  whic h feature s t o assig n wha t 
value s t o i s centra l  t o th e solutio n o f  th e relaxe d match .  On e possibilit y  i s  t o 
selec t  th e value s assigne d t o eac h featur e a t  random ,  resultin g i n a  blin d focu s t o 
th e matc h process .  Thi s i s a  feasibl e method ,  bu t  w e woul d expec t  the n t o 
generat e a  lo t  o f  episod e reminding s wit h nonsensica l  similaritie s an d ignor e 
importan t  ones .  Fo r  example ,  fro m th e Professo r  example ,  w e migh t  retriv e a 
remindin g lik e "Jo e own s a  computer. "  Th e rando m selectio n proble m i s mor e 
impressiv e wit h mor e inpu t  feature s i n th e match ;  clearly ,  i t  woul d b e eas y t o 
recal l  episode s tha t  shar e feature s bu t  withou t  a  coheren t  similarit y -  a 
correlationa l  matc h bu t  no t  a  causa l  one .  I t  ma y b e tha t  huma n memor y operate s 
thi s way ,  bu t  i t  mos t  ofte n appear s tha t  reminding s resul t  fro m coheren t 
similarities . 
Another method of assigning values to the input features is to order all the 
feature s alon g a n abstractio n hierarch y (Rumelhart ,  1988) .  B y weakenin g 
constraint s o n concret e feature s first ,  an d the n progressin g t o abstrac t  feature s 
unt n reachin g a  match ,  greate r  weigh t  i s give n t o abstrac t  feature s an d mor e 
abstrac t  analogie s wil l  resul t  fro m th e relaxe d matc h process .  Thi s approac h 
certainl y seem s plausibl e give n th e result s fro m exampl e remindings ;  however , 
ther e £u: e severa l  problem s wit h a n intrinsi c orderin g o n featur e importance .  First , 
"abstract "  i s  har d t o define ,  a s eve n themati c pattern s lik e "closin g th e bar n doo r 
afte r  th e hors e ha s gone "  ca n hav e prett y contentfu l  feature s (i.e. ,  "to o late") . 
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Though generality can be defined in terms of how many instances are captured by 
a category ,  abstractnes s i s muc h mor e difficul t  t o defin e implementationally .  Fo r 
example ,  i s  "intelligent "  mor e abstrac t  tha n "independent" ? A  secon d proble m i s 
tha t  th e relativ e importanc e o f  feature s ma y chang e d)Tiamicall y o r  a s a  functio n 
of  interactio n o f  features .  I n choosin g a  car ,  color ,  siz e an d spee d ma y b e give n a 
particxila r  orderin g o f  importance ;  i n selectin g a  mod e o f  transportation ,  thes e 
same feature s ma y b e give n a  differen t  ordering .  Finally ,  a s pointe d ou t  b y dat a o n 
remindings ,  i t  i s  no t  alway s th e mos t  abstrac t  feature s tha t  ar e responsibl e fo r  a 
reminding ;  often ,  conten t  feature s pla y a  rol e i n th e similarit y tha t  i s  no t 
accoimte d fo r  b y a  stric t  abstractnes s metric .  O f  course ,  abstractnes s ma y pla y a 
rol e i n th e relaxe d matc h proces s despit e thes e problems ;  certainly ,  ther e seem s t o 
be a n implici t  notio n tha t  peopl e hav e abou t  wha t  type s o f  feature s ma y b e 
importan t  i n analogy . 

Controlling retrieval with goals 

However, an alternative proposal is to use the context of the cxurent goals 
bein g pursue d a s a  metho d o f  weightin g feature s fo r  a  match .  Remindings ,  I  claim , 
hav e mor e t o d o wit h wha t  th e perso n i s attendin g t o tha n t o an y a  prior i  notion s 
abou t  abstractness .  I t  i s  thes e processin g goal s tha t  provid e mor e weigh t  t o 
particula r  feature s an d allo w other s t o disappea r  fro m a  match .  I  propos e tha t 
goal s pla y a  rol e i n retrieva l  b y affectin g wha t  feature s ar e attende d t o mos t  i n a 
similarit y matc h process .  Particxila r  featiore s o f  th e cas e wil l  b e attende d t o base d 
upo n th e cognitiv e goal s operatin g a t  th e time . 
Here's an example of how goals may act to select features to attend to: 

Input: Teletradc has a "no smoking" policy which means, in effect, that 
ever y sectio n i s a  smokin g section .  Th e rul e i s disregarde d ofte n enough , 
by peopl e seate d i n variou s sections ,  tha t  n o sectio n ca n b e guarantee d t o 
be smoke-free .  Yo u argu e tha t  th e management  shoul d allo w smokin g i n som e 
sections ,  i f  onl y t o b e sur e tha t  som e section s ca n actuall y b e non-smoking . 

Suppose that you are engaged in an argument about your comment. Your 
goal  i s  t o buttres s yoxo r  clai m that ,  basically ,  contro l  i s  bette r  tha n abolishmen t 
when disobedienc e i s common .  Supportin g you r  clai m involve s retrievin g anothe r 
instanc e wit h thi s pattern ;  base d o n th e abstrac t  characterizatio n o f  th e claim ,  a n 
analogou s situatio n i s recalled .  Yo u ma y b e reminded ,  o n thi s basis ,  o f  th e 
legalizatio n o f  heroi n i n England .  Tha t  cas e support s th e clai m b y identifyin g a 
circimistanc e wher e contro l  o f  heroi n us e ha d fewe r  ba d effect s o n non-participant s 
tha n th e outrigh t  bannin g o f  th e substance . 
Suppose instead that your goal is to plan a way to get yoiu- assertion 
implemented .  I n orde r  t o ge t  you r  solutio n effected ,  yo u hav e t o figure  ou t  a  wa y 
t o ge t  th e authorit y involved ,  Teletrack ,  t o recogniz e tha t  thei r  contro l  proble m i s 
wors e no w tha n i t  wo\il d b e imde r  th e smokin g sectio n plan .  Plannin g fo r 
implementin g you r  solutio n select s proble m feature s tha t  ar e relevan t  t o th e 
management  o f  th e policy .  Yo u ma y b e reminded ,  o n thi s basis ,  o f  th e pe t  polic y i n 
studen t  housing .  Pet s wer e banned ,  bu t  the n man y student s go t  pet s an d brok e th e 
rule s mor e an d mor e brazenly ,  causin g quit e a  bi t  o f  disturbance .  I n a n attemp t  t o 
manage th e effect s o f  th e pets ,  th e managemen t  mad e severa l  building s "n o pets " 
and le t  th e pe t  owner s congregat e i n th e others .  Thi s sugges t  a  pla n fo r  th e 
smokin g policy :  a t  Teletrack ,  smok e a s muc h a s possible ,  an d encourag e other s to , 
i n a  wa y tha t  exacerbate s th e proble m fo r  th e management .  The y wil l  b e mor e 
likel y the n t o se e th e benefi t  o f  contro l  rathe r  tha n prohibition . 
Even if the plan does not seem a like good one, the point here is that the 
processin g tha t  goe s o n prio r  t o a  remindin g ma y b e muc h mor e involve d tha n 
simpl y encodin g inpu t  fact s int o a  singl e representation .  Instead ,  th e feature s tha t 
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play a larger role in retrieval may be ones that are tied to particular processing 
goal s activ e a t  th e moment .  Fro m this ,  w e coul d expec t  tha t  retrieva l  o f  th e ne w 
episode s late r  woul d depen d o n a  congruenc y o f  cognitiv e purpose.Fo r  model s 
wher e onl y on e processin g goa l  i s  eve r  present ,  th e goal s ma y b e implicitl y 
encode d i n th e proces s mode l  an d memor y representation ,  compromisin g th e abilit y 
t o mak e claim s abou t  ho w case s ar e utilize d i n general . 

The "goodness" of an analogy depends on what you are interested in; 
therefor e th e relevanc e o f  feature s change s dynamicall y a s a  resul t  o f  th e goal s o f 
a system .  Th e goal s ma y b e modelle d a s connection s t o th e inpu t  feature s tha t 
"gate "  th e activatio n o f  th e features ,  i n term s o f  multiplicativ e influence s o n th e 
strengt h o f  th e inpu t  feature s (a s i n Hinton' s multiplicativ e Unks) .  Th e goa l 
influenc e ca n tur n dow n irrelevan t  an d tur n u p relevan t  feature s i n th e match , 
resultin g i n th e feature s relevan t  t o th e goa l  bein g th e focu s o f  th e relaxe d match . 
The reaso n fo r  th e separatio n o f  th e goa l  Unk s t o th e feature s fro m th e inpu t  lin e 
architectur e i s t o allo w th e sam e goal s t o functio n autonomousl y t o th e retrieva l 
process ,  sinc e the y wil l  gils o affec t  othe r  subprocesse s beside s retrieval .  Task s lik e 
creatin g a n explanatio n o r  learnin g ca n als o b e affecte d b y th e ciirren t  processin g 
goals .  Whil e th e implementatio n o f  a n abstractnes s metri c throug h inpu t  lin e 
activatio n ma y b e possible ,  tha t  informatio n ha s t o b e determine d ove r  main y 
differen t  processin g context s - -  th e abstractnes s o f  feature s ma y b e learne d ove r 
many differen t  tasks .  Th e gatin g connection s fro m goal s wil l  provid e activatio n 
base d o n informatio n abou t  wha t  i s relevan t  i n th e curren t  processin g context , 
whic h change s dependin g o n th e goal s o f  th e system .  Thus ,  th e tw o type s o f 
informatio n abou t  featur e importanc e ca n b e incorporate d int o th e sam e networ k 
model . 

Extensions to Learning 

Cognitive goals may affect other processes besides retrieval, operating to 
provid e a  contex t  fo r  saHenc y o f  featvires .  Th e tendenc y t o trea t  a U featvire s a s 
equal ,  withou t  regar d t o ho w particula r  featiu-e s ma y b e attende d t o i n certai n 
cognitiv e contexts ,  i s  a  majo r  proble m i n model s o f  learning .  Fo r  example , 
distribute d model s o f  learnin g a s a  clas s conside r  al l  feature s presen t  a s 
potentiall y eqxoaU y importan t  t o th e rul e bein g learned .  Consequently ,  i t  take s 
many trial s t o determin e whic h feature s ar e actuall y predictiv e rathe r  tha n 
occurrin g occasionally .  Thi s approac h hurt s learnin g rate s i n tw o ways ;  first ,  i t 
may hur t  mathematicall y i n th e learnin g algorithm s t o includ e s o man y feature s 
tha t  tak e man y trial s t o b e rule d out ;  an d second ,  i t  ignore s informatio n availabl e 
i n utilizin g a  prior i  notion s o f  wha t  feature s ar e likel y t o b e relate d t o th e rule . 
In a learning system, treating all features equally will mean a lot of effort 
spen t  o n feature s tha t  hav e n o importanc e t o th e rul e learned .  Wit h th e additio n 
of  a  mechanis m t o selec t  th e feature s mos t  likel y t o b e relevan t  t o th e rule ,  on e 
ca n sav e tim e b y focusin g o n feature s tha t  wil l  pa y of f  mor e quickly .  Fo r  example , 
th e curren t  stat e o f  th e networ k ca n provid e a  focu s o n particula r  inpu t  feature s 
base d o n wha t  feature s hav e bee n g^ve n highe r  weight s i n previou s learning . 
Consequently ,  b y utilizin g prio r  knowledge ,  on e ca n shu t  of f  feature s tha t  aren' t  a 
prior i  relevan t  t o learning .  O f  course ,  a s I  hav e bee n arguin g i n thi s paper ,  thi s i s 
not  enoug h whe n th e sam e networ k serve s othe r  tasks .  Whic h feature s ar e 
relevan t  i n a  domai n can' t  b e se t  i n a n a  prior i  wa y tha t  wil l  b e tru e acros s al l 
learnin g contexts .  On e need s a  mechanis m t o affec t  th e attentio n a t  th e node s 
dependin g upo n th e processin g context .  Th e goal s ca n affec t  whic h feature s ar e 
attende d t o b y interactin g i n a  multiplicativ e fashio n wit h activatio n o n th e inpu t 
nodes .  Thi s metho d ca n incorporat e change s i n relevanc e du e t o th e particula r 
goal s bein g pursued . 
A particular method to control learning might be to focus on input values 
whic h hav e smal l  outgoin g weights ,  i n a  sens e bettin g tha t  th e informatio n t o b e 
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learned will have to do with the features already shown to be relevant in previous 
learning .  O f  course ,  whe n th e sam e networ k i s use d fo r  othe r  tasks ,  the n a  gatin g 
metho d wil l  b e require d a s propose d fo r  th e retrieva l  model ,  t o allo w th e curren t 
syste m goal s t o directl y impac t  whic h feature s sir e attende d to .  Thi s proble m o f 
selectin g feature s t o atten d t o i n learnin g ha s begu n t o receiv e som e interes t 
recently .  M .  Moze r  (persona l  communication ,  Marc h 1988 )  ha s begu n studyin g th e 
proble m usin g a  bootstrappin g learnin g procedur e tha t  attenuate s inpu t  value s 
wit h smal l  weights .  Th e result s ar e suggestive :  wit h nois y inputs ,  th e networ k 
decide s t o ignor e th e nois e input s befor e solvin g th e mapping ,  an d i n th e cas e o f 
redundan t  inputs ,  th e attentiona l  mechanis m select s on e an d shut s ou t  th e 
rediindan t  feature . 

