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A b s t r a c t 

We describe COGNITIO, a computational theory of 
learnin g an d cognition ,  an d provid e evidenc e o f  it s 
psychologica l  validit y b y comparin g th e protocol s o f 
a studen t  learnin g t o progra m i n Smalltal k agains t  a 
COGNTTIO-based compute r  simulatio n o f  th e same . 
C O G N I T I O i s a  productio n syste m cognitiv e 
architectur e tha t  account s parsimoniousl y fo r  huma n 
learnin g base d o n thre e learnin g mechanisms :  schem a 
formation ,  episodi c memory ,  an d know ledg e 
compilation .  Th e result s o f  simulatio n suppor t  th e 
validit y o f  C O G N I T I O a s a  computationa l  theor y o f 
learnin g an d cognition .  W e als o dra w som e 
implication s o f  C O G N I T I O fo r  th e teachin g o f 
comple x proble m solvin g skills . 

I n t roduc t i o n 

Existing computational theories of cognition appear 
unabl e t o accoun t  fo r  th e complexitie s o f  huma n 
learnin g an d cognitio n i n a  comprehensiv e an d 
integrate d manne r  (Chan ,  Chee ,  &  Lim .  1992) .  Th e 
majo r  extan t  architecture s see m incapabl e o f 
providin g u s wit h a  suitabl e framewor k fo r  modelin g 
student s learnin g t o progra m i n Smalltalk . 

Althoug h Anderson' s A C T *  an d P U P S theorie s 
(Anderson ,  1983 ;  Anderson ,  1989 )  ar e abl e t o 
account ,  i n detail ,  fo r  skil l  acquisition ,  the y ar e 
unabl e t o describ e othe r  aspect s o f  learnin g suc h a s 
assimilatio n o f  ne w declarativ e domai n knowledge , 
relianc e o n prio r  proble m solvin g episodes ,  an d th e 
formatio n o f  memor y schemata .  Similarly ,  S O A R 
(Laird ,  Rosenbkwm ,  &  Newell .  1986 ;  Laird ,  Newell . 
& Rosenbloom ,  1987 )  i s  abl e t o accoun t  fo r  skil l 
acquisitio n bu t  share s th e sam e deficiencie s o f  ACT* . 

Othe r  computationa l  theorie s suc h a s Schank' s 
M O Ps an d T O P s (Schank ,  1982 )  an d Kolodner s E -
M O Ps (Kolodner ,  1983 ;  Kolodner .  1987) ,  o n th e 
othe r  hand ,  accoun t  fo r  cognitio n onl y fro m a 

restricte d poin t  o f  view ,  namely ,  tha t  o f  case-base d 
reasonin g (se e Slad e (1991 )  fo r  a  discussio n o f  th e 
case-base d reasonin g paradigm) .  Case-base d reasoning 
and proble m solvin g base d o n episodi c memor y ar e 
importan t  element s o f  huma n cognitio n tha t  A C T * 
and S O A R d o no t  accoun t  for .  Unfortunately ,  case -
base d reasoning ,  o n it s own ,  i s unabl e t o accoun t  fo r 
th e flner  proble m solvin g an d learnin g behavio r  tha t 
A C T*  an d S O A R offe r  throug h thei r  productio n 
syste m architectur e an d thei r  knowledg e compilatio n 
(Neve s &  Anderson .  1981 ;  Anderson .  1987 )  an d 
chunkin g mechanis m (Laird ,  RosenbkxMn ,  &  Newell , 
1986 )  respectively. 

