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Thi s researc h aim s t o clarify ,  b y constructin g an d testin g a 
compute r  simulation ,  th e us e o f  multipl e representation s i n 
proble m solving ,  focusin g o n th e rol e o f  visua l 
representations .  W e mode l  th e behavio r  o f  a n economic s 
exper t  a s h e teache s som e economic s principle s whil e 
drawin g a  grap h o n a  blackboard .  Concurren t  verba l 
protocol s ar e use d t o guid e constructio n o f  a  productio n 
system .  Th e mode l  employ s representation-specifi c  dat a 
structure s an d rules .  Th e grap h o n th e blackboar d i s 
represente d b y a  bi t  map ;  th e pictoria l  workin g memor y 
( W M)  an d lon g ter m memor y ( L T M )  representation s ar e 
node-lin k structure s o f  a  pictoria l  nature ;  th e auditor y W M 
and L T M representation s ar e node-lin k structure s o f  a 
verbal-semanti c nature .  Piece s fro m th e differen t 
representation s ar e linke d togethe r  o n a  sequentia l  an d 
temporar y basi s t o for m a  reasonin g an d inferencin g chain , 
usin g cue s fro m L T M an d fro m th e externa l  graph .  Th e 
exper t  use d tw o representation s s o a s t o exploi t  th e uniqu e 
advantage s o f  each .  Th e graphica l  representatio n serve d a s 
a plac e holde r  durin g reasoning ,  a s wel l  a s a  summary .  Th e 
verbal-semanti c representatio n serve d t o giv e semanti c 
meanin g an d causa l  background .  Bot h coul d initiat e 
reasonin g chains .  W e compar e th e expert' s  behavio r  wit h 
novices '  tryin g t o lear n th e sam e principles . 

I n t r o d u c t i o n 

Experts use multiple representations easily and frequently. 
Indeed ,  i t  woul d b e difficul t  t o find  a  curren t  mathematics , 
physic s o r  economic s textboo k withou t  graph s an d 
diagrams ,  o r  a  blackboar d bar e o f  grap h o r  diagra m afte r  a 
physic s o r  economic s lecture .  W h e n aske d t o explai n certai n 
economic s principles ,  ou r  exper t  i n economic s foun d i t 
extremel y difficul t  d o s o withou t  referrin g t o visua l  element s 
alon g wit h hi s verba l  explanation ,  an d i n fac t  faile d t o d o s o 
on thre e subsequen t  trials .  However ,  novice s hav e man y 
difficultie s usin g multipl e representations .  Physic s teacher s 
say the y mus t  ofte n forc e student s t o dra w an d us e diagrams , 
th e student s preferrin g jus t  t o crunc h equations .  I n brief , 
expert s ge t  m u c h mileag e ou t  o f  multipl e representations , 
whil e suc h representation s ofte n handica p novices ,  especiall y 
when a n adequat e single-representatio n metho d i s available , 
suc h a s usin g equation s i n physics . 

Expert s i n physics ,  economic s an d othe r  science s almos t 
universall y us e multipl e representation s becaus e differen t 
representation s o f  a  proble m ar e seldo m equivalen t 
computationally ,  eve n thoug h the y m a y b e equivalen t 
informationally(Larki n &  Simon ,  1987 ;  Glasgow ,  1993) .  I t 
i s easie r  t o explai n th e concep t  o f  trut h verbally ,  an d t o 
explai n th e innard s o f  a  machin e visually .  Moreover ,  man y 

task s ar e comple x enoug h t o hav e part s tha t  ca n b e bette r 
explaine d i n on e tha n anothe r  representation .  B y modelin g 
an expert' s  explanatio n o f  a n economic s problem ,  w e 
illustrat e h o w th e graphica l  an d verba l  representation s 
complemen t  on e another ,  exploitin g th e uniqu e advantage s 
of  each . 

Multiple Representations 

Representations have two components: a format for 
recordin g an d presentin g informatio n an d operator s fo r 
modifyin g th e information ;  neithe r  i s sufficient ,  b y itself ,  t o 
defin e a  representation .  Fo r  example ,  labels ,  axes ,  an d line s 
and thei r  definition s ar e par t  o f  th e forma t  o f  a  graph .  Th e 
action s neede d t o find  th e x  an d y  coordinate s o f  a  poin t  i n 
th e grap h ar e example s o f  operators . 

