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Abstract 

In this paper I argue that conceptual knowledge has significant perceptual content, based upon 
evidenc e fro m studie s o f  theor y formatio n an d fro m recen t  experimenta l  wor k o n learnin g i n com -
ple x physica l  domains .  I  outlin e a  theor y o f  "perceptuall y grounded "  conceptua l  knowledge ,  an d 
briefl y outlin e a  computationa l  mode l  o f  learnin g abou t  lasers ,  i n wliic h student' s "qualitative ' 
understandin g o f  laser s rest s primaril y upo n hi s perceptua l  experienc e i n th e domain . 

Introduction 

The goal of this research is a detailed computational theory of conceptual representation and use. 

Previou s theorie s (e.g. ,  Schan k <̂ '  Abelson ,  1977 )  hav e bee n base d primaril y o n symboli c represen -

tationa l  substructure .  Pavi o (1986 )  an d other s hav e argue d fo r  a  mixe d cognitiv e representationa l 

framework ,  bu t  thes e theorie s stil l  rel y upo n a n independentl y meaningfu l  symboli c representation . 

I n thi s pape r  I  argu e fro m ou r  studie s o f  "reinterpretation "  durin g theor y formatio n tha t  ou r  concep -

tua l  knowledg e mus t  b e parcptuoll y grounded ,  an d propos e a  theor y o f  conceptua l  representatio n 

base d upo n suc h grounding . 

Studies of Theory Formation 

Shrager <^ Klahr (1986) gave college students a programmable toy vehicle called the "BigTrak" 

and aske d the m t o "figur e i t  out "  withou t  instruction s o r  advice .  I n th e cours e o f  abou t  one-hal f 

hour ,  subject s undertak e numerou s step s o f  theor y refinemen t  an d reformulation .  I n som e o f  thes e 

event s subject s see m t o reformulat e thei r  theor y o f  th e BigTra k i n way s tha t  introduc e ne w term s 

and representationa l  principles . 

Consider the segment of protocol in Table 1 (studied in detail in Shrager k Klahr, 1986). By 

programmin g th e BigTra k wit h "CZ,/? ,  ̂ ,  1 ,  |,2,G'0 "  (FC12'2-127 )  F C cause d th e to y t o mov e si x 

degree s clockwis e an d the n tw o fee t  forward .  Fro m previou s behavio r  w e believ e tha t  F C though t 

tha t  thi s woul d mak e th e BigTra k mov e on e foo t  t o th e righ t  an d the n on e foo t  forward .  Figur e 1 

shows (a )  wha t  w e thin k F C expected ,  an d (b )  wha t  th e BigTra k reall y did . 

A reformulation step takes place at this point of mismatch between FC's expectation and the 

behavio r  o f  th e BigTrak .  Aroun d FC12 7 w e hypothesiz e tha t  h e doc s th e following : 

1. Recognizes that the behavior of the BigTrak matches his expectations when mediated by the 

concep t  o f  vector-addition ; 

2. Introduces the concept of vector-addition into his theory of the BigTrak, including "resultant" 

and "component "  terms ,  an d th e associate d representationa l  principles ;  an d 

876 



S H R A G E R:  Th e Perceptua l  Microstructur e o f  Conceptua l  Knowledg e 

115:  Doe s it... I  don' t  kno w mayb e i t  remember s thing s o r 
116:  somethin g s o that...i t  jus t  di d th e sam e thin g I  tol d i t 
117:  t o d o las t  tim e eve n thoug h I  pushe d differen t  buttons . 
118:  CL R 
119:  CL R Alright .  I  gues s yo u ca n lik e o h I  se e (? )  progra m 
120:  step s int o i t  o r 
121:  somethin g lik e that .  S o i f  yo u pus h ummm.. . 
122:  CL R 
123:- > righ t  on e 
124:  1  the n forwar d 
125:  - r  tw o 
126:  2 
127:  GO Went  straigh t  an d righ t  a  littl e bit . 
{Her e th e BigTra k turn s righ t  6  degree s an d move s forwar d 2  feet. } 
128:  Oh .  I  se e that' s th e resultan t 
129:  thin g maybe .  I  don' t  know . 