Theorie s suc h a s Inductio n (Holland ,  Holyoak , 
Nisbett ,  &  Thagard ,  1987 )  an d Repai r  Theor y (Brow n 
& Vanlehn ,  1980 )  ar e als o problemati c fro m th e 
perspectiv e o f  accountin g fo r  comple x proble m 
solvin g behaviOT .  Th e theor y o f  Inductio n account s 
fo r  learnin g i n a  proble m solvin g domai n throug h 
activation :  a  rul e whic h ha s bee n successfull y applie d 
wil l  b e mor e highl y activate d tha n anothe r  whic h ha s 
been unsuccessfull y applied .  Consequently ,  whe n a 
simila r  proble m arise s th e nex t  time ,  th e mor e highl y 
activate d rul e wil l  b e selecte d first  Th e theor y o f 
Inductio n seem s t o describ e cognitio n a t  a  leve l  whic h 
i s to o lo w fo r  modelin g comple x proble m solvin g 
behavior .  Furthermore ,  i t  omit s th e rol e o f  schemati c 
knowledg e i n proble m solving ,  a n importan t 
indicatio n o f  increasin g expertis e i n a  donuii n (Chi , 
Feltovich ,  &  Glaser .  1981 ;  Rumelhart .  1980 ; 
Rumelhar t  &  Norman ,  1978) .  Repai r  theory ,  o n th e 
othe r  hand ,  ha s bee n mos t  successfull y apptie d t o th e 
stud y o f  subtraction .  However ,  i t  i s difficul t  t o exten d 
i t  t o th e modelin g o f  programmin g behavior .  Whil e 
modelin g tw o o r  thre e colum n subtractio n ca n b e 
achieve d usin g a  ver y smal l  numbe r  o f  operators ,  th e 
programmin g proces s entail s a  muc h mor e comple x 
sequenc e o f  plannin g an d reasonin g steps .  Unlik e 
subtraction ,  th e rang e o f  possibl e impasse s i s 
virtuall y unbounde d i n programming .  I n addition . 
Repai r  Theor y als o exclude s th e phenomeno n o f 
schemati c m e m o r y organization .  Consequently . 
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Repai r  Theor y i s ill-suite d t o studyin g programmin g 
behavior . 

I n respons e t o th e perceive d deficiencie s o f  existin g 
cognitiv e theories ,  w e hav e formulate d C O G N I T I O a s 
an integrate d theor y o f  learnin g an d cognition . 
C O G N mO i s particularl y well-suite d t o accountin g 
fo r  learnin g an d cognitio n b y incorporatin g th e 
formatio n o f  schemati c knowledge ,  th e us e o f 
episodi c memory ,  an d th e compilatio n o f  knowledge . 

C O G N I T I O: 
An Extende d Theor y o f  Cognitio n 

COGNITIO is essentially an extension to the ACT* 
theory .  Th e architectur e o f  cognitio n embodie d i n 
C O G N mO i s give n i n Fig .  1 . 
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Fi8.1 Thg CogPiUvg Afchiiwflirg COGNITIO 

COGNITIO is a production system theory of 
cognition .  I t  contain s a  workin g memor y an d thre e 
separat e long-ter m memorie s -  semanti c memory , 
episodi c memory ,  an d productio n memory .  Workin g 
memory i s a  short-term ,  limite d capacit y memor y 
whic h i s th e activate d portio n o f  th e semanti c 
memOTy.  Episodi c memor y contain s prio r  proble m 
solvin g episode s whic h ar e represente d a s plan-tree s 
(Chan ,  Chee ,  &  Lim ,  1992) .  W h e n th e condition s i n 
a productio n rul e containe d i n th e long-ter m 
productio n memor y matc h th e stat e o f  th e workin g 
memory,  th e rul e i s  flred,  an d th e action s (menta l  an d 
possibl y physical )  ar e performed .  Cognitiv e behavio r 
i s th e resul t  o f  a  serie s o f  productio n matching s an d 
firings . 

Mor e importantly ,  C O G N I T I O i s als o a  theor y o f 
learning .  C O G N I T I O postulate s tha t  di e long-ter m 

memorie s ar e transforme d a s a  resul t  o f  productio n 
firings.  Tha t  is ,  learnin g i n a  domai n occur s onl y i f 
tha t  domai n knowledg e i s use d i n solvin g problem s 
of  th e domain .  Thes e long-ter m m e m o r y 
transformation s ar e evidence d b y increasin g 
competenc e i n a  domain .  Th e transformation s occu r 
throug h thre e learnin g mechanisms :  s c h e m a 
formation ,  episod e storage!retrieval ,  an d knowledg e 
compilation . 

(i) Schema Formation (or Declarative Chunking). 
Relate d memor y element s fro m semanti c memor y 
whic h ar e ofte n accesse d togethe r  i n solvin g problem s 
ar e organize d togethe r  int o higher-leve l  memor y 
structure s -  schemat a -  whic h ca n b e accesse d late r  a s 
individua l  unit s i n workin g memory .  Schem a 
formatio n reduce s th e deman d o n workin g memor y 
and enable s a  perso n t o vie w a  comp\c x concep t  o r 
proble m i n a n appropriat e context .  Th e degre e o f 
coherenc e an d understandin g achieve d b y virtu e o f  a 
newl y acquire d schem a wil l  depen d o n ho w wel l 
elaborate d i t  is .  I n addition ,  a  schem a tha t  ha s becom e 
a uni t  b y itsel f  ca n becom e pa n o f  a  large r  schem a a s 
th e learne r  continue s wit h hi s learning .  Suc h schem a 
formatio n correspond s t o th e abilit y  t o buil d a  bette r 
menta l  mode l  o f  a  proble m a t  han d sinc e mor e 
informatio n i s mad e available ,  i n a  coheren t  form ,  a t 
th e tim e a  perso n reason s abou t  th e problem . 