Equivalence of Representations 

T wo representation s ar e informationall y equivalen t  i f  an y 
informatio n provide d b y th e on e representatio n ca n b e 
converte d int o informatio n i n th e other ,  an d vic e versa .  A s 
graph s an d equation s illustrate ,  th e fac t  tha t  tw o 
representation s ar e informationall y equivalen t  doe s no t 
impl y tha t  the y ar e equall y usefu l  o r  efficient ,  tha t  is , 
computationall y equivalent. .  T h e effectivenes s o f 
representation s fo r  communicatin g an d instructin g depend s 
first  an d foremos t  o n h o w m u c h the y facilitat e computatio n 
(Larki n an d Simon ,  1987 ,  Palmer ,  1978) ,  an d thi s depend s 
on th e representation ,  th e task s t o whic h i t  i s  applied ,  an d 
th e user' s familiarit y wit h it .  I t  i s  eas y t o fin d th e 
equilibriu m pric e an d quantit y o n a  supply-deman d graph :  i t 
i s th e intersectio n o f  th e suppl y an d deman d line .  I t  i s harde r 
t o find  th e equilibriu m pric e an d quantit y wit h equations : 
on e mus t  kno w h o w t o solv e simultaneou s equations . 

External vs. Internal Representations 

I n studyin g th e representation s peopl e use ,  w e mus t 
distinguis h betwee n externa l  informatio n an d informatio n i n 
thei r  heads .  T o understan d a  drawin g o f  a n " A "  abov e a  "B" , 
th e externa l  drawin g mus t  b e transforme d int o a n interna l 
representation ,  th e menta l  picture ,  i n th e mind' s ey e ,  a  ter m 
n o w common l y use d fo r  a  pictoria l  workin g memor y ( W M ) 
stor e (Kosslyn ,  1980) . 

We assum e tha t  informatio n encode d i n a  W M b y percep -
tio n i s represente d jus t  a s i t  i s  whe n th e sam e informatio n i s 
retrieve d fro m long-ter m m e m o r y ( L T M ) .  I f  a  sentenc e i s 
read ,  i t  i s  store d internall y i n a  verbal-semanti c representa -
tion ;  i f  a  drawin g i s  viewed ,  i t  i s  store d i n a  pictoria l 
representation .  Similarly ,  i f  a  verba l  though t  i s  calle d u p 
fro m memory ,  w e assum e i t  wil l  continu e t o b e processe d i n 
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verbal-semanti c for m i n auditor y workin g memor y ( A W M ) ; 
whil e i f  a  pictur e i s  calle d u p fro m memory ,  i t  wil l  b e 
processe d i n th e mind' s ey e (M'sE )  i n a  pictoria l  for m a s a 
menta l  picture .  Thus ,  eac h mod e o f  representatio n ha s it s 
own dat a structure s an d operators .  Pictoria l  operator s usuall y 
canno t  wor k o n verba l  dat a structure s an d vic e versa ,  jus t  a s 
Prolo g operator s d o no t  wor k o n LIS P data .  W e cal l  thi s se t 
of  assumption s th e Mind' s Ey e Hypothesis . 

Evidenc e fo r  th e Mind' s Ey e Hypothesis ,  i s o f  thre e kinds : 
behaviora l  (se e Kosslyn ,  1980 ;  Fink e &  Shepard ,  1986) , 
neuro-physiologica l  (se e Kossly n &  Koenig ,  1992) ,  an d 
computationa l  (Kosslyn ,  1980 ;  Baylor ,  1971 ;  Glasgow , 
1993) .  O n th e basi s o f  th e substantia l  bod y o f  evidenc e cite d 
i n thes e overviews ,  w e emplo y th e Mind' s Ey e hypothesis ; 
th e conformatio n o f  ou r  subject' s behavio r  t o ou r  mode l 
subject s thi s hypothesi s t o furthe r  tests . 

Novice Students' Difficulties in Using 

M u l t i p l e R e p r e s e n t a t i o n s 

In economics, equations, tables and graphs are widely used 
t o enhance ,  enrich ,  an d illustrat e verba l  explanations .  T w o 
of  ou r  experiment s (Tabachneck ,  1992 )  illustrat e novices ' 
difficultie s i n achievin g integratio n o f  verba l  wit h pictoria l 
representations . 

Experiment 1: Pictorial and Verbal Information 
Ar e No t  Integrate d Easily . 