Table 1: A part of FC's BigTrak Instructionless Learning Protocol. 

3. Reformulates his knowledge of the BigTrak and its operation in accord with the new terms 
and representationa l  principle s introduce d i n th e precedin g step . 

This reformulation results in FC having a theory of the BigTrak which is a combination of his pre-
viou s knowledg e an d hi s genera l  knowledg e o f  vector-addition .  FC' s introductio n o f  vector-additio n 
seems t o b e rapid ;  t o appl y a s a  unit ,  withou t  intermediat e problem-solving ,  t o hi s understandin g 
of  th e device ;  an d t o augmen t  an d serv e a s a  reorganizin g principl e fo r  hi s understandin g o f  th e 
devic e an d it s behavior . 

Problems with Concept Use in Theory Formation 

We previously proposed that theory changes of this sort involve a cognitive mechanism that we 
calle d "Vie w Application "  (Shrager ,  1987) ,  whos e rol e wa s t o reinterpre t  one' s knowledg e i n term s 
of  newl y uncovere d abstraction s (i.e. ,  "views") .  Implementin g Vie w Applicatio n i n a  symboli c 
representationa l  framewor k lead s t o tw o particula r  problems : 

The Paradox of Recognition: How can views containing novel terms and relations be recognized as 
applicabl e t o th e curren t  domai n i f  som e o f  thos e term s an d relation s ar e no t  alread y availabl e 
i n th e learner' s curren t  theory ? W e see m t o depen d upo n prearticulate d sensor y dat a fo r  vie w 
selection ,  bu t  w e mus t  wai t  fo r  th e perceptua l  framewor k give n b y a  vie w i n orde r  t o obtai n 
thes e articulations . 

The Framework Alignment Problem: How can semantic contact be made between terms and 
relation s i n th e learner' s curren t  theor y an d thos e i n a  nove l  vie w withou t  common term s 
share d betwee n theor y an d view ,  o r  rule s o f  translatio n betwee n term s i n th e theor y an d 
thos e i n th e view ? I n th e wors t  case ,  term s introduce d b y th e ne w vie w ma y simpl y b e 
incommensurabl e wit h thos e i n th e theor y t o b e reformulate d i n accor d wit h th e ne w view . 
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Since, for instance, the voctor-addition view is the locus of tlie vector and resultant t,(>rms and 

representations ,  th e subjec t  mus t  hav e notice d thes e term s an d thi s rei)resentatio n i n th e activit y 

of  th e BigTra k befor e choosin g th e vector-additio n view .  However ,  I  previousl y claime d tha t  th e 

vie w applicatio n ste p introduce s thes e term s an d repres(Mitation s int o th e learner' s theory .  Thi s i s 

an exampl e o f  th e parado x o f  selection . 

The combination step of \'iew .Vpijlication suffers from the framework alignment problem. When 

th e vie w applie r  begin s t o reformulat e th e learner' s curren t  theor y accordin g t o th e ne w view ,  i t  mus t 

make "representationa l  contact "  betwee n aspect s o f  th e vie w (say ,  th e individua l  vectors )  an d th e 

aspect s o f  th e learner' s curren t  theor y (say ,  movemen t  commands) .  Tha t  is ,  differentl y represente d 

term s trhicl i  ar e abou t  th e sam e real-worl d thing(s )  mus t  b e locate d an d thei r  relationshi p mad e 

availabl e t o th e vie w applier . 

These difTiculties seem to stem from our tendency to think of views and theories in terms of 

schemati c interna l  knowledg e i n th e for m o f  model s compose d o f  categorica l  term s an d relations . 