It seems that people often have notions of what features may be important 
t o learnin g i n a  partictila r  domain .  Fo r  example ,  i n learnin g a  ne w vide o game ,  th e 
action s effectiv e i n killin g enemie s ten d t o b e predictabl e fro m common-sens e 
notion s o f  physica l  causaUt y (e.g. ,  yo u hav e t o b e i n a  linea r  positio n wit h th e 
targe t  fo r  a  sho t  t o hi t  it) .  T o th e exten t  tha t  th e actua l  gam e mechanic s violat e 
thes e notions ,  the y ma y b e increasingl y har d fo r  peopl e t o learn .  I n fact ,  th e les s 
fac e validit y t o th e rule ,  th e mor e ofte n peopl e ma y fa U t o perceiv e it s presenc e 
among th e possibl e factors .  Thi s i s a  drawbac k t o th e proces s o f  usin g defaul t 
expectation s fo r  th e relevanc y o f  features ;  however ,  i t  ma y b e mor e tha n 
compensate d fo r  b y th e abilit y  t o qxiickl y detec t  th e operatio n o f  mor e obviou s 
factors .  B y attendin g t o th e seemingl y relate d features ,  th e learnin g proces s ma y 
be "smartene d up "  an d spe d up ,  a t  th e cos t  o f  discoverin g nonintuitiv e o r  nove l 
connection s i n th e data .  Withi n huma n system s a t  least ,  th e gai n fro m attentio n i n 
spee d o f  learnin g ma y mor e tha n mak e u p fo r  missin g coimterintuitiv e o r  vmusua l 
patterns .  Utilizin g cognitiv e goal s t o affec t  th e attentio n pai d t o featvire s base d 
upon thei r  inferabl e connection s seem s a  promisin g approac h fo r  model s o f 
learnin g a s wel l  a s retrieval .  I  thin k th e combinatio n o f  networ k strength s (conten t 
addressing )  an d a  controllin g mechanis m (attentio n base d o n goal s o r  previou s 
learning )  i s a  promisin g metho d t o "smsuî n up "  th e behavio r  o f  network s i n 
retrieva l  an d spee d u p th e learnin g process . 
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Abstract 

Thi s pape r  aim s t o provid e a  vie w o f  th e rol e o f  analogica l  mappin g i n th e entir e proces s o f 

analogica l  proble m solving .  I n man y models ,  analogica l  mappin g i s responsibl e fo r  identifyin g 

th e analog y betwee n tw o problem s b y considerin g structura l  an d semanti c similarities .  However , 

give n a  non-trivia l  analog y problem ,  succes s o f  mappin g doe s no t  alway s guarante e successfu l 

transfe r  o f  analogy .  I n fact ,  ther e exis t  man y analog y problems ,  whic h succee d o n analogica l 

mappin g bu t  whic h fa U o n analogica l  transfer .  Whil e a  potentia l  mappin g betwee n problem s ca n 

be generated ,  tha t  mappin g migh t  no t  b e justifiabl e unti l  transfe r  fro m on e proble m t o anothe r 

i s attempted . 

We presen t  ou r  analogica l  mappin g metho d an d show  ho w i t  work s fo r  inter-domai n an d 

intra-domai n analogies .  W e demonstrat e severa l  analog y problem s i n whic h a  mappin g ca n b e 

generate d tha t  canno t  b e transferred .  W e als o compar e ou r  metho d t o tw o genera l  mappin g 

mechanisms ,  S M E an d A C M E,  an d sho w tha t  i t  perform s a t  leas t  a s well ,  an d sometime s bette r 

tha n eithe r  o f  thos e methods . 

Key Words: analogical problem solving, analogical mapping. 

1 Introduction 

This paper aims to provide a view of the role of analogical mapping in the entire process of 

analogica l  proble m solving .  Analogica l  proble m solvin g contain s a t  leas t  th e followin g component s 

Shi88,CM85,HT88] :  retrieva l  o f  a  plausibl y analogou s case ,  analogica l  mapping ,  an d analogica l 

transfer .  Th e ste p o f  analogica l  transfe r  ma y involv e modificatio n o f  a  previou s solutio n an d 

justificatio n o f  th e resul t  obtaine d befor e th e resul t  i s  transferre d [Shi88] . 

I n m a n y models ,  analogica l  mappin g i s responsibl e fo r  identifyin g th e analog y betwee n tw o 

problem s b y considerin g structura l  an d semanti c similarities .  However ,  give n a  non-trivia l  analog y 

problem ,  analogica l  mappin g b y itsel f  doe s no t  alway s guarante e tha t  a n analog y wil l  b e successful . 

Whil e i t  ca n produc e a  potentia l  mappin g betwee n problems ,  a  mappin g migh t  no t  b e justifiabl e 

unti l  transfe r  fro m on e proble m t o anothe r  i s attempted . 

I n thi s paper ,  w e illustrat e th e rol e o f  mappin g i n analogica l  proble m solvin g an d w e presen t  a 

hierarchica l  metho d o f  analogica l  mappin g tha t  i s base d primaril y o n similarit y o f  structures .  Th e 

metho d use s relativel y littl e semanti c information .  Instead ,  i t  relie s o n th e analogica l  transfe r  ste p 

t o determin e th e meri t  o f  a  potentia l  analogica l  mapping . 

We sho w ho w ou r  metho d work s fo r  inter-domai n an d intra-domai n analogies .  W e demonstrat e 

severa l  analog y problem s i n whic h a  mappin g ca n b e generate d tha t  canno t  b e transferred .  W e 

als o compar e ou r  metho d t o tw o genera l  mappin g mechanisms ,  Structure-Mappin g Engin e ( S M E ) 

[FFG86 ]  an d Analogica l  Constrain t  Mappin g Engin e ( A C M E )  [HT88] ,  an d sho w tha t  i t  perform s 

at  leas t  a s well ,  an d sometime s bette r  tha n eithe r  o f  thos e methods . 

'Thi s researc h ha s bee n supporte d i n par t  b y th e Arm y Researc h Institut e unde r  Contrac t  No .  MDA-903-86-C -
173,  i s  currentl y supporte d i n par t  b y NS F unde r  Gran t  No .  IST-8608362 ,  an d i n par t  b y Lockhee d A I  Cente r  unde r 
Gran t  No .  D T D 09-25-87 . 

738 



SHINN 

2 Analogical Mapping Algorithm 

Before introducing our algorithm, we need to clarify the problem of analogical mapping. Polya 

Pol54 ]  view s "analogy "  a s a  systemati c correspondenc e betwee n tw o system s preservin g certai n 

relations .  Fo r  hi s basi c typ e o f  analogy ,  Poly a define s analog y a s "similarit y o f  relations" ,  wher e 

relation s ar e simila r  i f  the y ar e governe d b y th e sam e laws .  H e illustrate s thi s wit h a n example : 

th e multiplicatio n o f  number s multiply(x,y )  i s  analogou s t o th e additio n o f  number s add(x,y )  i n 

th e sens e tha t  bot h multiplicatio n an d additio n ar e commutative .  I n othe r  words ,  tw o relation s 

multiply(a,b )  an d add(a,b )  ar e simila r  becaus e the y ar e governe d b y th e sam e commutativ e law : 

equals[OP(a,b),OP(b,a)] .  Interpretin g Polya' s definitio n o f  similarit y i n analogica l  proble m solving , 

"similarity "  i n problem s i s wha t  lead s t o simila r  effect s o n thei r  solutions .  Th e proble m her e 

i s that ,  withou t  knowin g beforehan d wha t  th e similarity' s effec t  wil l  b e o n th e solutio n t o th e 

targe t  problem ,  w e mus t  find  tha t  similarit y whic h ca n b e use d i n derivin g th e solution .  Thus , 

what  analogica l  mappin g doe s i s t o find  th e mos t  probabl e similarit y candidate s befor e transfe r  o f 

knowledg e fro m sourc e t o targe t  i s attempted . 

Our  analogica l  mappin g algorith m follow s Centner' s systematicit y principl e ([Gen83] ,  p .  163 ) 

i n tha t  i t  transfer s " a syste m o f  connecte d knowledge ,  no t  a  mer e assortmen t  o f  independen t  facts" . 

I n othe r  words ,  durin g mappin g betwee n structures ,  eve n th e highes t  orde r  predicate s m a y no t  b e 

mapped separatel y fro m thei r  lowe r  leve l  entities . 

I n dealin g wit h similarity ,  however ,  w e d o no t  accep t  Centner' s entir e theor y o f  structur e 

mapping .  I n ou r  mappin g scheme ,  tw o relation s whic h ar e structurall y simila r  (i.e. ,  th e curren t 

partonomic  role s i n bot h structure s ar e th e same )  wil l  no t  b e throw n out .  Fo r  example ,  accordin g 

t o Centner ,  tw o relation s equals[m.ultiply(a,b),multiply(b,a) J an d equals[add(a,b),add(b,a) J ar e no t 

mappabl e t o eac h othe r  becaus e th e highes t  leve l  predicate s ar e identica l  (i.e. ,  equals) ,  bu t  no t 

th e lowe r  leve l  predicate s (i.e. ,  ad d an d m,ultiply) .  O n th e othe r  hand ,  i n ou r  scheme ,  thes e ar e 

mappabl e becaus e thei r  hig h orde r  predicate s ar e th e sam e whil e th e lo w leve l  predicate s "add "  an d 

"multiply "  ar e structurall y simila r  du e t o thei r  simila r  role s i n th e whol e relations .  Burstei n [Bur8 6 

demonstrate s wit h hi s syste m C A R L th e necessit y o f  mappin g betwee n nonidentica l  relations , 

criticizin g Centner' s structur e mappin g whic h fail s o n thi s kin d o f  similarity . 

Anothe r  characteristi c o f  ou r  mappin g schem e i s hierarchica l  mapping .  Thi s i s frequentl y use d 

when problem s ar e represente d i n hierarchica l  structure .  I n fact ,  analog y betwee n problem s usuall y 

exist s a t  a n abstrac t  level .  Thus ,  mappin g start s a t  th e highes t  leve l  first  an d proceed s t o th e nex t 

lowe r  leve l  an d s o o n unti l  analog y break s down . 

I n ou r  scheme ,  th e entir e mappin g proces s i s a  recursiv e applicatio n o f  a  two-ste p hierarchica l 

mapping :  first  m a p th e tw o proble m structure s systematicall y unde r  structura l  similarit y an d the n 

decompos e the m int o th e nex t  lowe r  leve l  structure s (se e Figur e 1) .  Structura l  similarit y i s foun d 

not  onl y i n physica l  structure s bu t  als o i n functiona l  structures .  Functiona l  structure s ar e describe d 

by functiona l  object s an d relation s suc h a s functions ,  purposes ,  goals ,  constraints ,  conditions ,  an d 

states .  Fo r  example ,  a n ai r  conditione r  i s lik e a n electri c fa n becaus e thei r  to p leve l  function s 

ar e th e sam e (i.e. ,  excite-air) .  Anothe r  exampl e o f  analog y i s foun d betwee n societ y an d organis m 

becaus e the y ar e simila r  i n thei r  functiona l  organizations . 

As a  resul t  o f  analogica l  mapping ,  a n analog y m a p i s generate d fo r  tw o case s showin g correspon -

dence s betwee n bot h relation s an d thei r  objects .  A n analog y m a p represent s a  c o m m o n structur e 

betwee n sourc e an d targe t  structure s wit h a  bindin g lis t  betwee n sourc e an d targe t  elements .  Th e 

c o m m on structur e represent s a  c o m m o n proble m schem a whic h i s use d a s a  mediu m o f  transfe r  i n 

analogica l  proble m solvin g [Shi88,CM85] .  Fo r  example ,  analogica l  mappin g betwee n multiply(a,b ) 

and add(a,b )  generate s th e analog y m a p a s a  c o m m o n structur e OP(a,b )  wit h th e bindin g lis t  [(O P 

multipl y add) ]  meanin g tha t  ther e i s on e bindin g O P an d i t  bind s t o multipl y i n th e sourc e an d t o 
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Input :  A  sourc e cas e an d a  targe t  proble m 

Output :  A n analog y ma p ( A M A P ) 

AlgorithxQ : 

Recursiv e applicatio n o f  two-ste p hierarchica l  mapping : 

give n tw o proble m structures , 

1.  M a p the m systematicall y unde r  structura l  similarity : 

identif y component s whos e partonomi c role s i n bot h structure s ar e th e same ; 

map component s a s specificall y a s possibl e unde r  th e curren t  A M A P; 

i f  mappabl e 

the n ad d correspondence s betwee n component s t o A M A P 

els e retur n A M A P 

2.  Hierarchica l  refinement : 

decompos e th e curren t  leve l  int o th e nex t  lowe r  leve l  structures ; 

pai r  the m i n th e sam e partonomi c role s 

Figure 1: Analogical Mapping Algorithm 

add in the target. 

3 Related Work 

Centner's structure mapping theory with its implementation, SME [FFG86], demonstrates the 

importanc e o f  systematicit y i n interpretin g a n analogy .  But ,  i t  i s  ofte n criticize d becaus e o f  it s 

syntacti c approach . 

Many recen t  model s conside r  semanti c an d pragmati c characteristic s o f  analog y a s wel l  a s syn -

tzicti c informatio n t o guid e analogica l  mapping .  Fo r  instance ,  Burstei n [Bur86 ]  introduce s som e top -

down constraint s o n relation s an d primaril y relate s object s i n term s o f  thei r  functiona l  role s i n ana -

logica l  mapping .  Winston' s mappin g i s drive n b y importance-dominate d matchin g [Win80,Win82] ; 

importanc e i s mainl y determine d b y causa l  relation s i n th e situations . 