Novice s i n economic s rea d a  natura l  languag e tutoria l 
explainin g basi c principle s o f  suppl y an d demand .  Dat a fo r 
subsequen t  problem s wer e presente d i n informationall y (bu t 
not  computationally )  equivalen t  form s (lin e graphs , 
algebrai c equations ,  o r  tables) ,  i n a  between-subject s design . 
The problem s wer e th e sam e fo r  al l  groups .  B y tracin g th e 
subjects '  though t  processes  wit h talk-alou d protocol s 
(Ericsso n &  Simon ,  1993) ,  w e determine d tha t  the y wer e 
indee d workin g wit h th e representatio n w e ha d give n the m 

Subject s w h o use d lin e graph s di d bette r  tha n subject s 
who worke d wit h equation s o r  tables ,  bu t  onl y o n 
quantitative ,  precise-numbe r  questions ,  no t  o n explanator y 
question s requirin g the m t o justif y thei r  answers . 
Apparently ,  thes e novic e subject s di d no t  attemp t  t o 
integrat e th e informatio n i n th e verba l  Tutoria l  (despit e 
havin g constan t  access )  wit h th e informatio n i n th e dat a set s 
on th e screen .  Instead ,  the y relie d o n a  simple ,  mechanica l 
strateg y t o answe r  th e quantitativ e questions :  find,  an d ac t 
on,  thos e part s o f  th e displa y tha t  hav e changed .  I n th e lin e 
graphs ,  thi s amounte d t o readin g of f  th e numbe r  wher e 
suppl y an d deman d line s cross ,  an d th e strateg y me t  wit h 
success .  Wit h th e equation s an d tables ,  change s i n th e 
displa y require d computatio n befor e a  correc t  answe r  coul d b e 
obtained ,  henc e th e strateg y cause d incorrec t  answers . 
Subject s di d no t  understan d thei r  answer s deeply ,  an d thu s 
had littl e succes s i n explainin g them . 

Becaus e o f  th e lac k o f  integratio n wit h th e verba l 
information ,  inference s fro m th e dat a displays ,  i f  any ,  wer e 
ver y shallow ,  an d ofte n wrong .  Simpl e perceptio n coul d 
hav e yielde d th e answers ,  bu t  onl y t o someon e wh o ha d 
learne d t o notic e th e relevan t  feature s o f  th e graph ,  possesse d 
th e appropriat e inferenc e operators ,  an d coul d translat e bac k 

an d fort h betwee n th e operator s an d thei r  economi c 
interpretation s (se e als o Tabachnec k &  S imon , 
forthcoming) .  A s w e shal l  se e later ,  expert s i n economic s 
integrat e informatio n i n severa l  mode s readily . 

Experiment 2: Generation of Graphs from Verbal 
Information :  M o r e Non-integratio n 

I n a  secon d experiment ,  w e explore d whethe r  novic e subject s 
coul d generat e graph s fro m a  verba l  tutoria l  simila r  t o tha t 
i n Experimen t  1 .  Fou r  student s sa w relevan t  graph s alon g 
wit h th e tutoria l  ("graph "  group) ,  an d fou r  sa w onl y th e 
tutoria l  ("text "  group) .  First ,  w e presente d the m wit h a  tas k 
simila r  t o tha t  taugh t  i n th e tutorial .  T w o o f  th e grap h 
subject s use d graph s i n thei r  replies ;  th e othe r  tw o di d not . 
Althoug h th e graph s draw n b y th e grap h grou p wer e ver y 
good ,  th e verba l  reasonin g wa s no t  tie d wel l  t o the m an d 
was n o bette r  tha n tha t  o f  th e verba l  group . 

Subject s wer e nex t  give n th e surpris e tas k o f  drawin g th e 
grap h fo r  th e tutore d problem ,  wit h ful l  acces s t o th e text . 
Of  th e fou r  subject s i n th e tex t  group ,  onl y on e dre w a 
reasonabl e graph .  The y ha d difficultie s assignin g variable s t o 
axe s an d drawin g th e line s withi n th e graphs .  Thre e o f  th e 
fou r  subject s wer e unabl e t o represen t  th e causa l  connectio n 
betwee n surplu s an d shortag e o n th e graph ,  eve n whe n aske d 
t o d o so .  Mor e surprising ,  i n th e grap h group ,  onl y tw o 
subject s (thos e w h o ha d use d graph s i n thei r  previou s 
replies )  dre w th e grap h correctly .  Th e othe r  two ,  lik e th e 
verba l  group ,  wer e unabl e t o represen t  th e causa l 
mechanism ,  thoug h th e forme r  ha d see n i t  represente d 
explicitl y  severa l  times .  Translatin g betwee n tw o 
representation s i s definitel y difficult ,  an d i t  i s  als o difficul t 
fo r  subject s t o ti e element s o f  tw o representation s together . 

Experts' Integration of Pictorial and 
V e r b a l  R e p r e s e n t a t i o n s 

We asked an expert in economics to explain to us the 
materia l  fro m th e tutorial s i n th e abov e experiments ,  a s i f  h e 
wer e teachin g undergraduates ,  whil e w e tape d a  concurren t 
verba l  protocol .  Graphica l  an d verba l  representation s wer e 
tie d closel y together :  th e exper t  wa s unabl e t o giv e a  simila r 
explanatio n withou t  eithe r  usin g o r  referrin g t o visua l 
element s i n thre e consecutiv e trials . 