Thes e categorica l  entitie s (whic h whe n unde r  interpretatio n ar e generall y referre d t o a s "symbols" ) 

ar e capture d i n computationa l  model s i n th e for m o f  scripts ,  frames ,  schemas ,  views ,  etc .  Th e 

connectio n tha t  mus t  hol d betwee n th e worl d an d th e symboli c structure s i n orde r  tha t  the y ar e 

operationa l  I S usuall y ignore d o r  relegate d t o th e "peripheral "  role s o f  perceptio n o r  moto r  activity . 

Thi s over-relianc e o n interna l  an d ungrounde d knowledg e ha s le d theorie s o f  menta l  mode l  formatio n 

t o b e overl y rigid ,  entirel y missin g th e abilit y  t o reinterpre t  experienc e a s experienc e pe r  s e i s 

nowher e t o b e found ! 

Perceptually Grounded Conceptual Knowledge 

The theory of grounded representation rests upon the the following fundamental claim: 

Pereeption and perceptual experience form the basis of conceptual knowledge. 

Specifically, we replace symbolic representation in frames, views, scripts, etc, with a set of "syn-

chronizatio n routines "  tha t  mediat e betwee n trace s i n on e modalit y (sa y echoic ,  visual ,  o r  moto r 

traces )  an d trace s i n anothe r  (o r  th e same )  modality. '  Knowledg e thu s consist s o f  skill s  o f  iden -

tifyin g (an d ofte n naming )  relevan t  feature s an d concepts ,  an d mor e importantly ,  skill s  fo r  actin g 

(i.e. ,  executin g appropriat e actions )  wit h respec t  t o thes e entities. ^ 

The basic approach to the framework alignment problem and the paradox of selection, provided 

by th e grounde d representatio n framework ,  i s  tha t  knowledg e tha t  i s "carried "  i n differen t  rep -

resentationa l  framework s ca n b e compare d b y understandin g ho w the y differentiall y  interpre t  th e 

experience s tha t  compos e thei r  grounding .  A  centra l  cognitiv e rol e i s give n t o experience s them -

selve s (o r  t o quasi-perceptua l  trace s o f  experience s themselves)."̂ )  No t  onl y i s a  pictur e wort h 

ten-thousan d words ,  bu t  i t  ma y b e describe d i n perhap s te n differen t  ways ,  a t  sa y a  thousan d 

word s pe r  description .  I f  eac h o f  thes e thousand-wor d description s i s "grounded "  o n th e picture , 

the n w e ca n compar e thes e differen t  description s t o one-anothe r  b y referenc e t o th e pictur e itself . 

'  Modalitie s ar e th e substrat e o f  representations ,  bu t  representationa l  structure s operat e unde r  interpretation .  Bot h 
algebr a an d linguisti c inferenc e rules ,  fo r  instance ,  migh t  b e represente d i n a  quasi-linguisti c modality ;  an d bot h stati c 
image s an d physica l  animation s migh t  b e represente d i n a n iconi c modality . 

^Thi s approac h i s reminiscen t  o f  th e dual-codin g approac h o f  Pavi o (1986) ,  bu t  Pavi o propose s onl y association s 
betwee n codes ,  wherea s th e presen t  theor y make s th e stronge r  proposa l  o f  inter/intra-modalit y synchronizatio n 
procedures .  Ou r  theor y i s a  cognitiv e analo g t o th e theor y o f  visua l  routine s propose d b y Ullma n (1984) . 

•'B y th e ter m "quasi-perceptua l  traces "  I  mea n som e poorly-understoo d combinatio n o f  dee p moto r  representatio n 
and animated-imagery .  However ,  a s I  haven' t  an y rea l  ide a wha t  thi s dee p quasi-perceptua l  modalit y migh t  b e like , 
my computationa l  implementation s us e bitma p animation s (al a Funt ,  1980) .  Ther e i s a  difTicul t  issu e her e o f  ho w a 
procedur e OT it s input ,  output ,  o r  parameter s exis t  suc h tha t  the y ca n b e "examined " 
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The approach to paradox of selection, suggested by the present theory of grounded representation, 

i s  similar :  A s al l  knowledg e i s grounde d t o experienc e (o r  t o traces ,  a s above) ,  on e ca n fin d th e 

desire d feature s fo r  selectio n i n th e experience s themselve s (o r  th e traces )  -  amon g on e o f  th e thos e 

thousand-wor d description s o f  ou r  picture .  Thus ,  w e d o no t  hav e t o rel y upo n finding  thes e term s 

i n th e learner' s presen t  theory . 