(ii )  Episod e Storage/Retrieval .  A  perso n ca n rel y o n 
hi s prio r  experienc e t o guid e th e solutio n t o a  ne w 
but  simila r  problem .  Eac h problem-solvin g 
experienc e i s considere d a n episod e an d i s stare d i n th e 
long-ter m episodi c memory .  W h e n a  ne w proble m 
bear s som e resemblanc e t o a  proble m tha t  ha s bee n 
solve d previously ,  a  perso n coul d b e lenunde d o f  tha t 
previou s problem-solvin g episode .  H e woul d the n 
rel y o n tha t  episod e fo r  som e o f  th e step s performe d 
or  decision s mad e previously ,  instea d o S attemptin g t o 
solv e th e curren t  proble m anew .  A n episod e i s 
retrieve d whe n a n episode' s goa l  an d condition s matc h 
th e curren t  goa l  an d curren t  workin g memor y conten t 

(iii )  Know ledg e Compilation .  Knowledg e 
compilatio n account s fo r  increasin g fluenc y i n skil l 
acquisitio n an d ultimatel y t o a  hig h degre e o f 
automaticity .  Th e tw o submechanism s o f  knowledg e 
compilatio n ar e proceduralizatio n an d composition . 
Proceduralizauo n create s a  ne w productio n b y 
removin g o r  modifyin g condition s tha t  requir e acces s 
t o long-ter m semanti c memor y s o tha t  tiie  semanti c 
knowledg e i s  buil t  int o th e ne w productio n itself . 
Compositio n create s ne w production s b y composin g 
tw o production s tha t  ar e fired  i n sequenc e i n achievin g 
relate d goal s int o anothe r  productio n that ,  whe n fired, 
wil l  hav e th e sam e effec t  a s th e tw o origina l 
production s fire d i n sequence . 

I n summary ,  C O G N I T I O i s a  computationa l  theor y 
of  learnin g an d cognition .  I t  improve s upo n earlie r 
model s o f  cognitio n b y incorporatin g th e rol e o f 
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episodi c memor y i n a  prodiiction-base d architectur e 
and b y spedficaU y includin g a  mechanis m fo r  schem a 
formatio n an d accommodatin g th e rol e o f  schema u i n 
domai n knowledg e assimilauon . 

Validatin g C O G N I T I O 

Thi s sectio n describe s a  COGNTTIO-base d simulatio n 
of  a  student' s learnin g an d problem-solvin g behavior . 
The flrst  subsectio n describe s th e natur e o f  th e 
protocol s o f  a  studen t  learnin g t o progra m i n 
Smalltalk .  Thes e protocol s provid e th e psychologica l 
dat a fo r  testin g th e validit y o f  CCXiNITIO .  Th e 
secon d subsectio n describe s th e simulatio n itself .  Th e 
thir d subsectio n summarize s th e simulatio n results . 

Protoco l  Collectio n 

We performed a simulation of a student learning to 
progra m i n Smalltal k base d o n th e protocol s collecte d 
firom  a  first-yea r  compute r  scienc e undergraduat e a t 
thi s university .  Th e studen t  ha d onl y studie d Pasca l 
programmin g fo r  on e semester .  Bod i  vide o an d audi o 
protocol s wer e collecte d o f  th e entir e Smalltal k stud y 
sessio n (tota l  duratio n o f  approximatel y si x hours) . 
The studen t  rea d akHi d th e instructio n an d verbalize d 
hi s thought s whil e tryin g t o understan d th e 
instruction s an d whil e solvin g problems .  Th e 
instruction s explaine d Smalltal k concept s an d th e 
programmin g interface .  The y als o require d th e studen t 
t o solv e problem s periodicall y b y bein g engage d i n a 
financial  game .  A n instructo r  wa s presen t  t o provid e 
assistanc e wheneve r  necessary .  Th e vide o recording s 
capture d th e interactio n betwee n th e studen t  an d th e 
Smalltal k programmin g environment .  Th e audi o 
reccxtling s capture d th e verbalization s o f  th e studen t 
and th e dialog s betwee n th e studen t  an d th e instructor . 

The Simulation 

This section describes the simulation of the opening 
segment  o f  th e protocols .  A  schemati c versio n o f  th e 
protocol s i s  containe d i n th e Appendix .  Th e firs t 
subsectio n describe s ou r  approac h t o simulatin g th e 
learnin g embodie d i n th e protocol s whil e th e secon d 
subsectio n describe s th e simulatio n i n detail . 