Thus ,  expert s ca n an d d o us e combination s o f  representa -
tion s -  i n fact ,  ma y b e dependen t  o n multipl e representa -
tions .  Thre e goo d reason s ca n b e foun d i n Larki n &  Simo n 
(1987 )  paper ,  whic h suggeste d thre e possibl e advantage s o f 
pictoria l  ove r  verba l  representation s fo r  certai n tasks :  (1 )  les s 
searc h fo r  information ;  (2 )  easie r  recognitio n o f  relevan t 
information ;  an d (3 )  simple r  inferenc e processes . 

Here ,  w e ar e particularl y intereste d i n th e use s o f  pictoria l 
representation s fo r  storag e an d retrieval .  Larki n an d he r 
colleague s showe d h o w familia r  pattern s coul d serv e a s a n 
acces s rout e o r  index ,  bot h t o factua l  knowledge ,  an d t o 
informatio n abou t  action s an d strategie s (Larkin , 
McDermott ,  Simo n &  Simon ,  1980) .  I n th e mode l  describe d 
below ,  w e sho w h o w th e graphica l  representatio n serve s 
bot h a s a  plac e holde r  an d t o initiat e reasoning ,  an d finally 
holds ,  i n effect ,  a  summar y o f  th e expert' s  reasoning . 
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Th e Exper t  Mode l 

The model is partially inspired by Jeff Shrager's model of 
gas lase r  physics ,  base d o n representation s tha t  ar e specifi c 
t o differen t  modalities ,  bu t  easil y associat e wit h eac h 
another .  (Shrager ,  1990) .  Th e mode l  als o resemble s I S A A C 
(Novak ,  1977) ,  whic h ca n solv e physic s problem s b y 
constructin g an d usin g drawings .  Previousl y learne d 
informatio n wa s integrate d fro m severa l  separat e schema s t o 
dra w a  pictur e eithe r  o n th e compute r  scree n o r  internally . 
Lik e ou r  model ,  ISAAC' S W M graduall y assemble d th e 
informatio n t o solv e a  proble m o n a n as-neede d an d 
temporar y basis ,  an d bot h system s coul d inferenc e fro m thi s 
integrate d drawing . 

Th e reasonin g employe d b y th e mode l  i s  calle d immediat e 
reasoning ,  a s tha t  ter m i s use d i n situate d action ,  wher e th e 
environmen t  i s  a n integra l  par t  o f  th e reasonin g proces s 
(Agre ,  198 8 Suchman ,  1987) .  Anothe r  syste m havin g thi s 
featur e i s Vera ,  Lewi s an d Lerch' s (1993 )  mode l  tha t  learn s 
h o w t o us e a n automate d telle r  machin e — th e variou s 
button s an d label s cuein g th e behavior .  A s i n ou r  model ,  th e 
m e m o ry thei r  syste m buil t  u p consist s o f  smal l  sub -
structure s an d i s heavil y recognitional ,  usin g th e externa l 
cue s t o reconstruc t  th e action s neede d t o operat e th e 
machine .  Neithe r  mode l  need s a  structure d plan .  Ver a e t  al.' s 
model  provide s a  mor e detaile d accoun t  o f  verba l  processes , 
but  a  les s detaile d accoun t  o f  visua l  processes . 

Memory Contents and Formats 

We hav e modele d th e visua l  par t  o f  ou r  expert' s  protoco l  i n 
detail .  W e als o modele d th e part s o f  th e verba l  reasonin g tha t 
suppl y neede d verbal-semanti c label s fo r  th e visua l  structure s 
bein g draw n o n th e blackboar d (whic h w e cal l  E M fo r 
Externa l  M e m o r y ) ,  an d th e part s tha t  resolv e impasses .  A n 
impass e i s  create d whe n a  reasonin g chai n end s an d n o 
externa l  cue s o r  W M cue s ar e availabl e t o star t  anothe r  one . 
For  eac h impasse ,  w e mad e a n L T M elemen t  correspondin g 
t o th e piec e o f  previousl y know n informatio n tha t  woul d 
hav e cause d th e nex t  observe d behavio r  i n th e expert' s 
protocol .  Thi s elemen t  the n initiate d a  ne w reasonin g chain , 
generall y b y drawin g somethin g o n th e E M .  Th e conten t  o f 
thes e L T M knowledg e element s cam e solel y fro m th e 
proble m statemen t  an d th e expert' s  statement s previou s t o 
th e impasse ;  n o othe r  informatio n wa s needed .  Sentence s 
tha t  describe d drawin g an d writin g processe s wer e no t 
modele d (pleas e compar e th e protoco l  excerp t  i n appendi x 1 
wit h th e mode l  excerp t  i n appendi x  2) . 