Holyoa k an d Thagard' s mappin g theor y [HT88 ]  attempt s t o tak e int o accoun t  al l  thre e di -

mension s o f  analogy :  syntax ,  semantic s an d pragmatics .  Thei r  progra m calle d A C M E compute s 

an analogica l  ma p b y mean s o f  constraint-satisfactio n base d o n five  heuristi c constraintŝ :  logica l 

compatibility ,  uniqueness ,  relationa l  consistency ,  semanti c similarity ,  an d rol e identity .  Semanti c 

and pragmati c informatio n hel p t o constrai n th e searc h fo r  th e mos t  plausibl e mapping .  But ,  th e 

proble m wit h thi s approac h i s tha t  ther e exis t  man y analog y problem s o n whic h suc h heuristic s d o 

not  wor k (a n exampl e wil l  b e show n i n Sectio n 5.1) . 

Our  mappin g algorith m i s simila r  t o S M E i n tha t  bot h enforc e systematicit y (a s show n i n th e 

previou s section) ,  bu t  differen t  i n tha t  our s map s predicate s unde r  similarit y b y functiona l  role s 

whil e S M E map s unde r  identity .  Our s i s als o simila r  t o Burstein' s an d A C M E i n tha t  i t  map s 

component s b y considerin g part-whol e relationships .  However ,  unlik e A C M E an d Winston's ,  muc h 

of  th e semanti c informatio n i s no t  explore d durin g mapping .  Rather ,  i t  wil l  b e checke d whe n th e 

knowledg e t o b e transferre d i s justifie d i n th e transfe r  step . 

'Severa l  o f  thes e constraint s wer e rename d i n a  late r  versio n o f  ACME [persona l  communicatio n wit h Keit h J . 
Holyoak ,  Ma y 1988] . 
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4 Applications of Analogical Mapping 

Analogical mapping is a step of predicting a plausible analogy, which will be tried for transfer. 

Durin g th e actua l  transfe r  attempt ,  mappin g result s ar e filtered  considerin g semanti c similarity . 

The followin g appHcation s sho w ho w thes e processe s ar e performed . 

The first  tw o application s o f  ou r  mappin g algorith m rel y o n similarit y i n physica l  structures : 

Sectio n 5. 1 show s analog y example s betwee n differen t  domains ,  whil e Sectio n 5. 2 compare s analogie s 

withi n th e sam e domain .  Thes e example s ar e als o use d t o compar e ou r  algorith m t o tw o genera l 

analogica l  mappin g mechanisms ,  S M E an d A C M E.  I n Sectio n 5.3 ,  a n applicatio n fro m th e JULI A 

projec t  show s a n exampl e i n functiona l  structures . 

4. 1 Inter-Domai n Examp le s 

Applying our analogical mapping algorithm, let's solve the problem ^[sinx - Inx] using the fol-

lowin g case : 

Problem: /[e' + l]di 

Solution :  e *  +  x  +  C 
Reasonin g steps :  Jle "  +  l]d x  ̂  J  e'd x +  J  1  d x = > e "  +  x  +  C 

When the mapping algorithm, in the first cycle, is appUed to the top level structures (i.e., ^^[sinz — 

Inx ]  an d /[e ^  +  l ]  dx) ,  i t  successfull y produce s th e analog y ma p 

r[f{x)OPg{x)] 

with bindings [(7 ^ /) (OP - +) (/(x) sinx e') {g{x) Inx 1)]. Since the first reasoning step of 

th e sourc e cas e predict s th e followin g analog y (i n a n abstrac t  form) : 

7[/(x) OPgix)] = Tifix)] OP nM] 

the target problem reduces as follows: 

d ,  .  .  ,  d  .  d  . 
-T -  s m X  — i n X  =  -; — s m x  r -  i n x 
dx d x d x 

I n th e nex t  cycle ,  th e mappin g betwee n th e nex t  lowe r  leve l  structure s /  e *  d x an d ̂  si n x  succeeds , 
but  analogica l  transfe r  betwee n thes e tw o fails .  Thi s i s th e leve l  wher e th e analog y break s dow n 

and th e mappin g proces s halts .  Thus ,  th e analog y betwee n th e abov e tw o case s reside s onl y a t  th e 

to p level .  Thi s exampl e show s th e utilit y  o f  hierarchica l  mappin g i n identifyin g analogy ,  sinc e th e 

analog y a t  highe r  level s o f  abstractio n ca n b e use d eve n thoug h ther e doe s no t  exis t  a  complet e 

analogy . 

Conside r  anothe r  proble m 
g2x+3 

using the same source case. It is similar to the first example in that mapping predicts 

g2x+3 ̂  g2 x  ̂  g 3 

However, this hypothesis is not correct; the correct transformation is e^*"*"' = e^* * e^. This example 

shows tha t  successfu l  analogica l  mappin g ma y no t  guarante e th e existenc e o f  analog y whe n semanti c 

similarit y i s missing .  Th e semanti c similarit y i s checke d usin g reasoning s simila r  t o thos e o f  th e 

sourc e case .  Thi s i s don e durin g th e proces s o f  analogica l  transfe r  t o justif y th e hypothesize d 

analogy .  (Se e [Shi88 ]  fo r  mor e discussio n o f  th e justificatio n problem. ) 

Let  u s appl y S M E an d A C M E t o th e first  analog y problem : 
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Target: ^[sinx - \nx 

Source :  /[e '  +  l]c/ i 

SME would fail to recognize this analogy because the two high level predicates ^ and / are not 

identical .  Thi s exampl e show s tha t  structura l  mappin g unde r  predicat e identit y i s to o strong .  I n 

A C M E,  th e logica l  compatibilit y  require s th e secon d argument s I n x  an d 1  t o b e th e sam e logica l 

kin d (e.g. ,  n-plac e predicate s t o n-plac e predicates ,  constant s t o constants) .  Becaus e thi s constrain t 

preclude s a  mappin g betwee n th e one-plac e predicat e In i  an d th e constan t  1 ,  A C M E woul d als o 

fai l  o n thi s analogy .  Thi s cas e suggest s tha t  semanti c an d pragmati c informatio n shoul d b e use d 

cautiousl y becaus e o f  thei r  heuristi c nature . 

4.2 Intra-Domain Examples 

Given a problem 

/ 
'  -.̂ y 

conside r  analogica l  mappin g problem s wit h eac h o f  th e followin g thre e cases . 

Case 1: 

Problem: / > ^ , dy 

Solution: sinh~^ v^ "*" ^ 

Case 2: 

Problem: / -^^=f dx 

Solution :  sin~ ^  x  +  C 

Case 3: 

Problem: / ; |_ ^ dz 

Solution :  sin~ ^  ; ^  +  ^ 

All three mappings succeed with our mapping algorithm because the three cases are all structurally 

simila r  t o th e targe t  problem . 

I n th e first  case ,  analog y transfe r  fro m cas e 1  t o th e targe t  proble m i s no t  possibl e (becaus e th e 

previou s reasonin g o f  cas e 1  i s no t  applicabl e t o th e targe t  problem) .  I n th e secon d ceise ,  transfe r 

fro m th e sourc e cas e i s no t  possibl e unti l  som e modificatio n i s performed .  Tha t  is ,  i n orde r  t o appl y 

th e solutio n o f  cas e 2  t o th e targe t  problem ,  th e for m \/ a — z ^  embedde d i n th e targe t  proble m 

need s b e transforme d t o th e for m v l  — i ^  i n cas e 2 .  I n th e thir d case ,  th e sourc e solutio n ca n b e 

transferre d t o th e targe t  domai n s o th e targe t  solutio n wil l  b e sin~ ^  -K -  +  C . 

Th e succes s o f  analogica l  mappin g lead s directl y t o analog y transfe r  i n th e thir d example .  Th e 

first  exampl e shows ,  however ,  tha t  th e succes s o f  mappin g ma y no t  guarante e successfu l  analog y 

transfer .  (I t  onl y predict s a  possibilit y  o f  transfe r  whic h shoul d subsequentl y b e verified. )  Further -

more ,  th e secon d exampl e show s tha t  eve n whe n analogica l  mappin g eventuall y lead s t o analog y 

transfer ,  successfu l  analogica l  mappin g m a y no t  directl y dictat e wha t  i s t o b e transferre d fro m th e 

sourc e cas e t o th e targe t  problem .  (I t  m a y onl y hin t  a t  wha t  i s t o b e transforme d i n orde r  t o reac h 

a transferabl e state. )  So ,  th e rol e o f  analogica l  mappin g i s t o identif y a  plausibl e analog y base d o n 

know n similarit y befor e transfe r  o f  analogica l  knowledg e fro m th e sourc e cas e t o th e ne w proble m 

i s attempte d [Shi88] . 
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Note that SME and ACME are similar to our mapping algorithm in that they will come up with 

successfu l  mapping s wit h al l  thre e cases .  Thi s show s that ,  eve n whe n A C M E consider s semanti c 

and pragmati c accounts ,  i t  i s  no t  abl e t o distinguis h analogie s whic h lea d t o analogica l  transfe r 

(i.e. ,  cas e 3 )  fro m analogie s whic h d o no t  (i.e. ,  case s 1  an d 2) .  I n othe r  words ,  A C M E i s no t  mor e 

powerfu l  tha n S M E an d our s i n dealin g wit h thes e three . 

4.3 An Application in JULIA 

Our analogical mapping mechanism is part of the case-based reasoner [Shi88] in JULIA, an in-

teUigen t  caterer' s advisor y syste m [CK86,Kol87] .  Eac h proble m cas e i n J U L I A ha s proble m an d 

solutio n parts .  Th e proble m par t  describe s it s proble m functionall y i n term s o f  goal s an d constraint s 

whil e th e solutio n par t  contain s a  solutio n pla n an d th e reasonin g history . 

Sinc e proble m case s ar e represente d i n a  hierarchica l  structure ,  J U L I A map s th e to p leve l 

proble m structure s first.  I t  trie s t o identif y similarit y betwee n tw o functiona l  structures .  I n a 

frame-base d representation ,  i t  i s  straightforwar d t o identif y th e sam e functiona l  component s (e.g. , 

goal s an d constraints) .  JUL I A start s mappin g wit h goal s betwee n problems :  i f  th e goal s full y 

match ,  th e mappin g proceed s t o constraints ;  i n cas e o f  a  partia l  match ,  whic h mean s som e goal s 

matc h bu t  other s d o not ,  onl y th e matche d goal s wil l  b e considere d fo r  possibl e transfer ;  otherwise , 

th e mappin g fails .  Mappin g the n proceed s t o constraint s o n onl y th e matche d goal s t o establis h 

correspondence s betwee n them .  Fo r  example ,  J U L I A woul d conside r  tw o cos t  constraint s L O W-

C O ST an d I N E X P E N S I V E ^  similar ,  becaus e the y ar e functionall y th e sam e i n tha t  the y bot h 

constrai n th e cost .  Then ,  shoul d L O W - C O ST an d E X P E N S I V E b e considere d similar ,  too ? J U L I A 

view s tha t  they ,  too ,  ar e functionall y simila r  du e t o th e sam e resison .  However ,  thes e d o no t  hav e 

as muc h i n c o m m o n semanticall y a s L O W - C O ST an d I N E X P E N S I V E . 

Thi s proble m wil l  b e resolve d durin g actua l  transfe r  an d ther e th e degre e o f  semanti c similarit y 

determine s th e degre e o f  learnin g involved .  Suppos e th e sourc e cas e mad e th e followin g inferenc e 

durin g it s proble m solving : 

If c-cost(LOW-COST) 

the n c-ingredient-cost(LOW-COST )  an d c-cooking(LOW-COST ) 

becaus e cos t  o f  dis h i s cos t  o f  ingredient s plu s cookin g cos t 

Then, during analogical transfer, JULIA will try to transfer the previous inference rule with the 

simila r  concep t  I N E X P E N S I V E usin g it s justificatio n ("because" )  clause .  I n othe r  words ,  J U L I A 

hypothesize s a  rul e substitutin g L O W - C O ST i n th e rul e fo r  I N E X P E N S I V E ,  seein g i f  th e justifi -

catio n previousl y use d i s similarl y applicable .  Sinc e th e justificatio n als o hold s fo r  th e targe t  case , 

th e ne w rul e wil l  b e transferred : 

If c-cost(INEXPENSIVE) 

the n c-ingredient-cost(INEXPENSIVE )  an d c-cooking(INEXPENSIVE ) 

becaus e cos t  o f  dis h i s cos t  o f  ingredient s plu s cookin g cos t 

However, if it were EXPENSIVE, the similar inference may not be true because not every ingredient 

need s t o b e expensiv e t o mak e a  dis h expensive . 

'INEXPENSIV E range s fro m lo w cos t  t o moderat e cos t  s o tha t  it s  meanin g i s slightl y broade r  tha n tha t  o f 
LOW-COST. 
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5 Summary and Conclusions 

We have shown that successful mapping may not guarantee successful transfer of analogy. Ana-

logica l  mappin g onl y predict s a  possibilit y  o f  transfe r  whic h shoul d subsequentl y b e verified .  Eve n 

when analogica l  mappin g eventuall y lead s t o analog y transfer ,  successfu l  analogica l  mappin g ma y 

not  directl y dictat e wha t  i s t o b e transferre d fro m th e sourc e cas e t o th e targe t  problem . 

An analogica l  mappin g algorith m ha s bee n introduce d a s a  recursiv e applicatio n o f  two-ste p hi -

erarchica l  mapping :  first  ma p th e tw o proble m structure s systematicall y unde r  structura l  similarit y 

and the n decompos e the m int o th e nex t  lowe r  leve l  structures .  Structura l  similarit y i s identifie d 

durin g thi s mappin g process ,  whil e semanti c similarit y i s  checke d durin g analogica l  transfer .  Thes e 

tw o processe s togethe r  guarante e th e correctnes s o f  analog y transfer . 
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Spatia l  attentio n an d subitizing : 

An investigation of the FINST hypothesis 

Lana Trick and Zenon Pylyshyn 

University of Western Ontario 

How are visual items counted? It seems obvious. You find an item, 

augment a counter and then mark the item as counted. When all of the items 

have been marked you say the counter value. If this were true, counting 

latency should be a simple function of the number of items. Reaction time 

should increase a constant amount with every additional item after one. 