Let us return to the event where FC's recognizes the BigTrak's movements as a vector resultant. 

Not e tha t  th e triangl e mad e b y th e tw o componen t  arm s (l a an d 2 a i n Figur e 1 )  an d th e resultan t 

(2b )  for m approximatel y th e "image "  tha t  mos t  o f  u s wh o hav e take n forma l  trigonometr y associat e 

wit h vector-addition .  Th e clai m is ,  then ,  tha t  wha t  w e kno w o f  vector-additio n include s a  procedura l 

recognize r  fo r  thi s imag e an d tha t  i t  i s  throug h thi s pat h tha t  w e com e t o "recognize "  th e possibl e 

use o f  th e proces s o f  vector-additio n i n th e BigTrak' s activity . 

To see how perceptual representation helps with framework alignment consider the process of 

introducin g th e notio n o f  "memory "  int o one' s theor y o f  th e BigTrak .  Thi s commonsens e concep t 

may b e suggeste d b y observin g tha t  th e BigTra k "di d th e sam e thin g I  tol d i t  t o d o las t  tim e 

eve n thoug h I  pushe d differen t  buttons "  (Tabl e 1 :  P C 115-118) .  Th e applicatio n o f  thi s vie w 

involve s reunderstandin g th e procedur e o f  pressin g key s o n th e BigTra k a s storin g thing s i n th e 

memory,  an d th e interna l  activit y o f  th e BigTra k a s readin g ou t  th e content s o f  tha t  memory ,  an d 

executin g it .  Th e quasi-perceptua l  natur e o f  knowledg e give s a  straightforwar d accoun t  fo r  thi s 

reinterpretation :  Th e representatio n o f  thes e procedures ,  an d o f  ou r  understandin g o f  wha t  goe s o n 

insid e th e BigTrak' s memor y i s "active "  i n a  kinestheti c o r  animate d sens e (or ,  mor e likely ,  bot h 

-  bu t  certainl y fa r  fro m actua l  visua l  perceptio n o r  physica l  motion) .  Th e BigTrak' s mechanis m 

i s thu s though t  o f  a s activel y placin g (iconi c representation s of )  th e BigTrak' s action s int o (iconi c 

representation s o f  physical )  memor y slot s tha t  hav e (quasi-perceptual )  spatia l  organizatio n wit h 

respec t  t o one-another .  Similarly ,  introducin g vector-additio n int o FC' s knowledg e o f  th e BigTra k 

entail s bringin g i n th e procedura l  skill s  o f  locatin g an d reasonin g wit h aspect s o f  vecto r  addition . 

(Se e Shrager ,  i n press ,  fo r  furthe r  detail s o f  thi s sor t  o f  model. ) 

Studying the Perceptual Content of Conceptual Knowledge 

We are presently developing paradigms which will both help to reveal the specific quasi-perceptual 

conten t  o f  conceptua l  knowledge ,  i n accor d wit h th e abov e theory ,  an d t o provid e suppor t  th e 

theory .  Her e 1  describ e a  stud y o f  learnin g abou t  lase r  physic s (quantu m optics )  whic h serve s bot h 

goal s t o som e extent.' ' 

Overview: We wish to observe the development of students' interpretation of quantum optics via 

learnin g abou t  lasers .  W'̂ e wis h t o specif y th e "conceptual "  (actually ,  i n th e presen t  theory ,  quasi -

perceptual )  chunk s an d skill s  tha t  th e student s pic k u p an d us e i n learnin g an d explanatio n i n thi s 

domain .  W e emplo y a  numbe r  o f  methods ,  rangin g fro m eye-trackin g durin g stud y an d explanation , 

t o reconstructiv e task s (a s Chas e & ;  Simon ,  197.3) ,  mostl y augmente d b y verba l  protocols .  I n th e 

presen t  pape r  I  repor t  preliminar y result s fro m a  reconstructio n task . 