As see n i n Figur e 1 ,  th e representation s o f  th e pictoria l 
and verba l  part s o f  th e memorie s ar e different .  Th e M ' s E 
and pictoria l  L T M ar e pictorial-base d node-lin k structures . 
The Auditor y Workin g Memor y ( A W M )  an d verba l  L T M ar e 
verbal-semanti c base d node-lin k structures .  Th e externa l 
(visual )  displa y ( E M ) ,  whic h contain s n o semantics ,  i s 
represente d b y a  raste r  o f  pixels .  Th e L T M structure s ar e 
subdivide d int o knowledg e tha t  bot h a  novic e an d a n exper t 
woul d hav e (e.g. ,  graph s hav e axes )  an d knowledg e onl y a n 
exper t  woul d hav e (e.g. ,  th e effect s o f  surpluse s an d 
shortages) .  Th e mode l  wa s constructe d b y assignin g th e 
expert' s  utterance s an d action s t o visua l  an d verba l  modes , 
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Figur e 1 :  Mode l  Overview . 

See tex t  fo r  explanation . 
Recogniz e 
Modif y 

and the n derivin g chain s o f  reasonin g fro m th e protoco l  o f 
th e expert .  Appendi x 1  show s th e first  par t  o f  th e expert' s 
reasonin g o f  w h y th e equilibriu m pric e stay s wher e i t  is . 
Notic e th e interactio n betwee n th e tw o reasonin g modes ,  a s 
picture d o n th e righ t  han d sid e o f  Appendi x 1 .  Notic e als o 
tha t  th e verbal-semanti c part s suppl y causa l  reasonin g whic h 
drive s th e drawin g o f  som e element s o n th e blackboard ;  th e 
interactio n o f  suc h element s wit h th e alread y existin g 
pictoria l  structur e suppl y recognitiona l  element s t o furthe r 
th e reasonin g chain . 

Memory Interactions 

In our model, information in the M'sE is derived from 
smal l  pictoria l  an d auditor y dat a structure s (providin g line s 
and labels ,  respectively )  store d i n L T M .  Thes e ar e activate d 
by rule s store d i n L T M o n recognitio n o f  object s presente d 
t o th e eye s an d ears ,  o r  b y interna l  association s o f  thoughts . 

Th e differen t  memorie s interac t  a s follow s (figur e 2) . 
Anythin g visibl e o n th e E M i s availabl e fo r  inspectio n b y 
th e M'sE .  Withi n a  modality ,  reasonin g employ s tha t 
modality' s rule s an d dat a structures .  I n interactio n betwee n 
modalities ,  auditor y element s ca n activat e (poin t  to ) 
correspondin g pictoria l  element s an d vic e versa .  Informatio n 
movin g fro m L T M t o E M (e.g. ,  drawin g a  line )  mus t  g o 
throug h W M.  Similarly ,  E M canno t  directl y activat e L T M 
structures ;  t o b e recognized ,  the y mus t  first  b e represente d i n 
th e W M.  Fo r  example ,  a  lin e i n L T M mus t  first  b e adde d t o 
th e M's E befor e i t  ca n b e drawn .  Intersection s i n th e drawin g 
ar e the n foun d b y th e M ' s E (e.g. ,  intersectio n a t  208 ,  333) , 
afte r  whic h the y ar e represente d o n th e M ' s E b y roug h 
translatio n int o coars e axia l  coordinate s (intersectio n a t  [20 , 
30]) .  Th e M 's E the n seek s semanti c informatio n abou t  th e 
intersectin g line s (deman d an d suppl y lines) .  Then ,  matchin g 
structure s ca n b e foun d i n L T M b y comparin g semantic s 
(recogniz e intersectio n o f  deman d an d suppl y line s a s 
equilibrium) . 
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Reasonin g an d Inferenc e 