Process of simulation. A computer system based 
on th e C O G N I T I O architectur e an d theor y wa s 
implemente d t o simulat e th e student' s protocols .  Th e 
proces s o f  simulatio n run s directl y paralle l  t o th e 
unfoldin g learnin g behavior .  Consequently ,  a t  point s 
wher e th e studen t  rea d instruction ,  knowledg e 
correspondin g t o th e instructio n wa s encode d (i n 
propositiona l  form )  an d entere d int o th e system . 

Similarly ,  a t  point s wher e a  proble m ha d t o b e 
solved ,  th e syste m wa s give n th e correspondin g 
proble m solvin g goa l  t o achieve .  Thus ,  a  detailed , 
step-by-ste p simulatio n o f  th e learnin g proces s wa s 
performed .  Suc h a n approac h i s significan t  i n tha t 
knowledg e acquire d a t  tim e t l  affect s no t  onl y 
behavio r  a t  tim e t 2 (later )  bu t  als o h o w ne w 
knowledg e entere d int o th e syste m a t  tim e t 2 i s 
interprete d an d integrate d int o th e syste m memcvy . 
Consequently ,  assimilatio n o f  n e w declarativ e 
knowledg e i s directl y dependen t  o n wha t  i s alread y 
known . 

The simulation results. At the commencement 
of  th e simulation ,  di e syste m onl y contain s a  fe w 
production s tha t  represen t  th e wea k proble m solvin g 
metho d o f  dnide-iuid-conquer .  Thes e productions ,  lik e 
othe r  production s tha t  ar e use d fo r  modelin g problem -
solvin g behavior ,  hav e action s tha t  woul d normall y 
generat e subgoal s t o achiev e a  give n goal .  Fo r 
example ,  on e weak-metho d (M-oductio n encode s th e 
followin g rule : 

I f  a  goa l  i s  t o achiev e a  cerui n functio n an d 
some operatio n ca n achiev e tha t  functio n an d 
tha t  operatio n ha s a  numbe r  o f  step s 
thc B se t  subgoal s t o perfor m thos e steps . 

The long-ter m semanti c memor y als o contain s th e 
proposidona l  for m o f  th e instructio n tha t  wa s rea d b y 
th e studen t  befor e h e attempte d th e firs t  problem , 
namely ,  t o determin e th e balanc e i n th e accoun t 
objec t  M y A c c o u n t .  Lik e th e studen t  (i n step s 4  t o 
8) ,  th e syste m solve s th e proble m i n th e thre e step s 
given ,  namely ,  b y typin g th e expressio n 
" M y A c c o u n t  q u A r y B a l a n c t t " .  highlightin g 
th e expression ,  an d selectin g "prin t  it "  fro m th e 
operat e menu .  Th e step s wer e generate d a s thre e 
subgoal s i n th e simulation .  Afte r  solvin g thi s 
problem ,  n o schem a i s forme d an d n o production s ar e 
compile d becaus e th e leve l  o f  activatio n o f  semanti c 
memory element s involve d i n solvin g th e proble m 
does no t  excee d a  prê iecifie d threshold .  However ,  th e 
system' s episodi c memor y ha s bee n registere d wit h 
th e step s di e syste m too k t o evaluat e th e expressio n 
" M y A c c o u n t  q u « r y B a l « n c « " . 

The precedin g episod e guide s th e solutio n t o th e 
secon d proble m o f  determinin g th e interes t  rat e o f 
M y A c c o u n t .  Th e system ,  lik e th e studen t  (i n step s 
10 t o 12) ,  i s  abl e t o typ e ou t  di e exfHessio n dia t  wa s 
diough t  t o b e needed ,  t o highligh t  it ,  an d t o selec t 
"prin t  it" .  Thi s behavio r  i s  bes t  explaine d a s behavio r 
tha t  result s from  invokin g th e knowledg e store d from 
th e firs t  proble m solvin g episode .  I t  canno t  b e 
explaine d i n term s o f  knowledg e compilatio n becaus e 
th e studen t  is ,  a t  thi s point ,  stil l  verbalizin g di e nee d 
t o highligh t  th e expressio n {"s o w e selec t  th e whol e 
thing" )  an d n o productio n wa s compile d afte r  th e fvs t 
proble m solvin g episode . 