Method: Undergraduates with little physics background were given approximately three hours of 

instructio n i n lase r  physic s ove r  fou r  session s on e wee k apart ,  includin g readin g textua l  material s 

wit h figures,  an d answerin g summar y questions .  A t  th e en d o f  eac h sessio n th e subjec t  wa s aske d 

t o cop y twent y 8.5x1 1 figures  fro m th e pag e o n whic h the y wer e drawn ,  ont o th e nex t  pag e o f  th e 

tes t  booklet .  Th e subjec t  coul d loo k bac k a s man y time s a s necessar y t o complet e th e drawing , 

but  wa s require d t o tur n th e page s full y eithe r  t o dra w o r  t o loo k back .  Complet e protocol s wer e 

T̂lii s  domai n i s a  goo d on e i n man y ways .  Althoug h everyon e know s approximatel y wha t  a  lase r  is ,  an d i s 
intereste d i n them ,  almos t  n o on e know s ho w the y work .  Furthermore ,  quantu m physic s i s a  ric h domai n bu t  i s 
relativel y separat e fro m rea l  worl d experienc e an d s o i s easil y manipulated . 
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only collected for the first subject {".I"); here I will focus on her behavior. 

Figure 2 shows the stimulus design and predictions from the co|)ying task. Four of the figures in 

th e copyin g tas k cam e directl y fro m th e t<>xtua l  material s tha t  th e subjec t  ha d studie d (al l  textua l 

label s i n th e figures  wer e deleted) .  Si x wer e analog s o f  th e figures  i n th e lase r  tex t  (draw n fro m a 

differen t  textbook) .  Th e res t  cam e fro m a  boo k o n compute r  vision ,  an d wer e unrelate d t o lase r 

physics . 

Results: J is able to haltingly but correctly answer the relatively difiTicult questions after each 

session ,  sometime s b y referenc e t o th e tex t  figures.  On e stud y questio n (appearin g afte r  4 6 minute s 

of  study )  asks :  "I n you r  ow n word s explai n wha t  rol e th e mirror s pla y i n makin g a  lase r  work .  D o 

th e sam e fo r  stimulate d emission. "  J  says : 

We have this uh this discharge tube that has gases inside it...a gas mixture inside it 

and ther e ar e tw o mirror s o n eithe r  end .  On e i s lik e 10 0 percen t  reflectiv e an d th e othe r 

i s lik e 9 5 percen t  reflectiv e o r  whatever .  [... ]  Okay ,  the y ar e spontaneousl y emittin g 

photon s an d afte r  a  whil e the y kee p o n doin g thi s an d eventuall y on e wil l  hi t  th e mirro r 

and i t  wil l  bounc e bac k .. .  it'l l  hi t  th e mirro r  hea d o n an d it'l l  bounc e bac k an d i t 

wil l  kee p o n doin g thi s an d afte r  a  whil e u m it'l l  star t  collectin g othe r  photon s an d lik e 

stimulatin g emission ,  creatin g the m t o giv e of f  mor e photon s an d the n soo n [...] " 

Figure 3 contains the originals (left) and J's first copies (right) for one image from each category 

i n th e copyin g task .  . 4 i s a  portio n o f  a  figure  fro m th e tex t  (les s labels )  showin g a  lase r  cavit y 

i n operation .  B  i s a n analogou s representatio n o f  a  lase r  cavit y i n operation ,  bu t  on e whic h J  di d 

not  se e i n he r  reading .  C  i s a  figure  take n fro m compute r  vision .  J  require d 15 7 second s an d 2 

page-turn s t o cop y A ,  19 5 second s an d 1  turn s fo r  B ,  an d 16 6 second s an d 5  turn s fo r  C .  Th e 

summary statistic s i n Figur e 2  (fro m ou r  preliminar y analyse s fo r  J )  confir m th e expecte d trends. ^ 

During her copying of .1. J says: "Here we have d and e ... the photons and the mirrors. [... 