All reasoning and inference involves collaboration 
betwee n th e M's E an d L T M .  Eac h elemen t  o f  th e expt-n' s 
reasonin g i s linke d t o th e nex t  b y L T M an d E M cue s an d 
inferenc e rule s operatin g o n the m Th e dynamicall y create d 
representatio n i n th e E M (th e grap h o n th e blackboard )  i s 
involve d i n th e reasonin g proces s i n thre e ways :  a s a 
depositor y fo r  piece s o f  reasonin g a s the y becom e availabl e 
(th e expert' s  drawin g an d labeling) ,  a s a  sourc e fo r 
informatio n missin g fro m th e M'sE ,  an d t o provid e cue s fo r 
reasonin g processes .  A n exampl e o f  th e latte r  us e i s recogni -
tio n o f  a  shortag e o r  surplu s (th e surplu s reasonin g i s illus -
trate d i n appendi x 1 ,  th e verba l  protoco l  o f  th e expert ,  an d 
appendi x 2 ,  th e model' s run .  Se e als o fig.  4  an d 5  belo w 
appendi x  2) .  Thes e construct s ar e cue d b y drawin g a  lin e 
paralle l  t o th e x-axi s a t  th e presume d sellin g price ,  whic h 
generate s tw o intersections ,  on e wit h th e suppl y an d on e 
wit h th e deman d line .  Th e segmen t  o f  thi s lin e tha t  lie s 
betwee n th e suppl y an d deman d line s represent s a  surplu s o r 
a shortage .  Thi s segmen t  the n cue s th e appropriat e verba l 
term ,  whic h activate s verba l  reasonin g t o continu e th e 
explanation .  Thi s i s a n exampl e o f  immediat e reasoning . 

The E M i s use d als o a s a  summar y o f  th e pas t  reasoning . 
Becaus e o f  thi s latte r  property ,  th e syste m i s interruptable : 
cue s i n th e E M can ,  whe n recognized ,  als o initiat e a 
reasonin g chain .  Fo r  instance ,  a s soo n a s suppl y an d deman d 
line s ar e drawn ,  thei r  intersectio n cue s L T M ,  vi a th e M'sE , 
t o begi n t o reaso n abou t  equilibrium .  I f  th e exper t  i s 
interrupted ,  h e ca n refe r  bac k t o th e drawin g an d pic k u p thi s 
cue .  Thus ,  th e reasonin g ca n b e continue d a s lon g a s thi s 
summary i s availabl e (whic h migh t  no t  b e possibl e i f  th e 
grap h wer e create d onl y i n th e M'sE) .  O n th e othe r  hand ,  th e 
exper t  migh t  mis s th e intersectio n cue ,  o r  thin k tha t  th e 
respons e t o th e cu e ha d alread y bee n provided ,  an d procee d t o 
th e nex t  step .  Larki n (1989 )  foun d th e sam e phenomeno n i n 
researc h o n sequentia l  behavio r  i n coffe e making .  Afte r  a n 
interruption ,  peopl e woul d assum e tha t  th e filter  an d ground s 
had alread y bee n pu t  i n th e baske t  i f  the y sa w th e baske t  i n 
place ,  eve n thoug h the y ha d no t  ye t  filled  th e basket .  Th e 
externa l  state ,  summarizin g th e act-in-progress ,  cue d the m t o 
what  the y mistakenl y suppose d wa s th e nex t  step .  Th e 
familia r  result :  ho t  wate r  instea d o f  coffee . 

Predictions and Extensions 

The structur e o f  ou r  exper t  mode l  yield s severa l  predictions . 
It  predict s tha t  student s taugh t  wit h multipl e representation s 
may lear n th e materia l  i n shor t  reasonin g chain s tha t  ar e 
initiate d b y th e E M .  Sinc e visua l  perception s offe r  powerfu l 
cues ,  on e woul d predic t  tha t  the y lear n thes e perceptual -
initiate d chain s first.  Th e verba l  material ,  o n th e othe r  hand , 
may b e learne d a s on e lon g causa l  story .  A  proble m the n 
arise s o f  integratin g th e visua l  recognitiona l  chain s wit h th e 
verba l  causa l  knowledge .  W e inten d t o gai n insigh t  int o 
thes e issue s b y removin g fro m th e mode l  th e expert' s 
domain-specifi c L T M data ,  recognitiona l  material ,  an d th e 
production s designe d sf)ecifican y fo r  handlin g thes e L T M 
data ,  thereb y simulatin g a  novice ,  an d the n comparin g th e 
novic e mode l  wit h novices '  concurren t  verba l  protocols . 

I n th e presen t  model ,  workin g memor y limit s ar e no t  ye t 
implemented ,  bu t  provisio n wa s mad e fo r  thei r  implemen -
tatio n b y dividin g th e connection s betwee n elements  i n th e 
M's E int o tw o types :  temporar y an d memorized .  Th e 
temporar y connection s ar e store d onl y i n th e M'sE ,  an d ca n 
be los t  whe n on e imag e i s replace d b y another .  W M ca n b e 
restricte d b y limitin g th e numbe r  o f  temporar y connections . 