The system ,  lik e th e subjec t  (i n ste p 10) ,  however , 
fail s t o typ e th e objec t  M y A c c o u n t  i n th e 
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expressio n evaluated .  Ther e ar e tw o reason s fo r  this . 
First ,  th e previou s episod e onl y encode d wha t  step s 
neede d t o b e perfonne d l o achiev e th e desire d function , 
namely ,  t o typ e th e expression ,  highligh t  it .  an d 
selec t  "prin t  it" .  Th e episod e di d no t  encod e th e 
knowledg e abou t  th e structur e o f  a  messag e 
expressio n -  tha t  a  messag e expressio n consist s o f  a n 
objec t  followe d b y a  message .  Secondly ,  ther e wa s a 
lac k o f  explici t  specificatio n o f  th e objec t  i n th e 
instruction s bu t  stron g associatio n o f 
i n t « r « 8 t R a t « t o th e functio n o f  determinin g 
interes t  rate .  A s a  result ,  th e expressio n t o b e 
evaluate d i s associate d wit h onl y th e messag e 
lntttr«stR«t « i n th e workin g memor y leadin g 
t o th e incorrec t  behavio r  observe d However ,  whe n 
th e caus e o f  th e erro r  wa s pointe d ou t  b y th e 
instructo r  (missin g receive r  object .  MyAccount ,  i n 
th e messag e expression) ,  th e studen t  (i n ste p 14 )  wa s 
abl e t o mak e th e apfxopriat e correctio n (step s 15-17) . 

When th e syste m (an d th e studen t  i n ste p 18 )  i s 
give n th e goa l  t o star t  u p th e tradin g place ,  i t  (\\k t 
th e student )  i s  abl e t o cod e th e expressio n correctl y 
(step s 19-21) .  Furthermore ,  fro m th e verbalization s o f 
th e studen t  {"TradingPlac e i s th e object "  an d 
"startu p i s th e message") ,  i t  ca n b e see n tha t  a 
schema encodin g th e structur e o f  a  messag e 
expressio n i s bein g formed .  Th e syste m simulate s 
thi s i n correspondin g fashio n b y creatin g a  messag e 
expressio n schem a tha t  comprise s a n objec t  slot ,  a 
message slot ,  an d a  constrain t  slo t  ̂)ecifyin g tha t  th e 
receive r  objec t  mus t  preced e th e messag e selector . 

As th e simulatio n proceeds ,  th e messag e expressio n 
schema i s enhance d wit h a  slo t  indicatin g tha t  a 
Smalltal k objec t  i s  returne d fro m th e evaluatio n o f  a 
message exix-essio n (step s 23-2S) .  Evidenc e o f  thi s 
becomes apparen t  late r  (ste p 31 )  b y th e wa y th e 
studen t  interpret s th e neste d messag e expression s i n 
ste p 30 .  Furthennore ,  a  productio n tha t  proceduralize s 
th e step s t o evaluat e a  messag e expressio n i s als o 
formed .  Th e omissio n o f  verbalizatio n an d th e spee d 
wit h whic h th e expressio n wa s evaluate d (tha t  is , 
highlightin g an d selectin g "prin t  it "  i n ste p 23 )  ar e 
supportiv e o f  th e proceduralizatio n havin g occurred . 

As th e studen t  progresse d wit h hi s learning ,  h e 
acquire d mor e schemata ,  mor e experienc e fro m prio r 
problem-solvin g episodes ,  an d mor e production s 
forme d i n productio n memory .  Fo r  example ,  afte r 
about  a n hou r  an d a  hal f  afte r  th e protoco l  extrac t 
shown i n th e ̂ ^nd i x ,  th e studen t  ha d als o forme d 
an appropriat e metho d schem a tha t  resulte d fro m 
codin g severa l  expressio n series ,  examinin g an d 
understandin g method s i n detail ,  an d codin g a  method . 
Supportin g evidenc e fo r  thi s schem a formatio n i s 
provide d whe n th e studen t  wa s tryin g t o understan d 
th e followin g give n method : 
buyShar«0 f  llAMtt :  aStrln g 

SharesPortfoli o add:(TradingPlac e 
buyShar*onuitt :  a  S  t  r i  n  g 
usingAccount :  self ) 

i n whic h th e gk)ba l  variabl e SharesPortfol i o i s 
accesse d i n th e method .  Th e studen t  elaborate d hi s 
metho d schem a i n th e followin g verbalization : 
"SharesPortfoli o bein g a  globa l  variable ,  w e ca n d o 
this" .  Thi s i s becaus e th e metho d schem a speciTie t 
th e part s o f  a  metho d a s wel l  a s th e constrain t  tha t 
onl y instanc e an d clas s variable s ar e accessibl e i n th e 
metho d o f  th e receiver .  Thus ,  upo n encounterin g 
Sharesport fo l i o whic h i s neithe r  th e instanc e 
or  clas s variabl e o f  a n accoun t  object ,  th e studen t  i s 
tryin g t o interpre t  th e metho d i n a  manne r  whic h i s 
consisten t  wit h hi s curren t  schema . 