This is not the case, however. Research dating from the 1870's on has 

shown that the reaction time increase is not uniform. When there are a 

small number of items, the slope is shallow, at most one tenth second. 

Thereafter, the slope increases to one third second. The subitizing range, 

usually 1-4 items, is the range in which the slope is shallow. The 

subitizing process is rapid, accurate, and effortless. Above the 

subitizing range, from 5 on, is the counting range. Counting is a slower, 

more effortful and error prone process. 

Why do subitizing and counting differ? First, a digression is 

required. It is well established that items differing from distractors by 

a primitive feature such as color, orientation etc., "pop out" in search 

tasks (Treisman and Gellade, 1980). For example, subjects detect the 

presence of a red item in a field of blue items in a time independent of 

the number of items in the display. In contrast, when an item is a 

different conjunction of features (eg. a red square in a field of red 

triangles and blue squares) or a subset (eg. an O in a field of Q's), 

search time depends on the total number of items. The standard 

interpretation is that a limited capacity spatial processor combines 
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features; an attentional "spotlight" is moved from location to location in 

order to form an integrated object representation. However, when an item 

differs from distractors by virtue of a simple feature attention is not 

required. Features are computed by parallel preattentive mechanisms, and 

thus "odd man out locations" pop out. Pylyshyn (1987;1986) proposed that a 

small number of pop out locations can be assigned internal reference 

tokens, FINSTS. FINSTS remain assigned to a feature cluster though its 

retinal position changes. Thus, FINSTS permit the construction of 

geostable spatiotopic representations from the retinotopic output of low 

level feature extraction processes. According to Pylyshyn, only FINSTED 

locations can be accessed by the attentive processes that combine features 

and compute abstract spatial relations (Ullman, 1985). What does this have 

to do with subitizing and counting? I would like to argue that subitizing 

is parasitic this preattentive "FINSTING" mechanism. Therefore, subitizing 

should not be possible when attention is required to disambiguate the items 

that need to be counted from distractor items. If the items to be counted 

differ from the distractors by a simple feature, however, subitizing should 

occur. Counting, on the other hand, a process that by its nature involves 

moving a spatial processor through a representation (Ullman, 1985), should 

be unaffected by the type of distractor. 

METHOD 

Subjects 

Nine graduate students, five female, participated for payments of 

twenty dollars. Each subject participated in every experimental condition. 

Apparatus and Materials 

Vocal response latencies were measured using a Gerbrands G1341 voice 

activated relay, while an Apple 11+ computer was used to display the 
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stimuli and record the data. 

The stimuli were displays of nap to 15 white letters on a black 

background. At most the letter display could cover a 5.97 by 4.2 degree 

area of visual angle. Letters each occupied .36 by .21 degrees and the 

minimal distance between letters was .73 horizontal and .36 vertical 

degrees when the subject was seated 110 cm from the video screen. 

Subjects were required to count letter O' s in a background of 

distractor letters. There were, in most cases, 1 to 8 O's and either 0, 2 

or 4 distractor letters. Catch trials were also included in which there 

were no O's or 9 O's, or 1, 3, or 7 distractor letters. In the Pop out 

condition the distractor letters were X's; pilot studies showed that O's 

clearly "pop out" of X's in search tasks. In the Attentive search 

condition the distractor letters were Q's; in accord with Treisman (1985) 

we found O's do not "pop out" of Q's. 

Procedure 

The experiment was run in two sessions. In one session subjects were 

required to count O's in a background of X's (Pop out condition) whereas in 

the other subjects were required to count O's in a background of Q's 

(Attentive search condition). See figure 1. Session order was 

counterbalanced. 

Each trial had four stages. First, during the 512 msec pre-trial 

interval, the screen went white and subjects were required to fxxate on a 

central green dot. The computer then beeped to signal the start of the 

trial. After 256 msec, the letter display appeared and remained on until 

subjects made a vocal response. Third, as soon as the timer registered the 

response the display disappeared and the screen turned white. Finally, 
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after 512 msec subjects were prompted to type in the number that they had 

said. Accuracy feedback was given. 

At the beginning of each session subjects were given 60 practise 

trials. 

RESULTS AND DISCUSSION 

To summarize, the ability to subitize seems to be eradicated when 

subjects have to attentively search for the target letters; when subjects 

count O's in a background of Q's they no longer seem capable of subitizing. 

The slope of the reaction time function remained constant throughout the 

1-8 range. When the targets pop out from the background, however, the 

ability to subitize is spared. Thus, when subjects count O's in a 

background of X's there is evidence of subitizing once more; the slope of 

the reaction time function in the 1-4 range is different than it is in in 

the 5-8 range. 

Reaction time analysis 

Averaged data. As can be seen from figure 2, both the number of O's 

and the number of distractors yielded effects on reaction time. In fact, 

analysis of variance revealed all main effects and interactions to be 

significant. Reaction times increased as the number of O's in the display 

increased(F(7,56)=515.5,p<.01). Overall, however, the increases were 

greater in the Attentive search session than the Pop out 

session(F(7,56)=48.l,p<.01). Further, number of distractors also affected 

reaction time; the more distractors the longer it took to 

count (F(2,16)=1392.2,p<.01) . Once again, though, number of distractors had 

a greater effect when the distractors were Q's then when they were 

X's(F(14,112)=7.8,p<.01). Finally, the deleterious effect of distractors 
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varied according to the number of O's and the type of 

distractors(F(14,112)=2.52, p<. 01) . 

Subitizing ranges were determined empirically through trend analysis. 

First, in order to determine if subitizing occured, trend analysis was 

performed on the entire range (1-8 O's) to find out if significant trends 

beyond the linear emerged. If the reaction time function showed no 

significant deviation from linearity then it was assumed that subitizing 

did not occur. However, if there were significant deviations from 

linearity it was necessary to find out where the trend emerged and if it 

was in the right direction. The point at which the reaction time function 

began to show significant positive quadratic trends was judged to be the 

boundary of the subitizing range. 

When there were 2 or 4 Q's in the display with the O' s no significant 

nonlinear trends in the reaction time emerged, although in both cases the 

linear trends were highly significant(linear F(1,64)=851.1,p<.01; 

nonlinear deviation F(6,64)<1; linear F (1,64)=884.7,p<.01; nonlinear 

deviation F(6,64)<1 for 2 and 4 distractors respectively). In contrast, 

when there were 2 or 4 X's in the display, subitizing was observed. 

Significant linear trends emerged but also significant deviations from 

linearity and quadratic trends(nonlinear deviation F(6,64)=2.29,p<.05; 

quadratic F(1,64)=9.8,p<.05; nonlinear deviation F(6,64)=2.28,p<.05; 

quadratic F(1,64)=11.23, p<.01 for 2 and 4 distractors respectively). In 

the two distractor condition the quadratic trend emerged at 5 whereas in 

the four distractor condition the quadratic trend didn't emerge until 6. 

Thus, subjects seem capable of subitizing up to 4 O's when there were 2 X's 

and up to 5 O's when there were 4 X's. Nonetheless, the results support 

the idea that subitizing items in a background is possible only when the 
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items "pop out" of the background items. 

As expected, subitizing was clearly shown whenever there were no 

distractors. In both the Pop out and Attentive search conditions there 

were linear and higher order trends (nonlinear F(6,64)=6.1, p<.01; 

quadratic F(l,64)=24.0, p<.01; nonlinear F (6,64)=4.73, p<.01; quadratic 

F(1,64)=11.8, p<.01 for Pop out and Attentive search respectively). In 

both cases the quadratic trend emerged at 5, indicating that subjects could 

subitize up to 4 O's when there were no distractors. 

Slopes of the functions were revealed through regression analysis. 

(See table 1). For subitizing, in the pop out condition there seemed to be 

a steady increase in the slope as the number of distractors increased, 

consistent with the notion of the cost of filtering(Treisman, Kahnemann and 

Burkell, 1983). The only significant slope differences were between no 

distractor and four distractor condition however; in the other cases 

estimated slopes fell within each other's 95% confidence interval. (For 

simplicity in the analysis subjects were assumed capable only of subitizing 

to 4 in the four distractor condition. Later analyses revealed that most 

subjects subitize to 4 in this condition). 

Surprisingly, when the subitizing slopes of the two no distractors 

conditions were compared, there were significant differences. The 

subitizing slope was significantly greater when subjects had no distractors 

in the Q distractor session than when there were no distractors in the X 

distractor session. 

As expected, few systematic trends -in the counting (5-8) range slopes. 

In all cases, counting slopes fell within each other's 95% confidence 

intervals. Thus, the type of distractor had little influence on the 
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counting slope. 

Individual analysis. Given that averaging across individuals might 

obscure subtle changes in slope, trend analyses were also performed on 

individual datasets. Results were consistent with findings from the 

averaged data. (See table 2). None of the subjects showed non-linear 

trends counting O's in a field of Q distractors. In contrast, most showed 

non-linear trends when counting O's in X's (Chi square(3)=14.0,p<.01). 

There are individual differences in where the quadratic trends emerge, 

however; some people seem subitize larger numbers than others. Although 

the majority of the subjects subitize to 4, there is some variability, and 

what's more, the greater the number of distractors the more variability 

there is. 

Error analysis 

Subjects made few errors. Nonetheless, condition, number of items, 

and number of distractors all had effects on the error rate. (See figure 

3). Subjects tended to make more errors when counting in the Attentive 

search condition(F(1,8)=8.9,p<.05). Also, the probability of error 

increased with the number of O's(F(7,56)=5.8, p<.01). Distractors also 

affected error rate (F(2,16)=4.06, p<.05). 

Conclusion 

As predicted, subitizing was not possible when attention was required 

to disambiguate items from the distractors but was in evidence otherwise. 

Subitizing seems to rely on preattentive mechanisms. Counting seems to 

require localized attention, however; thus distractor type had little 

effect on slopes. 
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Pop ou t  Conditio n 

( 2 distractors ) 

Attentiv e searc h Conditio n 

( 2 distractors ) 

Figur e 1 .  Countin g Display s 

/ 

753 



TRICK an d PYLYSHYN 

R 

T 

4 5 

Number  o f  0' s 

H 4  O' s 

s 2  O' s 

3650 + 

3450 - h 

3250 -

3050 - L 

285 0 4 -

2650 - h 

245 0 + 

2250 + :. :  0  n- S 

2050 + 

1650 + 
,-. ,  0  X' s 

1650 e 

M 50 - h 

1250 + 

1050 es 

850 -

450 ̂  

Figur e 2  •  Countin g latenc y average d acros s subjects . 

754 



TRICK an d PYLYSHYN 

5.0 y 

4.5- -

40-

35 

3.0 • • 

^  error s 2. 5 -

2.0 -

1 5 -

I.O -

0.5 -

'̂ ^  0  distroclor s 

— 2  distractor s 

•** •  4  distractor s 

0. 0 B -
1 

Nunbc r  o f  O' s 

Pop ou t  condition :  Countin g O' s i n th e backgroun d o f  X' s 

5.0-1 -

4 5 - • 

4. 0 •  • 

3. 5 • • 

3. 0 • • 

T.  error s 2. 5 -

2. 0 • • 

15 - • 

1.0 -

05-

0.0 o 
1 

••'' •  0  dislrector s 

'•'- •  2  distractor s 

^'  4  distractor s 

3 4  5 

Nujnbe r  o f  0  '  s 

A t t e n t i v e s e a r c h c o n d i t i o n :  C o u n t i n g O ' s i n a  bacI;grou;i d o f  Q s 

Figur e 3 .  Averag e numbe r  o f  error s i n countin g 

755 



TRICK an d PYLYSHYN 

Table 1 

Regression analysis of averaged counting latencies 

Slope 95% C.I. R 

SUBITIZING RANGE (1-4) 

Pop out condition: Counting O's in X's 

0 distractors 71.3 49-93 .75 

2 distractors 115.2 85 - 146 .80 

4 distractors 143.9 108 - 180 .81 

Attentive search: Counting O's in Q's 

0 distractors 148.4 123 - 173 .90 

2 distractors 

4 distractors 

COUNTING RANGE (5-8) 

Pop out condition: Counting O's in X's 

0 distractors 242.7 179 - 306 .80 

2 distractors 227.4 164 - 291 .78 

4 distractors 272.4 208 - 337 .83 

Attentive search: Counting O's in Q's 

0 distractors 252.5 194 - 310 .83 

2 distractors* 294.1 275 - 313 .96 

4 distractors* 293.5 274 - 313 .96 

•Becaus e ther e wa s n o evidenc e o f  subitizin g i n th e Attentiv e 
searc h conditio n wit h 2  o r  4  distractor s th e countin g rang e i s 
considere d t o b e 1-8 . 
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Table 2 

Trend analysis of individual datasets 

Nuii±>er of subjects showing non-linear, quadratic trends in RT 

Pop ou t  conditio n 

0 distractors 9/9 

2 distractors 7/9 

4 distractors 7/9 

Attentiv e searc h conditio n 

7/9 

0/9 

0/9 

Individua l  breakdow n o f  subitizin g rang e 

POP OUT CONDITIO N 0  distractor s 2  distractor s 4  distractor s 

Tota l  subject s (N=9 ) 

No. who subitize to 3 2 

No. who subitize to 4 7 

No. who subitize to 5 

No. who subitize to 6 

(N=7 ) 

1 

5 

1 

(N=7 ) 

1 

3 

2 

1 

ATTENTIVE SEARCH 0 distractor s 

Tota l  subject s (N=7 ) 

No. who subitize to 3 1 

No. who subitize to 4 6 
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Introduction 

We propos e a  learnin g mode l  o f  norma l  reactiv e depressio n an d describ e D E P (Depressio n 

Emulatio n Program) ,  a  compute r  simulatio n o f  selecte d aspect s o f  informatio n processin g i n 

depression .  Behavior s w e addres s includ e th e rol e o f  stable ,  internal ,  an d globa l  failure s i n 

triggerin g depression ,  increased  objectivity ,  th e cognitiv e loop ,  fluctuation s o f  self-describin g 

adjectives ,  an d decrease d motivation .  Thes e behavior s ar e consisten t  wit h th e hypothesi s tha t 

reactiv e depressio n involve s controlle d processin g o f  th e self-schem a i n orde r  t o lear n ne w 

automati c emotiona l  processe s fo r  directin g attentio n t o goal s an d plans . 