Thi s i s a n exampl e o f  tha t  stimulate d emissio n an d thes e [referrin g t o som e o f  th e dots ]  ar e jus t 

spontaneou s emission[...]. "  W h e n sh e draw s th e mirror s sh e says :  "Her e w e hav e mirro r  on e an d 

her e wa s hav e anothe r  mirro r  [...]. "  A t  on e point ,  whe n sh e draw s th e secon d fro m th e lef t  photo n 

vecto r  o n par t  "d "  o f  th e figure,  sh e says :  "O h no' d bette r  mak e i t  loo k i n anothe r  wa y t o sho w 

uh spontaneit y [...]. "  Mos t  o f  he r  referenc e i s i n term s o f  lase r  dynamics :  "photons "  "stimulate d 

emission" ,  etc .  Sh e clearl y recognize s th e tim e sequenc e implici t  i n th e orderin g o f  th e simila r  part s 

of  th e figure. 

During her copying of B, J says: "[...] these look like springs or something. [...] There are two 

identical ,  I  gues s I  identica l  [... ]  excep t  fo r  thre e line s here...wav y lines... c an d b ,  I  wonde r  i f  tha t 

has an y significanc e whatsoever. "  A t  on e poin t  sh e says :  " I  gues s I  shoul d dra w som e o f  th e dots... I 

don" t  kno w wh y I  jus t  fee l  lik e withou t  the m thi s picture ,  I  don' t  kno w i f  i t  woul d mak e muc h 

sens e [....] "  Mos t  o f  he r  referenc e i s i n term s ver y clos e t o th e imag e structure :  "wav y lines "  "dots " 

"inside" ,  etc . 

During her copying of C, J says: " Oh, this looks like uh one of those games that you used to play 

wher e yo u hav e a  bunc h o f  marble s an d yo u hav e t o ge t  e m throug h [.... ]  nebulou s shap e her e [.... ] 

one circl e goin g i n here ,  on e goin g of f  [.... ]  goin g i n throug h thi s hol e [....] "  Mos t  o f  he r  referenc e 

i s i n term s ver y clo.s e t o th e imag e structure :  "circles "  "here "  "holes" ,  etc . 

^Ther e i s muc h complexit y i n interpretin g th e quantitativ e result s o f  thi s study .  We mus t  balanc e fo r  figure 
complexit y an d repeate d exposures .  Th e analyse s presente d her e ar e no t  s o controlle d an d thu s ca n onl y b e considere d 
preliminary . 
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Observations: From her explanation, J seems to have learned the "conceptual" material in the text. 

Also ,  althoug h sh e recognize d an d "conceptuall y interpreted "  figures  tha t  sh e ha d seen ,  bu t  no t  a 

nove l  figure  (unsurprisingly )  o r  a  clos e conceptua l  analo g t o on e sh e ha d see n eve n thoug h sh e wa s 

tryin g t o interpre t  thes e othe r  figures  i n term s o f  lasers .  A t  severa l  point s durin g th e copyin g task s 

J say s (i n paraphrase) :  "I' m tryin g t o figure  ou t  wha t  thi s pictur e ha s t o d o wit h la.sers. " 

From her verbal protocol it is clear that J recognized A as the laser cavity with a process of 

stimulate d emissio n takin g place ,  an d tha t  sh e di d no t  recogniz e thi s fo r  B ,  eve n thoug h sh e wa s 

activel y tryin g t o interpre t  thi s figure.  He r  cop y o f  A  i s a  "semantic "  analo g rathe r  tha n a  clos e 

visua l  analog ,  wherea s he r  copie s o f  B  an d C  ar e clos e visua l  analogs .  (Note ,  th e car e wit h whic h 

B an d C  wer e copied ,  versu s A. )  Thi s i s supported ,  a s well ,  b y th e fac t  tha t  sh e refer s t o A  mostl y 

i n (laser )  meaningfu l  terms ,  bu t  no t  s o B  o r  C .  Interestingl y i n late r  sessions ,  afte r  sh e ha s learne d 

tha t  photon s ar e sometime s (visually )  represente d i n a  wave-lik e wa y sh e refer s t o th e "springs "  o f 

her  verbalizatio n abov e (B )  a s photons ,  bu t  stil l  doe s no t  interpre t  th e figure  a s a  lase r  cavity . 