Evidenc e fo r  proble m solvin g base d o n episodi c 
memory i s provide d a t  a  poin t  i n tim e afte r  th e 
studen t  code d th e abov e method .  Th e studen t 
remembere d tha t  h e ha d previousl y use d anothe r 
message whic h dre w cas h directl y from  th e accoun t  t o 
get  a  highe r  discount :  'remembe r  ther e i s 
u s i n g C m a b O f  .  (afte r  locatin g th e actua l 
message name )  "so .  i f  I  wer e t o rewrit e m y 
method...o f  the...t o u  a i  n  g C »  a  b O f 
wi tbdra w amount ,  wouldn' t  tha t  b e better?' .  A s a 
result,  h e change d th e give n metho d t o th e on e tha t 
gav e a  highe r  discount .  Thi s behavio r  ca n b e 
simulate d b y insertin g a n additiona l  conditio n i n th e 
workin g memor y tha t  a  maximu m discoun t  i s 
require d s o du u th e episod e involvin g th e us e o f  th e 
neste d message : 
"TradingPlac e buyStaareOfName:aShareNam e 

usingCashOf:(MyAccoun t 
wIthdniwtanAmount) " 

i s  retrieved .  Withou t  th e learnin g mechanis m o f 
episodi c memory ,  th e workin g memor y mus t  first  b e 
augmente d wit h di e variou s fact s an d relationship s 
betwee n th e message s w i t h d r a w :  an d 
buyShareOrNaiiic:usingCashOr: .  A  serie s o f 
reasonin g step s mus t  the n b e performe d t o construc t 
th e appropriat e neste d message .  However ,  th e 
protoco l  o f  th e studen t  di d no t  reveal  th e occurrenc e o f 
suc h reasonin g steps .  I n addition ,  knowledg e 
compilatio n canno t  b e use d t o explai n th e behavio r 
becaus e th e studen t  wa s unabl e t o reproduce  th e whol e 
neste d expressio n readily .  Instead ,  h e wa s reminded  o f 
th e episode ,  bu t  stil l  ha d t o rely  o n th e tex t  fo r  th e 
exac t  for m o f  th e messag e expressio n required . 

Ther e wa s als o ampl e evidenc e o f  knowledg e 
compilation .  However ,  mos t  o f  th e rule s compile d 
wer e interface-related ;  fo r  example ,  copyin g a  ntetho d 
fro m on e clas s t o anothe r  throug h th e syste m 
browser .  Sinc e th e knowledg e compilatio n 
mechanis m operate s th e sam e wa y a s i n ACT* ,  w e d o 
not  elaborat e o n thi s further . 

Simulatio n Conclusion s 

The simulation results described above demonstrate 
tha t  CCXjNITI O provide s a  faithfu l  computationa l 
accoun t  o f  cognitio n an d learning .  I n particula r 
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(i )  Th e basi c productio n syste m architectur e ca n b e 
use d t o simulat e cognition ,  an d especiall y learning . 
Thi s i s  consisten t  wit h th e abilit y o f  A C T * 
(Anderson,  FarreU ,  &  Sauers .  1984 )  an d S O A R 
(Lewis ,  e t  al ,  1990 )  t o simulat e huma n proble m 
solvin g behavior . 

(ii )  Th e thre e learnin g mechanisms ,  namely , 
schema formation ,  storage/retrieva l  o f  episodes ,  an d 
knowledg e compilation ,  a s embodie d i n C O G N T T I O 
ar e al l  essentia l  component s o f  an y accoun t  o f  huma n 
learning .  Take n individually ,  eac h mechanis m ma y 
accoun t  fo r  on e aspec t  o f  learnin g bu t  no t  another .  B y 
integratin g th e thre e learnin g mechanism s i n a 
parsimoniou s way ,  C O G N T T I O i s abl e t o accoun t  fo r 
learnin g i n a  mcx c integrate d an d powerfu l  way . 

Implication s o f  C O G N I T I O 

The simulation highlights some implications for 
teachin g Smalltal k an d othe r  skill s  i n general : 

(i )  I t  i s  importan t  tha t  a  studen t  b e give n ampl e 
practic e an d exposur e t o concept s (fo r  example ,  th e 
structur e o f  messag e expressions )  befor e h e ha s t o 
procee d furthe r  i n a  cours e o f  instruction .  Thi s i s t o 
ensur e tha t  appropriat e knowledg e ha s bee n 
schematize d s o tha t  i t  wil l  leav e mor e workin g 
memory capacit y availabl e fo r  ne w concept s t o b e 
acquired . 