Occasiona l  mil d depressio n m a y b e a n adaptiv e respons e t o a  changin g environmen t 

(Klerman ,  1987) .  Emotion s narro w attentio n t o personall y relevan t  inference s (d e Sousa , 

1987) .  I n natura l  languag e understanding ,  emotiona l  contex t  provide s powerfu l  constraint s fo r 

understandin g th e goal s an d plan s o f  character s i n narrativ e (Dyer ,  1983) .  I n cognitiv e 

psychology ,  emotion s hav e bee n hypothesize d t o motivat e th e selectio n o f  situationall y an d 

personall y relevan t  goal s (Simon ,  1967) .  W e theoriz e tha t  th e nondepresse d perso n goe s abou t 

hi s dail y activitie s wit h largel y automati c emotiona l  response s directin g attentio n t o goal s an d 

plans .  A  depresse d person ,  however ,  seem s t o requir e muc h effor t  i n orde r  t o carr y ou t  th e 

s a me activities .  Afte r  a  failur e (losin g a  job ,  fo r  example) ,  a  perso n ma y hav e t o adop t  ne w 

automati c strategies ,  an d reactiv e depressio n ma y actuall y facilitat e th e discardin g o f  obsolet e 

behavior s an d th e formatio n o f  ne w ones .  Durin g thi s reformation ,  automati c processin g o f  th e 

self-schem a ma y b e suspende d i n favo r  o f  mor e slow ,  effortful ,  an d sequentia l  processing . 

D EP i s a  progra m embodyin g a  computationa l  learnin g theor y o f  adaptiv e reactiv e depressio n 

(transien t  depresse d m o o d followin g a n environmenta l  event ;  al l  reference s t o depressio n 

herei n wil l  b e t o thi s specifi c  type) .  I n th e nondepresse d state ,  D E P direct s attentio n rapidl y 

an d effortlessl y (automati c processing) ,  withou t  environmenta l  feedback .  I n th e depresse d 

state ,  D E P direct s attentio n slowl y an d effortfull y  (controlle d processing) ,  whil e 

environmenta l  feedbac k modifie s attention-directin g emotiona l  responses .  D E P model s attentio n 

directio n usin g a  connectionis t  discriminatio n network ,  DEP' s analo g o f  th e self-schema . 

Automati c networ k descen t  i s achieve d whe n eac h nod e i n th e descen t  pat h ha s sufficien t 

activation .  I n controlle d descent ,  insufficien t  activatio n lead s t o slo w sequentia l  searc h fo r  a 

correc t  descen t  path .  W h e n a  correc t  pat h i s found ,  DEP' s weight s ar e adjuste d t o increas e th e 
activatio n leve l  o f  th e pat h i n respons e t o futur e inputs .  Thus ,  controlle d descen t  o f  DEP' s self -

schem a i s instrumenta l  i n th e developmen t  o f  futur e correc t  automati c responses .  D E P i s no t 

base d o n a  theor y o f  clinica l  depression .  However ,  a  mode l  o f  "normal" ,  reactiv e depressio n 

may b e a  usefu l  intermediat e ste p towar d a  computationa l  mode l  o f  "pathological "  depression . 

Automati c an d Controlle d Emotiona l  Processin g o f  th e Self-Schem a 

We us e tw o concept s fro m cognitiv e psycholog y i n ou r  mode l  o f  depressiv e informatio n 

processing :  th e self-schem a (Marcus ,  1980), _ an d automati c an d controlle d processin g 

(Schneide r  &  Shiffrin ,  1977 ;  Shiffri n &  Schneider ,  1977 ;  Schneide r  e t  al. ,  1984 ;  Schneide r 

& Detweiler ,  1987) .  Th e self-schem a i s a  hierarchica l  representationa l  syste m fo r  encoding , 

organizing ,  an d retrievin g declarativ e an d procedura l  informatio n abou t  th e self .  I t  goe s unde r  a 

variet y o f  names :  self-concep t  (Shavelson ,  1986) ,  syste m concep t  (Carve r  &  Scheier ,  1986) , 

self-schemat a (Marcus ,  1980) ,  an d self-schem a (Coyn e &  Gotlib ,  1983) .  W e hypothesiz e tha t 

th e self-schem a ca n exis t  i n a n automati c (nondepressed )  o r  controlle d (depressed )  state .  A n 

automati c proces s occur s a s a  "fast ,  parallel ,  effortles s proces s tha t  i s no t  unde r  th e direc t 
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subject control, and is responsible for the performance of well-developed skilled behavior." 

(Schneide r  e t  al. ,  p .  1 ,  1984) .  Controlle d processin g i s a  "slow ,  generall y serial ,  effortful , 

capacity-limited ,  subject-regulate d processin g m o d e tha t  mus t  b e use d t o dea l  wit h nove l  o r 

inconsisten t  information. "  (Schneide r  e t  al. ,  p .  2 ,  1984) .  Learnin g ne w automati c processe s 
require s controlle d processing . 

We conceiv e o f  th e self-schem a a s a  hierarch y o f  attribute s an d procedure s enablin g a 

perso n t o selec t  goal s an d plan s specialize d fo r  importan t  socia l  role s (ac t  attentiv e i n class , 

tak e notes ,  ac t  culture d a t  th e opera ,  commen t  o n th e qualit y o f  th e singing ,  etc. )  base d o n stabl e 

self-attribute s (degree s o f  intelligence ,  attractiveness ,  lovableness ,  etc.) .  "fvlotivated " 

(intensel y an d persistentl y goal-directed )  behavio r  occur s whe n a n individua l  automaticall y 

traverse s th e self-schem a fro m th e to p t o th e botto m t o arriv e a t  a  lea f  nod e wit h executabl e 

plans .  Figur e 1  i s a  prototypica l  self-schema .  Environmenta l  feature s suc h a s i t  bein g a 

workda y an d bein g hungr y activat e node s i n th e self-schema .  Th e weight s betwee n th e uppe r 

node s an d th e intermediat e node s encod e self-attributes ,  suc h a s "hardworking "  an d 
"ambitious" .  Th e termina l  node s activat e plan s lik e gettin g ou t  o f  bed ,  goin g t o work ,  an d 

askin g th e bos s t o lunch .  Th e self-schem a i s use d lik e a  discriminatio n networ k (Feigenbau m & 

Simon ,  1984) .  Fo r  example ,  a  perso n whos e self-schem a strongl y encode s "hardworking "  an d 

"ambitious "  self-description s wil l  automaticall y g o t o wor k an d as k th e bos s t o lunc h i f  i t  i s  a 

weekda y lunchtime . 

Decidin g whic h ar c t o tak e durin g downwar d traversa l  o f  th e self-schem a require s a n 

"emotional "  reactio n t o pla n outcome s (woul d th e outcom e mak e on e happy ,  unhappy , 

frustrated ,  angry ,  etc.?) .  Th e pat h selecte d depend s o n outcome s o f  previousl y selecte d goal s 
and plan s i n simila r  situations .  Normall y th e traversa l  fro m th e to p t o th e botto m o f  th e self -

schem a i s automati c an d self-schem a behave s i n a  stereotypica l  manner ,  a s i n familia r  socia l 
roles ,  effortlessl y directin g attentio n t o self-relevan t  goal s an d plans ,  an d creatin g defaul t 
expectation s fo r  th e result s o f  actions .  However ,  i f  th e individua l  fail s  i n a n importan t  socia l 
role ,  perhap s habitua l  behavio r  wa s no t  flexibl e enough ,  attentio n wa s misdirected ,  o r  wron g 

expectation s wer e generated .  Persona l  failur e (fo r  example ,  askin g th e bos s t o lunc h an d bein g 
tol d yo u ar e i n dange r  o f  bein g fired )  i s normall y a  nove l  situatio n requirin g a  flexibl e respons e 

involvin g controlle d processing .  Counter-actin g th e failur e ma y requir e controlle d processin g 

t o block ,  change ,  o r  trigge r  automati c processes .  Creatio n o f  new ,  les s failur e prone ,  automati c 
emotiona l  processe s require s controlle d processin g o f  th e self-schema . 

A majo r  theor y o f  depressiv e cognitio n ca n b e understoo d i n thi s light .  Accordin g t o th e 
revise d learned-helplessnes s mode l  (Seligman ,  1984) ,  depressio n occur s whe n peopl e explai n 

negativ e persona l  outcome s i n term s o f  stable ,  internal ,  an d globa l  factors .  Failur e usuall y 
require s specifi c  attribution s t o trigge r  depression .  I n term s o f  ou r  hierarchica l  self-schem a 

and it s rol e i n focusin g attentio n o n appropriat e goal s an d plan s suc h a  mechanis m make s sense . 

We woul d onl y wan t  t o chang e suc h a  representatio n i f  th e failur e i s attribute d t o stabl e factor s 

("M y performanc e wil l  continu e t o disappoin t  th e boss") ,  interna l  factor s (" I  coul d hav e 

prevente d hi s dissatisfaction") ,  an d t o globa l  factor s (" I  hav e simila r  problem s i n othe r  area s 
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of my life"). To the degree that failure meets these criteria, controlled processing should be 

allowe d t o modif y an d reautomat e ho w w e se e ourselve s an d wha t  policie s w e pursue . 

A cognitiv e mode l  o f  depressio n shoul d explai n th e cognitiv e loop ,  th e sequenc e o f  failure -

relate d memorie s an d thought s consumin g th e depresse d person' s attention .  Thi s cognitiv e loo p 

ha s bee n explaine d i n term s o f  th e networ k structur e o f  episodi c an d emotiona l  memor y (Bower , 

1981 ;  Ingram ,  1984) ,  an d th e evokin g o f  emotionall y relate d memorie s (Blaney ,  1986) . 

Memorie s acquire d durin g a  particula r  emotiona l  stat e becom e attache d t o emotio n "nodes" . 

Experiencin g a n emotio n activate s memorie s associate d wit h th e emotion ,  leadin g t o "moo d 

congruent "  m e m o r y retrieval .  A  failur e produce s th e subjectiv e experienc e o f  bein g reminde d 

of  a  serie s o f  unpleasan t  memorie s involvin g simila r  failures .  Consciousl y experiencin g eac h 

unpleasan t  m e m o r y evoke s anothe r  m o o d congruen t  memor y an d th e cycl e become s self -

perpetuating . 

What  i s th e significanc e o f  th e cognitiv e loop ? O n e answe r  m a y li e i n th e rol e o f  repetitio n 

i n automation .  Whil e controlle d processe s ma y sugges t  change s i n th e self-schema ,  fo r  thes e 

change s t o becom e automati c th e self-schem a mus t  b e traine d agains t  a  databas e o f  relevan t 

examples .  Give n a  self-schem a whos e structur e i s base d o n pragmati c an d emotiona l  knowledge , 

m o od congruen t  memor y retrieva l  ma y serv e a s a n inde x int o memorie s o f  previou s event s mos t 

simila r  t o th e persona l  failur e triggerin g th e depression .  Th e cognitiv e loo p occur s becaus e o f 

th e repetitiv e natur e o f  "tuning "  th e self-schem a agains t  a  databas e o f  tes t  cases . 

Suppor t  fo r  th e vie w tha t  reactiv e depressio n involve s a  malleabl e self-schem a ca n b e foun d 

i n th e phenomeno n o f  slo t  rattling .  W h e n aske d t o asses s themselve s i n term s o f  a  lis t  o f 

adjectives ,  th e mildl y depresse d individua l  select s mor e negativ e adjective s o n average , 

howeve r  day-to-da y fluctuation s occu r  (Ross ,  1985) .  W e woul d reasonabl y expec t  thi s 

variatio n i f  thes e adjective s reflecte d changin g generalization s abou t  ourselves . 

A mode l  o f  depressio n a s th e inductiv e restructurin g o f  th e self-schem a partiall y  explain s 

an interestin g observation .  Accordin g t o a  majo r  theor y o f  depressiv e cognition ,  negativ e 

schemat a distor t  experienc e t o suppor t  a  negativ e vie w o f  th e depresse d individual ,  th e 

situation ,  an d th e futur e (Beck ,  1979) .  Whil e thi s theor y i s formulate d wit h respec t  t o 

clinica l  depression ,  i t  i s  intriguin g tha t  mildl y depresse d peopl e ar e actuall y mor e objectiv e 

abou t  thei r  performanc e a t  a  variet y o f  task s tha n nondepresse d peopl e (Allo y &  Abramson , 

1979 ;  Coyn e &  Gotlib ,  1983 ;  Gile s &  Shaw ,  1987) .  Thi s ma y b e explaine d b y hypothesizin g 

tha t  mildl y depresse d peopl e pa y mor e attentio n t o informatio n relevan t  t o th e modificatio n an d 

reautomatio n o f  th e self-schema .  Objectiv e assessment s abou t  ho w wel l  a  tas k i s performed  ar e 

par t  o f  th e multitud e o f  observation s use d t o inductivel y reconstruc t  th e self-schema . 

