
Cognit iv e Architectur e a n d M o d e l i n g I d i o m : 

A n E x a m i n a t i o n o f  T h r e e M o d e l s o f  th e Wicliens' s T a s k 

Yannic k Lallenien t  (yannick@cs.cmu.edu ) 
Bonni e £ .  Joh n (bej@cs.cniu.edu ) 

H u m an Compute r  Interactio n Institut e 
Carnegi e Mello n Universit y 

500 0 Forbe s avenue ,  Pittsburgh ,  P A 1521 2 U S A 

Abstrac t 

Cooper and Shallice (1995) raise many issues regarding the 
unifie d theorie s o f  cognitio n researc h progra m i n general , 
and Soa r  i n particular .  I n thi s paper ,  w e examin e on e 
specifi c  criticis m o f  Newell' s  (1990 )  treatmen t  o f 
immediat e behavio r  an d us e i t  t o explai n th e notio n o f  th e 
modelin g idio m withi n a  cognitiv e architecture .  W e 
compar e a  dual-tas k mode l  usin g Newell' s  architectur e an d 
idio m t o tw o othe r  model s tha t  us e differen t  architecture s 
and idiom s (EPI C an d a n experimenta l  versio n o f  Soar) .  W e 
als o loo k a t  th e models '  dependenc y o n thei r  respectiv e 
cognitiv e architectures ,  an d th e theory/implementatio n 
gap als o identifie d b y Coope r  an d Shallic e (1995) . 

Introduction 

Unifie d theorie s o f  cognitio n see k t o provid e a  unique , 
consisten t  framework  fo r  modelin g al l  type s o f  cognitive , 
perceptual ,  an d moto r  activities .  Severa l  unifie d theories ,  o r 
cognitiv e architectures ,  hav e bee n proposed :  amon g the m ar e 
Soar  (Newell ,  1990 )  ,  A C T - R (Anderson ,  1993 )  an d E P I C 
(Meye r  &  Kieras ,  1995) .  Coope r  an d Shallic e (1995 )  rais e 
many issue s regardin g th e unifie d theorie s o f  cognitio n 
researc h progra m i n general ,  an d Soa r  i n particula r  (althoug h 
we believ e thes e objection s appl y t o othe r  architecture s a s 
well) .  I n thi s paper ,  w e examin e som e o f  Coope r  an d 
Shallice' s issue s b y modelin g dual-tas k behavior . 

Newel l  (1990 )  describe d a n idiom ,  o r  styl e o f  modelin g 
tha t  i s  possibl e withi n a n architectur e bu t  no t  require d b y th e 
architecture ,  calle d P E A C T I D M fo r  immediat e behavio r 
tasks .  P E A C T I D M i s a n acrony m fo r  th e operator s th e 
idio m allow s a t  th e immediat e behavio r  leve l  (withou t 
problem-solving) :  Perceive ,  Encode ,  Attend ,  Comprehend , 
Task ,  /ntend .  Decode ,  an d Motor ,  (pronounce d pee-ack-ti -
dim) .  Accordin g t o Coope r  an d Shallic e (1995) , 
Soar /PEACTID M "woul d see m t o provid e onl y a  rigidly 
singl e channe l  mod e o f  operation... "  and ,  therefore ,  i n a 
model  o f  a  dua l  tas k "...th e primar y tas k wil l  inevitabl y b e 
slowe d b y u p t o 12 0 m s "  (p .  134-135) ,  whic h i s no t 
confirme d b y dat a the y cite .  T o investigat e th e criticism ,  w e 
chos e a  specifi c  dua l  tas k tha t  allow s u s t o compar e a 
Soar /PEACTID M mode l  t o tw o othe r  existin g model s o f  th e 
task :  on e writte n i n EP I C an d on e i n a n experimenta l 
versio n o f  Soa r  wit h a  differen t  idiom . 

