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Abstrac t 

There have been a number of production system models 
whic h hav e recentl y mad e substantia l  advance s i n modelin g 
higher-leve l  cognition .  Thes e typ e o f  mode l  offer s onl y 
comprehensiv e approache s t o th e modelin g o f  highe r  leve l 
cognition .  Thi s symposiu m wil l  involv e presentation s b y 
fou r  exemplar s o f  thi s approac h t o cognitiv e modelin g 
(ACT,  CAPS,  EPIC ,  an d S O A R ) .  Th e presentation s wil l  tr y 
t o illustrat e th e rang e o f  application s t o whic h suc h model s 
ar e appropriate ,  wha t  th e similaritie s an d difference s ar e 
among th e variou s architectures ,  an d wha t  som e o f  th e 
interestin g researc h question s ar e withi n eac h architecture . 

T h e A C T - R Theor y 

ACT-R (Anderson, 1993) is a model of human cognition 
whic h assume s tha t  a  productio n syste m operate s o n a 
declarativ e memory .  I t  i s  a  successo r  t o previou s A C T 
production-syste m model s (Anderson ,  1976 ,  1983 )  an d 
continue s th e emphasi s o n activation-base d processe s a s 
th e mechanism s fo r  relatin g th e productio n syste m l o th e 
declarativ e m e m o r y .  Differen t  trace s i n declarativ e 
m e m o ry hav e differen t  level s o f  activatio n whic h 
determin e thei r  rale s an d probabilitie s o f  bein g processe d 
by th e productio n rules .  A C T - R i s distinguishe d fro m th e 
prio r  A C T theorie s i n tha t  th e detail s o f  it s desig n hav e 
bee n strongl y guide d b y th e rationa l  analysi s o f  Anderso n 
(1990) .  Essentially ,  A C T - R i s a  productio n syste m tune d 
t o perfor m optimall y give n th e statistica l  structur e o f  th e 
environment . 

Accordin g t o th e A C T theories ,  knowledg e i s divide d 
int o declarativ e knowledg e an d procedura l  knowledge .  I n 
A C T - R,  declarativ e knowledg e i s represente d i n term s o f 
chunk s whic h ar e schema-lik e structures ,  consistin g o f  a n 
is a slo t  specifyin g thei r  categor y an d s o m e numbe r  o f 
additiona l  slot s encodin g thei r  contents .  Be lo w i s a 
graphica l  displa y o f  a  chun k encodin g th e additio n fac t 
tha t  3+4=7 . 

fac t  3  +  4 
is a 
adden d 1 
addend 2 
sum 

addition-fac t 
thre e 
fou r 
seve n 

Accordin g t o A C T ,  procedura l  knowledge ,  suc h a s 
mathematica l  problem-solvin g skil l  i s  represente d b y 
productions .  Fo r  instance ,  suppos e a  chil d wa s a t  th e 
poin t  illustrate d belo w i n th e solutio n o f  a  multi-colum n 
additio n problem : 

531 
+ 24 8 
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Focused on the tens column, the following production 
rul e migh t  appl y fro m th e simulatio n o f  multi-colum n 
additio n (Anderson ,  1993) ; 

PROCKSS-COLUMN 
I F th e goa l  i s  t o writ e ou t  a n answe r  i n colum n c l 

and d l  an d d 2 ar e digit s i n tha t  colum n 
and d 3 i s th e su m o f  d l  an d d 2 

T H EN se t  a  subgoa l  t o writ e ou t  d 3 i n cl . 

The first clause in this production matches the current 
goa l  t o proces s th e ten s column ;  th e secon d claus e 
matche s th e digit s i n th e ten s column ;  an d th e thir d claus e 
matche s a  fac t  o r  chun k fro m long-ter m m e m o r y . 
Accordin g t o th e A C T - R theory ,  a n importan t  componen t 
of  th e tim e fo r  thi s productio n t o appl y wil l  b e th e tim e t o 
retriev e th e long-ter m memorie s require d t o matc h th e 
productio n rule .  So ,  i n thi s cas e wher e 3  an d 4  ar e i n th e 
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curren t  column ,  th e lim e t o matc h th e las t  claus e wil l  b e 
determine d b y th e leve l  o f  activatio n o f  th e chun k 
encodin g 3  + 4  =  7 .  Th e nex t  subsectio n wil l  explai n ho w 
activatio n determine s matc h time . 