Metaphorically ,  th e self-schem a i s a  hierarchica l  edific e restin g o n a  foundatio n o f  observation s 

of  individua l  interaction s wit h th e world .  Lik e th e constructio n o f  a  scientifi c  theory ,  it s 

validit y rest s o n th e objectivit y o f  individua l  experimenta l  observations . 
A ubiquitou s phenomen a i n depressio n i s los s o f  motivation .  I n ou r  model ,  thi s los s o f 

motivatio n correspond s t o th e los s o f  automaticit y o f  th e descen t  o f  th e self-schema .  Automati c 

emotiona l  response s t o a  situatio n ceas e t o automaticall y an d effortlessl y formulat e appropriat e 
goal s an d plans .  The y requir e th e effortfu l  allocatio n o f  attention .  W e ca n conceiv e o f 

motivatio n a s a  kin d o f  "volunteerism "  o n th e par t  o f  subportion s o f  th e self-schema .  Hig h i n 

th e hierarchy ,  a  nod e migh t  correspon d t o "gettin g u p i n th e morning" ,  a  prerequisit e fo r  al l 

subsequen t  activitie s o f  th e day .  Lowe r  i n th e hierarch y a  nod e migh t  correspon d t o "g o t o 

work" .  Normall y w e ge t  ou t  o f  bed ,  g o t o work ,  an d star t  conversation s "automatically" . 

Durin g depressio n thes e response s ar e n o longe r  automatic ,  an d directin g attentio n t o 

appropriat e goal s an d plan s become s effortful .  Descendin g th e self-schem a require s allocatio n 

of  attentio n awa y fro m othe r  tasks .  I n th e mil d periodi c depressio n tha t  w e ar e theorizin g 

about,  thi s ma y b e mor e o f  a  featur e tha n a  flaw .  W e shoul d no t  b e motivate d t o perfor m task s 
usin g a n attention-directin g syste m tha t  ha s recentl y failed ,  i s  undergoin g modification ,  an d 

may b e preoccupie d wit h a  strea m o f  failure-relate d thought s an d memories . 

Depressio n Emulatio n P rog ra m 

D EP i s a  compute r  simulatio n consisten t  wit h tw o set s o f  constraints .  I t  mus t  reflec t  th e 
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central hypothesis that reactive depression is a form of failure-triggered controlled processing 

of  th e self-schema .  I t  mus t  als o exhibi t  a  se t  o f  empiricall y observe d depressiv e behaviors .  W e 

wil l  describ e DEP' s architectur e whil e illustratin g it s gros s behavior . 

D EP ha s tw o subprograms :  S S ,  fo r  Self-Schema ,  an d P E A M,  fo r  Pragmatic-Emotiona l 

Associativ e Memory .  S S i s a  connectionis t  discriminatio n networ k wit h environmenta l  input s 

(Figur e 2 ,  SS) .  Th e weight s connectin g SS' s node s wit h eac h othe r  an d th e environmen t 

represen t  th e potential s fo r  emotiona l  reaction s elicite d b y input s fro m th e environment .  A 

descending ,  activate d pat h t o a  lea f  nod e i s analogou s t o a n emotiona l  stat e (fo r  example ,  th e dar k 

pat h i n Figur e 2) ,  an d th e associate d goals ,  plans ,  an d expectation s ar e accesse d b y activatin g 

th e lea f  node .  Descen t  i s eithe r  "automatic "  o r  "controlled" ,  dependin g o n whethe r  D E P i s i n a 

"nondepressed "  o r  "depressed "  state .  Th e implementatio n o f  DEP' s automati c processin g i s 

base d o n insight s afforde d b y a  sophisticated ,  an d biologicall y plausible ,  compute r  simulatio n o f 

automati c an d controlle d processin g (Schneider ,  1987 )  an d wil l  b e discusse d whe n w e describ e 

DEP' s analo g o f  decrease d motivatio n i n depression .  D E P ca n adap t  t o a  changin g environmen t  b y 

changin g th e weight s connectin g SS' s node s t o eac h othe r  an d th e environment ,  whic h i s 

analogou s t o learnin g ne w emotiona l  response s fo r  directin g attention . 

P E AM i s a n associativ e networ k linkin g S S lea f  node s t o S S input s (Figur e 2 ,  P E A M ) .  Usin g 

a simpl e learnin g rule ,  PEAM' s weight s ar e continuousl y adjuste d unti l  i t  ca n predic t  th e 

environmenta l  input s tha t  produc e particula r  S S responses .  Give n a n S S output ,  P E A M ca n 

reproduc e th e input s t o S S tha t  shoul d caus e it .  Thi s allow s P E A M t o b e use d t o retrai n SS' s 

response s usin g a  mode l  o f  th e environment ,  instea d o f  th e environmen t  itself .  Retrainin g a 

self-schem a wit h a  mode l  o f  th e environmen t  ha s tw o advantages .  Th e mode l  ca n selec t  mor e 

relevan t  trainin g inputs ,  an d learnin g wit h a  mode l  i s les s dangerou s tha n learnin g wit h th e rea l 

thing .  PEAM' s associativ e structur e ca n b e use d t o trigge r  S S controlle d processin g an d the n t o 

p'rovid e input s mos t  effectiv e fo r  modifyin g S S (discusse d below) . 

Figur e 3  display s si x statistic s calculate d wit h respec t  t o a  D E P simulatio n run .  A  trainin g 

epoc h i s on e exposur e t o eac h possibl e environmenta l  input .  S S an d PEAM' s weight s ar e 

initiall y  se t  t o smal l  rando m number s an d adjuste d wit h simpl e learnin g rule s unti l  S S 

produce s correc t  output s t o environmenta l  input s E q an d P E A M produce s correc t  input s t o S S 

give n th e S S output s (Figur e 3 ,  Eq) . 

DEP' s analo g o f  a  failur e (Figur e 3 ,  (1) )  i s  th e generatio n o f  a n incorrec t  respons e t o 

environmenta l  inputs .  W e ca n precipitat e a  failur e b y abruptl y changin g DEP' s environmen t 

fro m E q t o E i  (Figur e 3 ,  "Environmenta l  Change") .  Thi s i s analogou s t o a  persona l  failur e 

cause d b y a n automati c misdirectio n o f  attentio n t o inappropriat e goal s an d plans .  However ,  a 
singl e failur e shoul d no t  induc e D E P t o modif y an d reautomat e it s attention-directin g weights . 

The failur e mus t  mee t  th e sam e criteri a tha t  predic t  vulnerabilit y  t o depressio n i n humans .  I t 
must  b e stable ,  internal ,  an d globa l  (Figur e 3 ,  (2)(3)(4)) .  Th e failur e mus t  b e likel y t o 

reoccu r  (stabl e failure) .  Th e failur e mus t  b e avoidabl e b y changin g DEP' s self-schem a 
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(internal failure). The cause of the failure must potentially affect many different leaf nodes 

(globa l  failure) .  Al l  thre e o f  thes e criteri a fo r  triggerin g DEP' s reactiv e depressio n ca n b e 

achieve d b y usin g tota l  R E A M activatio n t o trigge r  controlle d processin g o f  DEP' s self-schema . 

P E AM accept s input s an d use s a n interactiv e activatio n an d competitio n paradig m 

(McClelland ,  1981 )  t o settl e int o a n equilibriu m state .  PEAM' s tota l  activatio n depend s o n ho w 

m u ch inpu t  i t  receives ,  wher e i t  receive s th e input ,  an d ho w strongl y individua l  node s activat e 

or  suppres s eac h other .  Eac h tim e S S encounter s a  se t  o f  input s an d activate s a  lea f  node ,  P E A M 

i s activate d wit h a n inpu t  correspondin g t o SS' s response .  W h e n S S i s wron g an d ca n fin d a 

correc t  response ,  th e P E A M nod e associate d wit h th e correc t  respons e i s als o activated .  I f  S S i s 

wron g onc e ( a non-stabl e failure) ,  P E A M wil l  no t  achiev e a  larg e activatio n becaus e PEAM' s 

weight s hav e no t  ha d tim e t o converg e t o a  ne w mode l  o f  th e environment .  I f  S S canno t  fin d a 

correc t  respons e ( a non-interna l  failure) ,  P E A M wil l  no t  achiev e a  larg e activatio n becaus e 

P E AM doe s no t  receiv e th e secon d input .  I f  th e tw o input s (Figur e 2 ,  "Fals e Negativ e Path "  an d 

"Fals e Positiv e Path" )  ar e to o simila r  ( a non-globa l  failure) ,  P E A M wil l  no t  achiev e a  larg e 

activatio n becaus e no t  enoug h node s ar e activated .  Thu s w e ca n "gate "  controlle d processin g o f 

DEP' s self-schem a accordin g t o th e criteri a tha t  a  failur e mus t  b e stable ,  internal ,  an d globa l 

by establishin g a  threshol d activatio n fo r  DEP' s analo g o f  emotiona l  memory .  W h e n P E A M 

activatio n (Figur e 3 ,  (2)(3)(4) )  reache s threshold ,  DEP' s depressio n commences .  P E A M 

trigger s DEP' s depressio n b y increasin g a  paramete r  (G )  tha t  increase s th e sensitivit y o f  SS' s 

weight s t o feedbac k fro m th e environmen t  abou t  SS' s performance . 

DEP' s analo g fo r  degre e o f  objectivit y (Figur e 3 ,  (5) )  durin g reactiv e depressio n i s th e 

effec t  o f  a  learnin g signa l  use d t o chang e S S weight s base d o n th e differenc e betwee n SS' s actua l 

an d desire d outpu t  ( a delt a rule) .  Sinc e increase d sensitivit y t o difference s betwee n actua l  an d 

desire d performanc e i s on e kin d o f  objectivity ,  increasin g th e effec t  o f  th e learnin g signa l  ha s 

th e effec t  o f  increasin g DEP' s analo g o f  objectivit y i n th e servic e o f  accurat e self-schem a 

modification .  Activatio n o f  SS' s node s use s a  standar d logisti c functio n (Rumelhar t  & 

McClelland ,  1986) ,  containin g a n additiona l  parameter ,  G ,  divide d int o th e ne t  inpu t  an d 

controllin g th e slop e o f  th e sigmoida l  outpu t  o f  th e logisti c function .  A  smal l  G  result s i n 

extremel y hig h o r  lo w S S nod e activation ,  an d S S weight s tha t  ar e insensitiv e t o th e learnin g 

signal .  A  larg e G  result s i n S S nod e activation s nea r  zero ,  an d S S weight s tha t  ar e ver y sensitiv e 

t o th e learnin g signal .  Decreasin g G  result s i n automati c descen t  o f  DEP' s self-schem a becaus e 

al l  S S nod e activation s ar e large r  tha n a  minimu m threshold .  Increasin g G  result s i n controlle d 

descen t  becaus e nod e activation s fal l  belo w minimu m threshold s an d S S node s mus t  b e 

sequentiall y  searche d t o fin d th e correc t  descen t  path .  A  smal l  G  i s necessar y fo r  highl y 

automate d response s t o a  relativel y stati c environment .  A  larg e G  i s necessar y fo r  learnin g ne w 

weigh t  configuration s i n a  changin g environment .  DEP' s analo g o f  emotiona l  memory ,  P E A M, 

trigger s modificatio n an d reautomatio n o f  DEP' s self-schem a b y increasin g G  an d allowin g i t  t o 

deca y t o zero .  However ,  P E A M wil l  onl y trigge r  controlle d processin g i f  th e failur e i s stable , 

internal ,  an d global ,  th e s a m e predictor s fo r  vulnerabilit y  t o depressio n i n humans . 

DEP' s analo g o f  th e cognitiv e loo p (Figur e 3 ,  (6) )  i s  th e inpu t  fro m P E A M t o S S providin g 

trainin g case s fo r  modifyin g SS' s weight s (Figur e 2 ,  "Cognitiv e Loop") .  Activatin g P E A M wit h 

input s fro m SS' s fals e positiv e an d fals e negativ e lea f  node s create s a  coalitio n o f  positivel y 

activated ,  simila r  lea f  nodes .  Thes e ar e exactl y th e lea f  node s (alon g wit h thei r  associate d input s 

t o S S )  mos t  usefu l  fo r  modifyin g an d reautomatin g DEP' s self-schema .  Member s o f  thi s 

coalitio n ar e randoml y selecte d t o generat e appropriat e input s an d learnin g signal s fo r  S S .  Thi s 

sequenc e o f  failure-relate d input s t o S S ,  i n th e absenc e o f  actua l  input s fro m th e environment , 

i s  DEP' s analo g o f  th e cognitiv e loop ,  th e sequenc e o f  failure-relate d thought s an d memorie s 

preoccupyin g th e mildl y depresse d person . 