The auditor y representatio n i s  les s complet e tha n th e 
pictorial ,  primaril y becaus e th e exper t  receive d fe w externa l 
auditor y cue s (onl y th e proble m statement )  an d di d no t  nee d 
t o d o an y learning .  Th e situatio n wil l  b e differen t  fo r 
novices ,  however ,  fo r  learnin g wil l  requir e auditor y a s wel l 
as pictoria l  input . 

Conclusion 

We model our expert as, after long experience, having 
distille d a  mode l  tha t  exploit s computationall y efficien t 
aspect s o f  bot h graphica l  an d verba l  representations .  Th e 
graphica l  representatio n serve d a s a  plac e holder ,  a s a 
summary ,  an d t o initiat e reasoning ,  whil e th e verba l 
representatio n gav e meanin g an d causa l  background .  Th e 
memory o f  th e exper t  i s recognitiona l  an d fine-grained,  an d 
coul d thereb y b e use d flexibly  withou t  a n overal l  pla n (i.e. , 
i n working-forwar d mode) .  Th e externa l  pictoria l  representa -
tion ,  her e a  blackboard ,  provide s cue s fo r  th e nex t  step s i n 
reasoning ,  thu s resultin g i n "immediat e reasoning" .  Thes e 
cue s becom e availabl e b y recognitio n a s the y ar e construc -
ted .  Thi s i s especiall y clea r  wit h equilibrium ,  provide d b y 
th e diagra m i n th e for m o f  lin e intersections ,  an d shortage / 
surplu s cues ,  represente d i n th e diagra m wit h lin e segments . 

By storin g th e reasoning-in-progres s i n th e externa l 
diagram ,  th e exper t  ca n continu e afte r  a n interruption .  S o m e 
of  th e reasonin g tha t  cue d of f  dynami c creatio n o f  element s 
of  th e representatio n migh t  b e skippe d i f  thes e element s 
wer e create d befor e th e interruption ,  bu t  th e cu e ha d no t  bee n 
picke d u p yet . 
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Figur e 2 :  Visua l  a n d verba l  processes ,  a n excerp t  f r o m th e expert' s  protocol . 
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Appendi x 2 ;  Ru n o f  mode l  fo r  th e surplu s reasonin g section . 

The number s i n fron t  o f  th e nam e o f  th e production s refe r  t o 
correspondin g verba l  remark s o r  drawings ,  a s show n o n 
Appendi x 1 .  Th e production' s nam e i s i n bol d capitals .  Th e first 
par t  o f  th e nam e show s wher e i t  i s  situate d i n th e model .  Fo r 
instance ,  M E Y E <- > VERBAL mean s thi s i s a  productio n tha t 
communicate s betwee n th e mind' s ey e an d th e verbal-semanti c 
workin g memories .  Capitalize d word s an d al l  number s ar e adde d 
by th e production s t o th e prin t  statement s i n smal l  letters . 
Furthe r  comment s b y th e author s (i n italics )  ar e intersperse d 
wit h th e productions . 

43)* MEYE<->VERBAL!HYPOTHESIS-GENERATOR 
The grap h a s i n fig .  3  ha s bee n drawn ,  an d th e exper t  i s 
explainin g wh y th e pric e remain s a t  th e equilibriu m point . 
Why i s th e equilibriu m poin t  th e equilibriu m point ? Conside r 
th e relatio n betwee n th e quantit y o f  th e produc t  supplie d an d 
demanded whe n th e pric e o f  th e produc t  i s  large r  o r  smalle r  tha n 
tha t  o f  th e equilbriu m price . 
MEYEIDRAW-LINE 
Thi s lin e correspond s t o a  highe r  pric e tha n th e equilibrium . 
drawin g HORIZONTAL-LIN E wit h slop e 0  an d intercep t  3 7 int o 
mind' s ey e representation . 
M E Y E < - > V E R B A L ! L A B E L - O B J E CT 
The labe l  t o thi s lin e i s recognize d a s missin g an d i s  filled  in . 
labelin g mind' s ey e nod e [fo r  HORIZONTAL-LINE ]  wit h verba l 
labe l  P2 . 
(44 )  M E Y E < - > E M ! D R A W - L I N E 
th e lin e i s transferre d fro m th e mind' s ey e t o th e blackboar d 
drawin g a  lin e wit h wit h slop e 0  an d intercep t  6 0 ont o externa l 
memory,  (note :  th e P I  labe l  ha s bee n adde d earlier ) 
(46 )  M E Y E < - > E M ! L A B E L - O B J E C T 
labelin g externa l  memor y structur e [fo r  horizontal-line ]  a s P' . 
EMIFIND- INTERSECTIO N 
As soo n a s line s ar e drawn ,  th e externa l  memor y drive s th e 
searc h fo r  intersections ,  sinc e thes e ar e perceptuall y salient .  I t 
note s AL L th e intersections ,  an d th e followin g se t  o f  inter -
sectio n •  production s interac t  wit h th e expert' s  recognitio n 
about  whic h one s ar e interesting .  Fou r  ar e found ,  tw o discarded . 
searchin g externa l  memor y fo r  intersectio n alon g lin e [  0  .  6 0 ] ; 
new intersectio n a t  ((7 5 60 )  (1 5 60 )  (6 0 60 )  (9 0 60) ) 
M E Y E I I N T E R S E C T I ON (fire s 4  times ) 
representin g pixe l  intersectio n poin t  { [  9 0 ,  6 0 ]  [  6 0 .  6 0 ]  [  1 5 
,60][7 5 ,6 0 ] )  i n mind' s eye . 
MEYE<->EM!DETERMINE- INTERSECTION-L INES 
(fire s 3  times ) 
lines :  NO-INTERESTING-INTERSE(jnON S contai n th e point s [ 
15,60 ]  [75,60] ) 
MEYE<->EM!DETERMINE- INTERSECTION-L INES 
The mode l  find s th e line s tha t  mak e u p th e firstinteresting 
intersection ,  an d draw s an d label s th e missin g x-coordinat e o n 