(ii )  Instructio n fo r  teachin g a  skill ,  suc h a s 
Smalltal k programming ,  shoul d b e designe d wit h th e 
ai m o f  equippin g th e studen t  wit h th e variou s 
schemat a o f  th e essentia l  concept s o f  th e skill .  Fo r 
example ,  i n Smalltalk ,  som e relevan t  schemat a ar e 
th e messag e expressio n schema ,  th e metho d schema , 
th e clas s schema ,  an d s o on .  Th e observatio n i s tha t  a 
schema ca n ai d th e studen t  i n understandin g relate d 
concept s tha t  wil l  b e introduce d later .  Fo r  example ,  a 
schema fo r  messag e expression s i s  essentia l  fo r 
undersundin g mor e complicate d concept s suc h a s 
neste d messag e expression s o r  methods . 

(iii )  Part s o f  a  knowledg e o r  skil l  ca n b e acquire d 
throug h episodi c learnin g bu t  othe r  part s migh t  b e 
bette r  taugh t  explicitly .  Thi s i s  illustrate d b y th e 
earlies t  par t  o f  th e simulatio n whe n th e studen t  ha d 
no difficult y performin g th e step s t o evaluat e a n 
expressio n ou t  forgo t  t o includ e th e objec t  i n th e 
message ex|m;ssion .  Thus ,  a  "semantic "  relationship , 
suc h a s tha t  betwee n a n objec t  an d a  message ,  i s  bes t 
taugh t  explicitly ;  failur e t o d o s o entail s th e ris k o f 
th e relationshi p bein g ignore d b y a  studen t 

C o n c l u s i o n s 

This paper has described a computational theory of 
learnin g an d cognition ,  a s embodie d i n C O G N T T I O. 
The theor y i s  abl e t o accoun t  fo r  th e schemati c 

organizatio n o f  memory ,  th e rol e o f  episodi c memor y 
i n learning ,  an d skil l  acquisitio n i n cognition . 
Evidenc e o f  th e validit y o f  C O G N I T I O wa s 
demonstrate d b y it s applicatio n t o th e simulatio n o f  a 
studen t  learnin g t o progra m i n Smalltalk .  Th e 
simulatio n als o highlight s som e implication s fo r 
teachin g problem-solvin g skill s  suc h a s Smalltal k 
programming . 

Appendix. A schematic protocol of a student 

learnin g t o progra m i n Smalltal k i s  show n below . 
The student' s actua l  verbalization s ar e show n i n 
italic s i n squar e brackets . 
1.  Studen t  letrti M dia t  t o achiev e somethin g i n Smalltalk , 
he mus t  sen d a  messag e t o som e object . 
2.  Studen t  lean u tha t  th e basi c forma t  t o d o s o i s "objec t 
message-name" . 
[Proble m Solvin g Episod e 1 :  Step s 3-8 ] 
3.  Studen t  i s  aske d t o determin e th e balanc e i n 
MyAccoun t  b y sendin g th e messag e qu«ryB« l»nc * 
t o th e objec t  MyAccoun t  i n th e Workspac e windo w 
(alread y opened) . 
4.  Th e step s give n are :  (a )  typ e " M y A c c o u n t 
qu«ryBalanc«" ,  (b )  highligh t  th e expression ,  an d 
(c )  selec t  "prin t  it "  fro m th e operat e menu . 
5.  Studen t  type s th e expression . 
6.  Studen t  highlight s th e expression . 
7.  Instructo r  teache s ho w an d wher e t o selec t  "prin t  it " 
8.  Expressio n i s evaluate d -  500 0 (whic h i s th e curren t 
balanc e i n MyAccount )  i s  show n besid e th e evaluate d 
expression . 
[Proble m Solvin g Episod e 2 :  Step s 9-12 ] 
9.  Studen t  i s  aske d t o determin e th e interes t  rat e offere d 
i n M y A c c o u n t  b y sendin g i t  th e messag e 
In ta ras tRa t * . 
0.  Studen t  think s alou d ["InfrmttRat*".. .  ]  a s h e 