DEP' s analo g o f  slo t  rattlin g (Figur e 3 ,  (7) )  i s  th e increase d weigh t  variatio n accompanyin g 

a larg e learnin g signa l  an d easil y change d weights .  Sinc e slo t  rattlin g ma y b e a  sig n o f  increase d 

self-schem a malleability ,  the n increase d weigh t  variatio n i n DEP' s self-schem a i s a  reasonabl e 
analo g fo r  th e slo t  rattlin g observe d i n huma n depression .  Weigh t  variatio n i n DEP' s self -

schem a i s especiall y sever e i f  th e environmen t  i s nois y an d inconsistentl y reward s an d punishe s 

th e sam e response . 
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DEP's analog of lack of motivation (Figure 3, (8)) is SS's lack of automaticity. Assuming 

"motivation "  i s h o w forcefull y an d persistentl y attentio n i s directe d t o particula r  goals , 

motivatio n i s ho w automaticall y goal s ar e pursued .  I f  a n S S nod e (Figur e 2 ,  branc h point s i n 

"Self-Schema" )  achieve s activatio n abov e a  minimu m threshold ,  the n i t  "automatically " 

transmit s thi s activation ,  i n parallel ,  t o it s daughte r  node s a t  th e nex t  leve l  down .  I f  a n 

activatio n fall s  belo w th e minimu m threshold ,  th e nod e mus t  wai t  fo r  a n externa l  "controlling " 

signa l  t o transmit .  Increasin g G  increase s feedbac k fro m th e environmen t  a t  th e sam e tim e i t 

cause s al l  activation s t o mov e towar d zero .  A s activation s dro p belo w minimu m thresholds , 

mor e an d mor e externa l  controllin g signal s ar e necessar y t o achiev e descen t  dow n DEP' s self -

schema .  Th e externa l  controllin g signal s (presumabl y requirin g a n "effortful "  allocatio n o f 

attention )  ar e necessar y t o affec t  a  sequentia l  searc h fo r  a  correc t  descen t  path .  A s G  decay s 

bac k t o zero ,  activation s increas e an d descen t  o f  DEP' s self-schem a become s mor e automatic ,  o r 

"motivated" .  Thus ,  D E P mus t  pas s throug h a  phas e o f  controlle d processin g t o lear n ne w 

automati c processes .  I n orde r  fo r  D E P t o chang e fro m on e se t  o f  motivated ,  bu t  incorrect , 

behavior s t o a  ne w se t  o f  equall y motivated ,  an d correct ,  behaviors ,  i t  mus t  pas s throug h a 
phas e o f  unmotivated ,  bu t  objective ,  modificatio n an d reautomatio n o f  it s  analo g o f  th e self -

schema. 

Conclusio n 

D EP i s a  highl y simplifie d implementatio n o f  on e wa y tha t  emotion s migh t  normall y direc t 

attentio n t o appropriat e goal s an d plans ,  an d periodicall y reorganiz e i n th e fac e o f  a  changin g 

environment .  D E P exhibit s a  numbe r  o f  depressiv e informatio n processing  phenomen a 
including :  stable ,  internal ,  an d globa l  failure s triggerin g qualitativ e change s i n behavior , 

increase d objectivity ,  th e cognitiv e loop ,  fluctuation s o f  self-describin g adjectives ,  an d 
decrease d motivation .  A n emotiona l  attention-directin g system ,  grossl y equate d wit h th e self -

schema ,  normall y operate s i n a n automati c an d motivate d fashio n insulate d fro m environmenta l 
feedback .  A n emotiona l  memor y syste m construct s a  mode l  o f  th e environmen t  an d periodicall y 

trigger s reorganizatio n o f  th e emotional  attention-directin g system .  Stable ,  internal ,  an d 

globa l  failure s trigge r  th e reorganization .  Thes e criteri a follo w fro m th e self-schema' s 

hierarchica l  structure ,  an d ar e implemente d usin g associativ e emotiona l  memory .  Onc e self -
schema reorganizatio n begins ,  emotiona l  memor y serve s a s a  reservoi r  o f  trainin g input s t o th e 

self-schema .  Los s o f  automaticit y fo r  engagin g th e environmen t  cause s a  withdrawa l  tha t 

protect s th e vulnerabl e syste m whil e i t  reorganizes . 
Thi s computationa l  mode l  o f  reactiv e depressio n i s on e o f  man y possibl e models .  Th e D E P 

compute r  simulatio n force s u s t o examin e ou r  assumption s abou t  wha t  constitute s ou r  theory . 
We nee d a  mor e complet e elaboratio n abou t  wha t  DEP' s node s an d weight s represen t  i n term s o f 

specifi c  environmenta l  stimuli ,  emotiona l  processes ,  plans ,  an d goals .  O n e avenu e i s t o 
represen t  a  depressiv e scenari o base d o n a  cas e descriptio n o f  reactiv e depression .  Anothe r 

possibilit y  i s  t o relat e DEP' s parameter s an d behavio r  t o som e o f  th e man y standardize d test s 

fo r  diagnosin g depression .  Eventuall y i t  ma y b e possibl e t o relat e D E P subsystem s an d 

processe s t o neurologi c change s durin g depression .  A  rapidl y evolvin g literatur e o n th e 

"neurolog y o f  depression "  (Ott o e t  al. ,  1987 ;  Coffey ,  1987 )  implicate s th e righ t  cerebra l 

hemispher e i n depression .  Th e righ t  hemispher e play s a  special ,  i f  no t  dominant ,  rol e i n 
emotional ,  attentional ,  an d pragmati c processe s (Code ,  1987 ;  Kosslyn ,  1987) .  Sinc e ou r 
theor y o f  reactiv e depressio n i s abou t  thes e topics ,  ou r  computationa l  mode l  m a y provid e a 
uniqu e perspectiv e t o analyz e previousl y disparat e observation s abou t  th e rol e o f  th e righ t 

hemispher e i n depression .  Eventuall y w e ma y b e abl e t o advanc e specifi c  hypothese s abou t 
difference s betwee n mild-reactiv e an d chronic-suicida l  depressio n b y understandin g th e 

difference s i n term s o f  perturbation s i n a  cognitiv e mode l  o f  reactiv e depressio n (Webste r  e t 

al. ,  1988) . 
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INTRODUCTION 

Human reasoning depends on three principal skills: comprehension, the generation of conclusions, 

and th e evaluatio n o f  conclusions .  Th e critica l  ste p i n a  deductio n i s th e evaluatio n o f  a  conclusio n 

i n orde r  t o ensur e i t  i s valid .  S o m e theorist s propos e tha t  thi s proces s i s aki n t o a  forma l  derivatio n 

i n a  logica l  calculu s (se e e.g .  Inhelde r  an d Piaget ,  1958 ;  Braine ,  1978 ;  Rips ,  1983) .  Othe r 

theorist s propos e tha t  i t  depend s o n a  searc h fo r  alternativ e interpretations ,  o r  models ,  o f  th e 

premise s tha t  serv e a s refutation s (e.g .  Newell ,  1981 ;  Johnson-Laird ,  1983) .  N o evidenc e s o fa r 

has bee n universall y accepte d a s countin g decisivel y agains t  on e schoo l  o f  though t  o r  th e other .  M y 

ai m i n thi s pape r  i s t o tr y t o settl e th e issu e b y considerin g a  clas s o f  inference s no t  hithert o 

investigate d experimentall y -  multiply-quantifie d deductions . 

An example of a multiply-quantified assertion is: None of the artists is taller than any of the 

beekeepers .  Suc h assertion s contai n a  relationa l  expressio n — here ,  "talle r  than "  — an d it s 

argument s ar e quantifie d usin g suc h expression s a s "all" ,  "some" ,  "none" .  Thes e quantifier s 

behav e i n way s tha t  ar e simila r  t o thos e o f  th e first-orde r  predicat e calculu s (thoug h ther e ar e other s 

tha t  d o not) .  T o explai n h o w peopl e reaso n wit h multipl e quantifiers ,  i t  i s necessar y firs t  t o accoun t 

fo r  h o w the y reaso n wit h relationa l  expressions .  I  wil l  describ e a  theor y o f  relationa l  reasonin g an d 

the n som e evidenc e fro m a  crucia l  experimen t  carrie d ou t  t o compar e thi s theor y an d a  rule-base d 

theory .  Next ,  I  wil l  presen t  a  theor y o f  reasonin g wit h multipl e quantifier s an d evidenc e from  a 

secon d experimen t  designe d t o decid e betwee n thi s theor y an d a  rule-base d theory .  Finally ,  I  wil l 

outlin e th e essentia l  theoretica l  differenc e betwee n th e tw o sort s o f  theory .  Al l  thi s wor k wa s 

carrie d ou t  i n collaboratio n wit h Rut h Byrne . 

RELATIONAL REASONING 

Most psychological studies of relational reasoning have concerned so-called three-term series 

problems ,  suc h as :  Ann e i s talle r  tha n Betty ;  Caro l  i s  shorte r  tha n Betty ;  wh o i s tallest ? Th e 

evidenc e fro m thi s domai n ha s no t  suffice d t o decid e betwee n rule-base d an d model-base d theorie s 

(se e e.g .  Huttenlocher ,  1968 ;  Clark ,  1969) .  Th e validit y o f  thes e inference s depend s o n th e 

ffansitivity  o f  th e relatio n i n th e premises ,  an d theorist s hav e generall y assume d tha t  ther e i s eithe r  a 

genera l  schem a fo r  transitivit y o r  content-specifi c  rules ,  suc h as : 

if X is taller than y and y is taller than z, then x is taller than z. 
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The theory based on the manipulation of mental models proposes that the logical properties of 

relations ,  suc h a s transitivity ,  ar e no t  explicitl y  represente d a t  all ,  bu t  ar e emergen t  fro m th e 

meaning s o f  relation s (Johnson-Laird ,  1983) .  Th e meanin g o f  a n assertio n suc h as : 

The number of artists is greater than the number of beekeepers 

enables the interpretative system to construct a model of the situation, e.g. 

artist beekeeper 

artis t  beekeepe r 

artis t  beekeepe r 

artis t 

and to verify that the relation holds within models. The meaning of "greater than" can be 

formulate d i n term s o f  th e concept s o f  a n empt y set ,  a  non-empt y set ,  an d th e additio n an d 

subtractio n o f  item s fro m sets : 

The number of x's is greater than the number of y's: if there is at least one x 

and ther e ar e n o y' s o r  ( x -  1 )  i s greate r  tha n ( y -  1) . 

There are other ways of giving a recursive definition of the concept, and such definitions can be 

couche d i n a  for m tha t  i s suitabl e fo r  th e constructio n an d manipulatio n o f  model s suc h a s th e on e 

above .  Hence ,  give n th e furthe r  assertion : 

The number of beekeepers is greater than the number of chemists 

the interpretative system can construct the model: 

artist beekeeper chemist 

artis t  beekeepe r  chemis t 

artis t  beekeepe r 

artis t 

which supports the conclusion that the number of artists is greater than the number of chemists. To 

tes t  validity ,  i t  i s  necessar y t o searc h fo r  a n alternativ e mode l  o f  th e premise s tha t  refute s th e 

conclusion .  Ther e ar e variou s way s i n whic h th e searc h coul d b e made ,  an d som e hav e bee n 

modelle d computationall y (Johnson-Lair d an d Bara ,  1984) .  But ,  her e I  wil l  no t  mak e an y stron g 

claim s abou t  th e procedure s tha t  peopl e use ,  othe r  tha n tha t  the y d o no t  posses s an y simpl e 

deterministi c algorith m fo r  searchin g fo r  refutation s (cf .  Newel l  an d Simon ,  1972) .  Hence ,  wher e 

a correc t  respons e ca n b e mad e onl y a s a  resul t  o f  considerin g mor e tha n on e model ,  th e theor y 

predict s tha t  th e tas k wil l  b e reliabl y harde r  ~  a  predictio n tha t  ha s bee n confirme d i n man y studie s 

of  traditiona l  syllogisms ,  i.e .  argument s tha t  depen d o n singly-quantifie d premise s (se e e.g . 
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Johnson-Laird and Bara, 1984). We can predict that when people reason about relations, the task 

shoul d b e harde r  wher e ther e i s a  genuin e choic e o f  model s o f  th e sam e premises . 

Ruth Byrne and I tested this prediction by examining such descriptions as: 

The jug is on the right of the cup 

The plat e i s o n th e lef t  o f  th e cu p 

The knif e i s i n fron t  o f  th e plat e 

The for k i s i n front  o f  th e jug . 

The description corresponds to a single determinate model: 

plate cup jug 

knif e for k 

and so it should be relatively easy to answer a question about the relation between the knife and the 

fork :  Th e knif e i s o n th e lef t  o f  th e fork .  But ,  whe n th e secon d premis e i s instead : 

The plate is on the left of the jug 

the description is consistent with at least two distinct models; 

plate cup jug cup plate jug 

knif e for k knif e for k 

The same relation holds between the knife and the fork in either layout, but the model-based theory 

predict s tha t  th e tas k shoul d b e harde r  becaus e bot h model s ough t  t o b e constructe d i n testin g th e 

vaUdit y o f  th e answer .  Th e tas k shoul d b e stil l  harde r  wher e th e correc t  respons e ca n b e mad e onl y 

by constructin g bot h models .  Th e followin g description : 

The jug is on the right of the cup 

The plat e i s o n th e lef t  o f  th e ju g 

The knif e i s i n front  o f  th e plat e 

The for k i s i n front  o f  th e cu p 

is consistent with two distinct models: 

plate cup jug cup plate jug 

knif e for k for k knif e 

that have no relation in common between the knife and fork, and so there is no valid conclusion. 

Grante d tha t  workin g memor y ha s a  limite d processin g capacity ,  th e model-base d theor y predict s 
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the following rank order of increasing difficulty: one-model problems, multiple-model problems 

wit h vali d conclusions ,  an d multiple-mode l  problem s wit h n o vali d conclusions . 

A formal rule for making such inferences needs to be of the following sort: If x is related to y on 

one dimension ,  an d w  i s relate d t o x  o n a n orthogona l  dimension ,  an d z  ha s th e sam e orthogona l 

relatio n t o y ,  the n w  i s relate d t o z  i n th e sam e wa y a s x  i s relate d t o y .  Th e rul e ca n b e applie d t o 

th e configuration : 

w z 

in any orientation. Moreover, it can be directly applied to the premises yielding a multiple-model 

proble m wit h a  vali d conclusio n (se e above )  becaus e th e relatio n betwee n x  an d y  i s directl y 

asserte d b y th e premise :  Th e plat e i s o n th e lef t  o f  th e jug .  Bu t  ther e i s n o suc h premis e i n th e one -

model  problem :  th e relevan t  relatio n ha s t o b e inferre d (usin g a  furthe r  rul e o f  inference )  befor e 

th e presen t  rul e ca n b e applied .  Hence ,  th e rule-base d theor y predict s tha t  one-mode l  problem s 

shoul d b e harde r  tha n multiple-mode l  problem s wit h vali d concludion s -  exactl y th e opposit e 

predictio n t o th e model-base d one . 