The presentation will describe an ACT-R model of 
m e m o ry spa n t o illustrat e th e activatio n computations , 
limitation s o n capacity ,  an d rol e o f  activatio n i n partia l 
matching . 

T h e S o a r  Uni f ie d T h e o r y o f  Cogn i t i o n 

Soar is a symbolic cognitive architecture that implements 
goal-oriente d behavio r  a s searc h throug h a  proble m space . 
Complet e discussion s o f  Soa r  describ e a  hierarch y fro m 
an abstrac t  knowledg e leve l  d o w n t o a  hardware- ,  o r 
wetware-dependen t  technolog y leve l  (Pol k & 
Rosenbloom ,  1994) ,  bu t  th e tw o middl e level s ar c o f 
primar y interes t  whe n comparin g Soa r  t o othe r  cognitiv e 
architectures .  T h e problem-spac e leve l  describe s 
deliberate ,  goal-oriente d behavior ;  th e architectur e leve l 
implement s th e problem-spac e leve l  an d i s concerne d 
wit h th e mechanism s o f  memory-retrieva l  an d learning . 

At the problem-space level. Soar can be described as a 
set  o f  interactin g proble m spaces ,  wher e eac h proble m 
spac e contain s a  se t  o f  operator s tha t  ar e applie d t o stale s 
t o produc e ne w states .  A  task ,  o r  goal ,  i n a  problem-spac e 
i s modele d b y th e specificatio n o f  a n initia l  stal e an d on e 
or  mor e desire d states .  W h e n sufficien t  knowledg e i s 
availabl e i n th e proble m spac e fo r  a  singl e operato r  t o b e 
selecte d an d applie d t o th e curren t  state ,  the n behavio r  o f 
a Soa r  mode l  i s strongl y directe d an d smooth ,  a s i s skille d 
h u m an behavior .  W h e n knowledg e i s missing ,  eithe r 
searc h i n additiona l  proble m space s ma y b e necessar y t o 
locat e th e knowledge ,  o r  decision s mus t  b e mad e withou t 
th e knowledge ,  leavin g ope n th e probabilit y  o f  errors ,  an d 
thus ,  error-recover y activities .  Thi s produce s mor e 
comple x branchin g an d back-trackin g performance ,  a s 
displaye d i n huma n problem-solvin g behavior . 

The architecture level is itself a hierarchy. At the 
lowes t  level ,  Soa r  consist s o f  perceptua l  an d moio r 
module s tha t  provid e th e mean s o f  perceivin g an d actin g 
upo n a n externa l  world .  A t  th e nex t  level ,  associations ,  i n 
th e for m o f  symboli c productions ,  matc h th e content s o f 
working-memor y (comprise d o f  th e input s o f  perception , 
th e outpu t  parameter s fo r  th e moto r  modules ,  an d purel y 
interna l  structure )  t o retriev e additiona l  informatio n fro m 
long-ter m m e m o r y .  I n contras t  t o mos t  classica l 
productio n systems .  Soar' s association s matc h an d fir e i n 
parallel ,  ar e limite d i n thei r  actio n repertoir e t o th e 
generatio n o f  preference s fo r  th e activatio n o f  working -
m e m o ry structure ,  an d automaticall y retrac t  thes e 
preference s whe n thei r  condition s n o longe r  match . 
Association s repeatedl y fire  an d retrac t  unti l  n o furthe r 
association s ar e eligibl e t o d o so ,  the n Soar' s decision -
leve l  proces s weigh s al l  th e activ e preference s an d 
choose s a  n e w problem-space ,  operator ,  o r  state . 