hig h 

c 

i 

\o w 

Demand 

quilihriu m 

Suppl y 

th e mind' s ey e an d th e blackboard . 
lines :  (( 0 60 )  (- 1 150) )  contai n th e poin t  [90 ,  60 ] 
(47 )  M E Y E < - > E M ! I D E N T I F Y - I N T E R S E C T 1 0 N 
intersectio n betwee n SUPPLY-LIN E an d horizontal-lin e a t 
point :  [  9 0 .  6 0 ] 
MEYEiDRAW-LINE 
drawin g VERTICAL-LIN E wit h slop e INRNIT E an d intercep t  3 7 
int o mind' s ey e representation . 
MEYE<->VERBAL!LABEL-OBJECT 
labelin g mind' s ey e nod e [fo r  vertical-line ]  wit h verba l  labe l 
QUANTITY3. 
(48 )  M E Y E < - > E M ! D R A W - L I N E 
drawin g a  lin e wit h slop e INFINIT E an d intercep t  9 0 ont o 
externa l  memory . 
(49 )  M E Y E < - > E M ! L A B E L - O B J E C T 
labelin g externa l  memor y structur e [fo r  vertical-line ]  a s 
QUANTITY3. 
EMIF IND- INTERSECTIO N 
See explanatio n o n previou s instance ;  sam e se t  o f  production s 
(omitted )  fires  a s whe n th e intersectio n wit h th e suppl y lin e wa s 
found .  Th e mode l  no w find s th e intersectio n wit h th e deman d 
line ,  an d represent s th e x-coordinat e o n th e mind' s ey e an d th e 
blackboar d a s before . 
searchin g externa l  memor y fo r  intersectio n alon g lin e [ 
M E Y E I D R A W - L I NE 
drawin g VERTICAL-LIN E wit h slop e INFINIT E an d intercep t  1 3 
int o mind' s ey e representation . 
(50 )  M E Y E < - > E M I D R A W - L I N E 
drawin g lin e wit h slop e INFINIT E an d intercep t  6 0 ont o externa l 
memory. 
(50 )  M E Y E < - > E M I L A B E L - O B J E C T 
labelin g externa l  memor y structur e [fo r  vertical-line ]  a s 
QUANTITY2. 
(5 1 •  55 )  M E Y E < - > V E R B A L I D I S - E Q U I L I B R I U M -
RECOGNIZER 
The patter n o n th e blackboar d i s no w recognize d b y th e expert ; 
verbal-semanti c memor y supplie s th e meanin g o f  th e patter n 
and som e causa l  reasoning . 
i f  th e HORIZONTAL-LIN E intersect s bot h DEMAND-L IN E an d 
SUPPLY-LIN E a t  y  =  3 7 
and th e VERTICAL-LIN E intersect s DEMAND-L IN E a t  x  =  13 ; 
and th e VERTICAL-LIN E intersect s SUPPLY-LIN E a t  x  =  37 , 
iMn , 
ther e i s a  stat e o f  SURPLUS.[sinc e th e quantit y o f  th e SUPPLY-
LIN E ( x =  37 )  i s  GREATER tha n th e quantit y o f  th e D E M A N D-
LIN E (x = 13) ] 
and whe n ther e i s a  surplus ,  th e seller s wan t  t o lowe r  th e pric e i n 
orde r  t o ge t  ri d o f  th e exces s o f  goods . 
Note :  Fig .  4  show s th e graph ,  a s no w draw n o n th e "blackboard " 
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