We have carried out a series of experiments in order to compare the predictions of the two theories. 

I n ou r  lates t  experiment ,  1 8 adul t  subject s acte d a s thei r  ow n control s an d carrie d ou t  fou r 

inference s o f  eac h o f  th e thre e sorts .  Th e percentage s o f  thei r  correc t  response s were :  7 0 % fo r 

one-mode l  problems ,  4 6 % fo r  th e multiple-mode l  problem s wit h vali d conclusions ,  an d 8 % fo r 

th e multiple-mode l  problem s wit h n o vali d conclusion .  Thi s reliabl e tren d corroborate s th e model -

base d theor y bu t  run s counte r  t o th e theor y base d o n rules . 

MULTIPLY-QUANTIFIED REASONING 

Granted the following definition of simple consanguineal relationships: 

X is related to y if x is a parent of y (or x is a child of y) or x is a parent of z 

(o r  X  i s a  chil d o f  z )  an d z  i s relate d t o y 

it is an emergent property that the relation is symmetric and transitive. Thus, the following 

multiply-quantifie d premises : 

None of the artists is related to any of the beekeepers. 

Al l  o f  th e beekeeper s ar e relate d t o al l  o f  th e chemists . 

yield the valid conclusion: None of the artists is related to any of the chemists. 
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The model-based theory assumes that reasoners construct a model of the state of affairs described 

by th e premises : 

a I t)^:r7'C 

a I  t»"^^ c 

a I  b - ^ ^ c 

where the vertical barrier represents negation and prevents any relation between the artists and 

beekeepers ,  an d eac h lin k correspond s t o a  relatio n betwee n tw o individuals .  I t  i s  impossibl e t o 

construc t  an y mode l  o f  th e premise s tha t  refute s th e conclusion . 

The following premises, which differ only in a single quantifier: 

None of the artists is related to any of the beekeepers. 

Al l  o f  th e beekeeper s ar e relate d t o som e o f  th e chemists . 

yield a similar model: 

a I b*;—-c 

a I  b ^ c 

a I  b  -""̂ ô c 

from which the same conclusion as before can be drawn. But in this case a search for a 

counterexampl e wil l  b e successful : 

a I  b.̂ ;—- c 

a I  b ^ c 

a I  b  ' ^o c 

The tw o model s suppor t  onl y th e conclusion : 

S o me o f  th e artist s ar e no t  relate d t o an y o f  th e chemists . 

but  agai n thi s conclusio n ca n b e refute d b y a  furthe r  model : 

C 
- a I  b ' c — c 

^a I b-^ oc 

=a I  b — ^ c 
S 

The onl y vali d conclusion s are : 

Some of the chemists are not related to any of the artists. 

None o f  th e artist s i s relate d t o som e o f  th e chemists . 

76 9 



J O H N S O N - L A I RD 

or weaker ones, e.g. the ambiguous assertion. None of the artists are related to all of the chemists. 

Plainly ,  th e model-base d theor y predict s tha t  th e one-mode l  inferenc e shoul d b e easie r  tha n th e 

multiple-mode l  inference . 

Although there are rule-based theories of reasoning with quantifiers (e.g. Braine and Rumain, 

1983) ,  ther e i s n o curren t  theor y tha t  i s  powerfu l  enoug h t o deriv e multiply-quantifie d conclusions . 

However ,  th e tw o sort s o f  inferenc e ca n b e derive d i n th e first-orde r  predicat e calculus .  Bot h 

proof s ar e lon g — a t  leas t  fiftee n line s o f  derivatio n — bu t  the y ar e remarkabl y similar :  the y 

requir e th e sam e numbe r  o f  steps ,  an d th e rule s tha t  ar e use d a t  eac h ste p ar e identica l  excep t  i n tw o 

cases ,  an d eve n her e ther e ar e onl y mino r  differences .  Sinc e th e numbe r  o f  step s i n a  derivatio n i s 

take n t o predic t  th e psychologica l  difficult y o f  a n inferenc e (se e e.g .  Rips ,  1983) ,  th e rule-base d 

theor y doe s no t  predic t  an y differenc e betwee n th e tw o sort s o f  problem . 

Ruth Byrne, Patrizia Tabossi, and I have carried out a series of experiments to investigate multiply-

quantifie d reasonin g i n whic h th e subject s dre w thei r  ow n conclusion s i n thei r  ow n words .  I n on e 

of  thes e experiments ,  w e teste d 1 1 adult s wit h a  serie s o f  problem s includin g th e tw o describe d 

abov e an d othe r  simila r  ones .  The y mad e 7 7 % correc t  response s fo r  th e one-mode l  problems ,  bu t 

onl y 2 3 % correc t  response s fo r  th e multiple-mode l  problem s -  a  differenc e tha t  wa s highl y 

significant .  Th e onl y divergenc e betwee n th e rule-base d derivation s o f  th e tw o sort s o f  proble m 

concern s th e eliminatio n an d subsequen t  re-introductio n o f  quantifiers :  th e one-mode l  proble m 

has thes e step s fo r  th e quantifie r  "all "  wher e th e multiple-mode l  proble m ha s the m fo r  "some" . 

Coul d ther e b e a n intrinsi c differenc e i n th e difficult y o f  th e tw o classe s o f  rules ? Anothe r  sor t  o f 

one-mode l  proble m i n th e experimen t  calle d fo r  th e us e o f  th e rule s fo r  "some" ,  e.g. :  Som e o f  th e 

beekeeper s ar e relate d t o al l  th e artists ;  Non e o f  th e chemist s ar e relate d t o an y o f  th e beekeepers . 

Thi s proble m wa s relativel y eas y wit h 6 7 % correc t  conclusions .  Hence ,  ther e i s n o intrinsi c 

difficult y i n dealin g wit h "some" . 

CONCLUSIONS 

The model-based theory extends naturally to reasoning with premises containing multiply-

quantifie d relations .  Rule-base d theories ,  however ,  appea r  neithe r  t o predic t  th e relativ e difficult y 

of  inference s o r  th e typica l  error s tha t  reasoner s make .  A  fundamenta l  differenc e betwee n th e tw o 

approache s concern s th e treatmen t  o f  variables .  Theorie s base d o n forma l  rule s propos e tha t 

reasoners ,  havin g gon e t o th e troubl e o f  understandin g th e premises ,  bas e thei r  inference s o n 

somethin g othe r  tha n a  ful l  semanti c interpretation .  The y ar e suppose d t o abstrac t  th e underlyin g 

logica l  skeleto n -  so-calle d "logica l  form "  -  an d the n exploi t  forma l  rule s o f  instantiatio n i n 

orde r  t o replac e quantifie d variable s b y singl e hypothetica l  individual s tha t  stan d i n fo r  them ;  afte r  a 

stag e o f  forma l  reasonin g abou t  sententia l  connectives ,  quantifier s ca n the n b e restore d b y forma l 

rule s o f  generalizatio n operatin g o n thes e hypothetica l  individuals .  Accordin g t o th e model-base d 

theory ,  however ,  th e wor k o f  instantiatio n i s merel y par t  o f  th e norma l  proces s o f  comprehension : 

universall y quantifie d phrase s ar e instantiate d b y set s o f  menta l  token s tha t  ar e treate d a s 

exhaustivel y representin g th e relevan t  set ;  existentia l  quantifie d phrase s ar e similarl y instantiate d 
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by sets of mental tokens, except that there are optional items that do not satisfy the conditions of 

th e assertion .  On e o f  th e consequence s o f  thi s semanti c distinctio n i s tha t  th e choic e o f  quantifie r 

i n on e premis e ca n affec t  th e numbe r  o f  possibl e model s o f  th e premise s a s a  whole . 

Of course it may be possible to devise a theory based on formal rules that will account for our 

experimenta l  result s — rule-base d theorie s i n genera l  hav e universa l  Turin g machin e power . 

Nevertheless ,  th e lac k o f  an y currentl y feasibl e rule-base d theor y ma y no t  b e accidental .  Th e theor y 

of  menta l  model s is ,  b y comparison ,  relativel y simpl e t o refute .  I t  predict s tha t  wheneve r  th e 

meanin g o f  premise s support s mor e tha n on e conclusio n abou t  wha t  i s possibl e thoug h no t 

necessary ,  ther e ar e multipl e model s o f  th e premises ,  an d s o th e inferentia l  tas k wil l  b e harder . 

Thi s predictio n ha s no w withstoo d empirica l  testin g fo r  thre e domain s o f  inference :  syllogisms , 

relationa l  reasoning ,  an d reasonin g wit h multipl e quantifiers . 
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Edite d b y Jane t  Kolodne r  (Georgia  Institut e 

of  Technology ) 
Case-base d reasonin g focuse s o n technique s 
fo r  makin g inference s fro m previou s cases . 
Thi s self-containe d volum e reprint s claissi c 
backgroun d paper s £in d review s research -
in-progres s sponsore d b y D A R P A. 
Theoretica l  topic s ar e balance d b y applica -
tion s t o th e military ,  law ,  manufacturing , 
medicine ,  an d instruction . 
1988;  47 4 pages ;  paper ;  ISB N 0-934613-93-1 ;  $30.0 0 

NEW—VIDEOTAPED COURSES 

The Linguisti c Institut e Videotap e Series : 
The Stanfor d Vide o Journa l  comprise s 
eleve n full-lengt h course s ( 8 t o 2 2 lec -
tures )  i n theoretica l  an d computationa l 
linguistic s offere d a t  th e 198 7 Linguisti c 
Institut e a t  Stanfor d University .  Th e Stan -
for d Compute r  Scienc e Vide o Journal :  Ar -
tificia l  Intelligenc e Researc h Lecture s pre -
sent s tape d individua l  lecture s originall y 
offere d i n Stanfor d Universit y researc h 
seminars .  S o m e surve y majo r  paradigm s 
guidin g A I  research ,  includin g cognitiv e 
science ,  whil e other s summariz e result s 
fro m specifi c  projects .  Fo r  complet e infor -
matio n an d prices ,  pleas e chec k th e bo x i n 
th e coupo n below . 

PROCEEDINGS O F TH E FIFT H 
INTERNATIONAL CONFERENCE O N 

MACHINE LEARNIN G 
Edite d b y Joh n Lair d (Universit y o f 

Michigan ,  An n Arbor ) 
Origina l  article s i n machin e learning—ex -
planation-base d an d empirica l  methods , 
geneti c algorithms ,  cormectioius t  learning , 
probabilisti c  methods ,  an d forma l  theorie s 
of  leeiming .  A n uj>-to-the-minut e recor d o f 
curren t  researc h i n thi s growin g field ,  o f 
certai n interes t  t o researcher s an d student s 
i n AI ,  cognitiv e science ,  th e philosoph y o f 
science ,  an d education . 
1988;  46 7 pages ;  paper ;  ISB N 0-934613-64-8 ;  $243 5 

ADVANCES I N NEURAL NETWORK 
INFORMATION PROCESSING 

SYSTEMS 
Edite d b y Davi d Touretzk y (Carnegi e 

ti/lellon ) 
Thi s vo lum e i s a n importan t  compilatio n o f 
researc h result s fro m scientist s i n neurobi -
ology ,  cognitiv e science ,  physics ,  an d com -
pute r  scienc e an d engineering .  Base d o n 
paper s presente d a t  th e secon d annua l  con -
ferenc e (November ,  1988) ,  majo r  topic s in -
clude :  neurobiologica l  model s o f  learnin g 
an d memory ,  connectionis t  model s o f 
cognitiv e processing ;  an d application s i n 
signa l  processing ,  vision ,  an d speech ,  an d 
simulatio n o f  neura l  networks .  Wit h inde x 
an d extensiv e bibliographica l  material . 
Sprin g 1989 ;  appro x 80 0 pages ;  cloth ;  ISB N 0-55860 -
015-9 ;  prepublicatio n pric e $333 5 

NEW RESEARCH NOTES I N 
ARTIFICIA L INTELLIGENC E 

Analogic a 
Edite d b y A rman d Priediti s  (Rutger s 

University ) 
A multidisdplinar y collectio n o f  origina l 
paper s presente d b y leadin g scientist s a t 
th e firs t  worksho p o n analogica l  reasoning , 
at  Rutger s University ,  December ,  1985 . 
1988;  17 6 pages ;  paper ;  ISB N 0-934613-37-0 ;  $22.9 5 

Semanti c Networks :  A n Evidentia l 
Formalizatio n A n d It s Connectionis t 

Realizatio n 
Lokendr a Shastr i  (Universit y o f 

Pennsylvania ) 
Shastr i  present s a  massivel y paralle l  net -
wor k o f  simpl e processin g elements—in -
spired ,  i n part ,  b y  th e architectur e o f  th e 
anima l  brain . 
1988;  22 2 pages ;  paper ;  ISB N 0-934613-39-7 ;  $22.9 5 

A Connectionis t  Approac h T o Wor d 
Sens e Disambiguatio n 

Garriso n Cottrel l  (Universit y o f  California , 
San Diego ) 

A n e w mode l  fo r  representin g parsin g o f 
natura l  language ,  whic h account s fo r  recen t 
psycholinguisti c an d neurolinguisti c data . 
A n inherentl y paralle l  approac h suitabl e fo r 
implementatio n o n a  connectio n machine . 
Fal l  1988 ;  23 2 pages ;  paper ;  ISB N 0-934613-61-3 ; 
$22.9 5 
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