Whenever  th e activation s ar e no t  sufficien t  t o allo w a 
uniqu e choice ,  th e architectur e respond s b y settin g a 
subtas k t o resolv e thi s impasse ,  an d th e entir e proces s 
recurs .  I f  th e recursiv e processin g add s ne w preference s 

tha t  ar e activ e i n th e origina l  task ,  Soar' s architectura l 
learnin g mechanis m (calle d chunking )  create s a  ne w 
associatio n betwee n thos e working-memor y structure s i n 
th e origina l  tas k tha t  led ,  throug h a  chai n o f  association s 
i n th e subtask ,  t o th e ne w preference s i n th e origina l  task . 
Thus ,  chunkin g effectivel y transfer s knowledg e fro m th e 
subtas k spac e t o th e origina l  tas k space .  Chunkin g 
straightforwardl y produce s speed-up ,  bu t  ca n als o 
inductivel y acquir e ne w knowledg e (Rosenbloom ,  Lair d 
& Newell .  1991) . 

Using an estimate of 50 msec per decision cycle. Soar 
has bee n use d t o mode l  huma n performanc e i n man y 
differen t  real-tim e tasks ,  fro m visua l  search ,  t o natural -
languag e comprehension ,  t o plannin g an d problem -
solvin g tasks .  Th e presentatio n wil l  emphasiz e th e 
contributio n o f  architectura l  constrain t  o n integratin g 
individually-develope d model s i n th e servic e o f  high-leve l 
task s tha t  requir e thes e componen t  capabilities . 

3 C A P S S imu la t i o n S y s t e m s fo r  M o d e l i n g a 

L im i t ed -Capac i t y W o r k i n g M e m o r y 

3CAPS is a Capacity-Constrained, Concurrent, 
Activation-base d Productio n Syste m whic h instantiate s a 
capacit y theor y o f  workin g memor y (Jus t  &  Carpenter , 
1992) .  Th e theor y propose s tha t  a  majo r  constrain t  i n 
immediat e processin g i n languag e comprehension , 
proble m solving ,  an d spatia l  reasonin g i s th e amoun t  o f 
activatio n availabl e t o simultaneousl y perfor m cognitiv e 
compulation s an d activel y maintai n intermediat e an d final 
products . 

3CAPS instantiates the capacity theory in a symbolic 
processin g environmen t  ( a productio n system )  tha t 
incorporate s severa l  activation-based ,  connectionis t 
mechanisms .  First ,  th e representation s ar e graded ,  i n tha t 
eac h representationa l  elemen t  ha s a n associate d activatio n 
leve l  iha i  change s whe n a  productio n eithe r  increment s o r 
decrement s ii ,  o r  whe n ther e i s a  globa l  deallocatio n o f 
activation .  A n elemen t  ca n enabl e a  productio n t o fire 
onl y i f  it s  aclivaiio n leve l  i s  abov e som e threshold . 
Second ,  th e processin g i s grade d i n tha t  th e production s 
do ihci r  wor k gradually ,  ove r  severa l  cycle s o f  th e 
productio n system ,  b y incrementall y propagatin g 
activatio n fro m sourc e element s t o outpu t  elements ,  unti l 
th e targe t  element s reac h threshol d o r  som e othe r  proces s 
intervenes .  Third ,  al l  satisfie d production s ca n fire  i n 
parallel . 

The model's assumptions include: 

1. There is a limited amount of activation to support 
bol h informatio n maintenanc e an d computations . 
Th e deman d fo r  activatio n differ s amon g tasks . 
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producin g cognitiv e performanc e difference s i n 
respons e time s an d erro r  rales .  Individual s diffe r  i n 
th e amoun t  o f  th e activatio n resource s tha t  the y 
possess ,  accountin g fo r  som e o f  th e systemati c 
individua l  difference s i n cognitiv e performance . 

2. In the event of activation demand exceeding the 
supply ,  activatio n i s partiall y  deallocate d bot h fro m 
th e processin g functio n (producin g a  slowin g o f 
processin g becaus e th e production s wil l  requir e mor e 
cycle s t o propagat e a  give n amoun t  o f  activation) , 
and fro m th e maintenanc e o f  previousl y compute d 
partia l  product s (producin g forgetting) . 