type s "lnt«r«atRattt " 
11.  Studen t  think s alou d ["s o w e selec t  th e whol e 
thing".. .  ]  a s h e highlight s "lnt«r«at:R«t« " 
12.  Studen t  select s "prin t  it" . 
13.  Erro r  messag e appear s (becaus e th e syste m treat s 
ln t« r«atR«t *  a s a n objec t  accordin g t o th e synta x 
of  Smalltalk ,  an d suc h a n objec t  doe s no t  exist) . 
14.  Instructo r  point s ou t  th e mistak e tha t  th e objec t  i n 
th e expressio n ha s bee n omitted . 
[Proble m Solvin g Episod e 3 :  Step s 15-17 ] 
15.  Studen t  type s " M y A c c o u n t "  befor e 
" ln t«r*scRata" . 
16.  Studen t  think s alou d [" intmr»MtR*t » i s no t 
object ,  ia tmrmmtRMt *  i s  message"] . 
17.  Studen t  evaluate s th e expressio n -  0.04 ,  whic h i s th e 
interes t  rate ,  i s  shown . 
[Proble m Solvin g Episod e 4 :  Step s 18-21 ] 
18.  Studen t  i s  aske d u > sUr t  a  TradlngPlac e runnin g b y 
sendin g i t  a  message ,  a t  ar t  Op . 
19.  V ' T r a d i n g P l a c e i s th e object" ]  type s 
"TradlngPlace" . 
20.  ["starta p i s th e message" ]  type s "startOp" . 
21.  Studen t  evaluate s th e expressio n b y highlightin g i t 
and selectin g "prin t  it "  ( a windo w representin g a  tradin g 
plac e appears) . 
[Proble m Solvin g Episod e 5 :  Step s 22-25 ] 
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22 .  Studen t  i *  uke d t o bu y ihare i  b y sendin g th e 
mesMge bnyShar *  l o TradlngPlaca . 
23 .  Studen t  type s " T r a d l n g P 1  ace" ,  an d the n 
"bayShar*" ;  h e the n evaluate s i t  -  anUserShar e i s 
shown.  [I n Smalltalk ,  a n objec t  i s  alway s returne d a s a 
resul t  o f  executin g a  messag e expression .  I f  a  use i  selec u 
"prin t  it "  a s th e comman d fo r  executin g a n expreuion . 
th e objec t  wil l  b e printed .  I f  a n objec t  i s no t  a  literal ,  i u 
clas s wil l  b e printed. ] 
24.  Studen t  trie s t o determin e wha t  i s anUserShare . 
25.  Instructo r  point s ou t  tha t  i t  i s a n indicatio n tha t  a 
shar e objec t  i s returned . 
[Proble m Solvin g Episod e 6 :  Step s 26-27 ] 
26.  Studei U i s  aske d t o bu y share s b y evaluatin g th e 
expressio n 
"TradingPlac e buyShareOfBaa*:•Emtex • 

ualngAccoun t  .-MyAccount" . 
27.  Studen t  type s "T rad lngP lace" ,  the n type s 
" b u y 8 h a c « 0 f a a a « :  •  Emte x •  '  an d the n type s 
"ualaqAcoountzMyAccount "  an d the n evaluate s i t 
-  anUserShar e i s shown . 
28.  Sniden t  i s  tol d tha t  th e h e ha s los t  acces s t o th e 
share s bough t  becaus e the y wer e no t  store d awa y 
somewhere . 
29.  Studen t  i s tol d tha t  th e share s t o b e bough t  late r  ca n 
be store d i n th e se t  objec t  SharesPortfoli o an d tha t  a 
shar e ca n b e adde d int o th e se t  b y sendin g i t  th e messag e 
"add:aShare" . 
30.  Studen t  i s aske d t o evaluat e on e o f  th e message s i n 
orde r  t o bu y share s an d ad d i t  int o th e 
SharesPortfolio . 
(i )  SharesPortfoli o add:TradingPlac e 

buyShar a 
(ii )  SharesPortfoli o add : 
(TradingPlac e buySharaOfHaaa:shareNam e 

ualngAccount:anAccount ) 
(iii )  SharesPortfoli o add : 

(TradingPlac e 
buySharaO f  Naai a :  s  h a reNam e 
ualngCaahOf : 

(anAccoun t  withdraw:amount) ) 
31.  Studen t  interpret s th e abov e message s (i )  an d (ii )  a s 
l"*dd :  i s th e message..jt%essag e a  share...lh e argumen t 
bein g sen t  i n is...whe n i s returne d i s anUserShar e an d 
thi s i s  a n objec t  s o goe s int o add :  an d thi s a d d : 
goes int o SharesPortfol i o whic h i s th e se t  object" ] 
and the n (iii )  a s ["withdraw ;  i s  anothe r  messag e 
whereb y i t  allow s yo u t o sa y ho w muc h t o withdra w 
..um d sam e thing..xin d accoun t  withdra w wil l  retur n yo u 
an object...' ] 
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