From her apparent conceptual understanding of the laser, her failure to "conceptually" interpret 

conceptua l  analogs ,  bu t  th e mor e efficien t  performanc e i n thei r  reconstructio n (ove r  out-of-domai n 

figures),  w e ca n argu e tha t  muc h o f  wha t  seem s t o b e he r  "conceptual "  knowledg e ha s (quasi- ) 

perceptua l  content .  (Alway s rememberin g tha t  I  includ e i n thi s skill s  o f  interpretatio n an d actio n 

i n th e domain. ) 

Discussion: Cognition Considered as a Perceptual Skill 

I have argued on theoretical and empirical grounds that perceptual content underlies our conceptual 

knowledg e o f  th e world .  P C i s abl e t o "see "  a  vector-resultan t  (an d th e proces s o f  vector-addition ) 

i n th e activit y o f  th e BigTrak ;  Althoug h . 1 seem s t o "conceptually "  understan d th e operatio n o f 

th e laser ,  sh e i s unabl e t o interpre t  figures  tha t  wer e closel y analogou s t o one s tha t  sh e directl y 

experience d (an d whic h showe d precisel y th e sam e "conceptual "  information) ,  eve n thoug h sh e i s 

clearl y tryin g t o impos e a n interpretatio n o n the m tha t  woul d mak e the m sensibl e i n term s o f 

lasers .  Th e paradigm s use d i n th e presen t  researc h ma y enabl e u s t o observ e th e fine  perceptua l 

substructur e o f  wha t  w e cal l  conceptua l  knowledge ,  an d th e detail s o f  it s  functionin g i n learnin g 

and interpretation . 

A theory of the microstructure of category representation and use that retains content quite close 

t o th e perceptua l  exemplar s fro m whic h w e lear n thes e concept s i s no t  a n entirel y ne w theor y o f 

concep t  structure .  I t  echoe s exemplar-base d theorie s (e.g. ,  Medi n &  Schacffer ,  1978 )  an d th e dual -

codin g approac h o f  Pavi o (1986 ,  se e als o Huttenlocher ,  1968) ,  howeve r  withi n a  significantl y mor e 

procedura l  framework . 

Our  curren t  modellin g effort s follo w th e reasonin g i n thi s paper .  W e hav e implemente d "quali -
tative "  simulatio n o f  lase r  processe s whic h (a )  learn s abou t  ho w laser s wor k usin g approximatel y 
th e sam e informatio n -  particularl y th e figural  informatio n -  tha t  ou r  experimenta l  subject s have , 
and (b )  whic h ca n reaso n abou t  th e lasin g proces s (Shrager ,  i n press) .  Thi s mode l  contain s tw o 

"workin g memories "  i n differen t  modalities :  a n iconi c (bitmap )  memor y i n whic h animation s tak e 

plac e (al a Funt ,  1980) ,  an d a  "symbolic "  (quasi-linguistic )  memor y i n whic h explici t  (rule-based ) 

inferenc e take s place .  Thes e ar e synchronize d b y inter-modalit y (inter-memory )  "grounding "  rou -
tines .  Learnin g take s plac e b y introducin g routine s specifi c  t o th e applicatio n a t  hand ,  whic h serv e 
t o labe l  th e content s o f  th e iconi c memor y (b y makin g appropriat e change s i n th e symboli c m e m-

ory) ,  an d conversely ,  t o mak e appropriat e change s i n th e iconi c memor y wheneve r  inferenc e (o r  an y 

othe r  chang e i n th e symboli c memory )  take s place . 
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