3. Capacity utilization, some measure of the 
proportio n o f  th e resourc e poo l  tha t  i s  bein g 
consume d i n a  give n tim e interval ,  i s  determine d 
conjointl y b y th e siz e o f  a n individual' s resourc e poo l 
and b y th e deman d o f  a  give n tiisk . 

Capacity utilization can be measured in the models as 
th e proportio n o f  th e resourc e poo l  tha t  i s  i n play .  I n 
experimenta l  studies ,  capacit y utilizatio n ma y correspon d 
t o workloa d o r  effort ,  an d ma y b e manifeste d i n 
physiologicall y base d measure s o f  performance ,  suc h a s 
brai n activation ,  pupillar y response ,  an d ERPs . 
Moreover ,  thes e capacit y utilizatio n effect s can  b e 
evaluate d a s the y ar e engendere d b y las k effect s an d b y 
individua l  differences . 

The 3CAPS system can be used for modeling diverse 
task s suc h a s sentenc e comprehensio n (Jus t  &  Carpenter , 
1992) ,  stor y comprehensio n (Goldma n &  Varma ,  1995) , 
and human-compute r  interactio n (Huguenard ,  Lerch , 
Junker ,  Patz ,  &  Kass ,  1993 )  an d i n aphasi c 
comprehensio n (Miyake ,  Carpenter ,  &  Just ,  1994) .  Th e 
presentatio n wil l  describ e recen t  3 C A P S model s tha t 
illustrat e th e effect s o f  individua l  difference s an d capacit y 
constraints . 

T h e E P I C Architectur e C o m p u t a t i o n a l 

M o d e l s o f  H u m a n P e r f o r m a n c e 

EPIC (Executive Process-Interactive Control) is a 
computationa l  framewor k fo r  constructin g model s o f 
human information-processin g an d performanc e whic h 
couple s perceptual-moto r  mechanism s wit h a  production -
syste m representatio n o f  procedura l  skill .  EPI C ha s a 
production-rul e cognitiv e processo r  surrounde d b y 
perceptua l  an d moto r  periphera l  processor s whos e 
propertie s ar e base d o n th e curren t  researc h literature .  W c 
ar e pursuin g tw o line s o f  wor k wit h EPIC :  On e i s 
detaile d analyse s o f  multimodal ,  high-performanc e 
human-compute r  interactio n situations ,  th e othe r  i s 
understandin g executiv e processe s i n huma n muliiplc-ia.s k 
performance . 

Our key principles can be summarized as follows: 

1.  Ou r  computationa l  model s ar e buil t  i n term s o f  a 
detaile d genera l  architectur e tha t  cover s huma n 
perceptual ,  cognitive ,  an d moto r  mechanisms ,  an d 
whic h i s require d t o b e accurat e an d applicabl e acros s 
uis k domains . 

2. A central role is given to cognitive strategies for 
tas k execution ,  whic h w e represen t  usin g productio n 
systems . 

3. Executive processes for coordinating multiple 
titsk s ar e treate d simpl y a s additiona l  strategies ,  an d 
likewis e ar e represente d wit h set s o f  productio n rules . 

4. EPIC does not assume an inherent central-
processin g bottleneck .  W e attemp t  t o explai n 
performanc e limitation s i n bot h single -  an d multiple -
tas k situation s i n term s o f  th e strategi c effect s o f  th e 
tas k instructions ,  limite d workin g memor y capacity , 
and perceptual-moto r  constraints . 

Thus unlike the heavy emphasis on purely cognitive 
processe s i n man y modelin g efforts ,  w e hav e undertake n 
a detaile d an d explici t  consideratio n o f  ho w perceptua l 
and moto r  mechanism s interac t  wit h cognitiv e 
mechanism s t o determin e huma n abilitie s an d limitations . 
Our  presentatio n provide s a  brie f  descriptio n o f  th e EPI C 
architectur e an d a  summar y o f  ho w w e hav e applie d EPI C 
t o human-compute r  interactio n problem s an d comple x 
dual-tas k performance . 
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