I n additio n t o examinin g Soar /PEACTIDM' s 
appropriatenes s fo r  immediat e behavior ,  w e als o discus s th e 
dependenc e o f  eac h model' s behavio r  o n it s  underlyin g 

cognitiv e architecture ,  an d th e theory/implementatio n ga p 
identifie d b y Coope r  an d Shallice . 

The Wickens's Task & Modeling Results 

The Wickens' s tas k (Martin-Emerso n &  Wickens ,  1992 ) 
illuminate s phenomen a associate d wit h heads-u p display s i n 
aviation .  I t  consist s o f  a  continuou s trackin g tas k interrupte d 
by a  choice-reactio n task .  Th e Wickens' s tas k displa y i s 
show n i n Figur e 1 .  Th e uppe r  par t  o f  th e displa y show s a 
targe t  an d a  curso r  i n th e trackin g window .  Th e curso r 
moves randoml y an d th e participan t  mus t  kee p th e curso r 
insid e th e targe t  b y movin g a  joystic k wit h hi s right  hand . 
Whil e th e participan t  perform s th e trackin g task ,  a  left -  o r 
right-pointin g arro w appear s a t  rando m interval s i n th e 
informatio n display ,  belo w th e trackin g window .  Th e 
stimulu s i s  displaye d fo r  on e second .  Th e participan t  mus t 
repl y t o thi s stimulu s b y pressin g on e o f  tw o key s wit h hi s 
lef t  hand ,  whil e stil l  attemptin g t o kee p th e curso r  i n th e 
target .  Experiment s wer e ru n wit h differen t  separation s o f 
th e targe t  an d informatio n displa y t o stud y h o w thi s affect s 
tw o performanc e measures .  Trackin g erro r  i s th e R M S erro r 
measure d onl y durin g th e tw o second s afte r  th e stimulu s i s 
displayed .  Reactio n tim e i s  th e tim e differenc e betwee n th e 
onse t  o f  th e stimulu s an d th e respons e o f  th e user . 

T wo previou s model s o f  thi s task ,  on e writte n i n E P I C , 
wit h th e P P S cognitiv e processo r  (Kiera s &  Meyer ,  1995 ) 
and on e writte n i n a n experimenta l  versio n o f  Soa r  (calle d 
"Soar-Operand" )  usin g EPIC' s peripheral s (Chon g &  Laird , 
1997) ,  giv e result s ver y clos e t o h u m a n performance .  W e 
wrot e a  thir d model ,  base d o n th e existin g models ,  usin g th e 
curren t  Soar ? releas e an d Newell' s  P E A C T I D M idiom , 
whic h als o matche s wel l  (Figur e 2) .  Fo r  eac h model ,  eac h 
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Figur e 1 :  Th e Wickens' s tas k environmen t 
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poin t  o n Figur e 2  represent s a n averag e ove r  3 0 0 trials .  T h e 
observe d performanc e i s a n averag e ove r  2 4 participants .  T h e 
absolut e averag e erro r  fo r  al l  thre e model s i s  alway s les s 

tha n 1 0 % fo r  bot h th e choic e an d th e trackin g tasks . 
Clearly ,  th e S o a r / P E A C T I D M mode l  i s n o wors e tha n th e 

othe r  t w o models ,  wh ic h d o no t  shar e th e "rigidl y singl e 
channe l  m o d e o f  operation "  tha t  wonrie d Coope r  an d 
Shallice .  I n examinin g th e commonalit ie s an d difference s 
betwee n thes e models ,  w e wil l  illustrat e t w o othe r  issue s 
brough t  u p b y C o o p e r  an d Shallice ,  h o w littl e th e behavio r 
o f  thes e model s depend s o n th e cognitiv e aspec t  o f  th e 
architectur e alone ,  an d th e theory/implementatio n gap . 
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Figur e 2 :  trackin g erro r  an d reactio n time s o f  th e thre e 
model s an d observe d huma n dat a 

th e cognitiv e processo r  vi a th e workin g memor y ( W M ) . 
The y wor k independently ,  i n paralle l  wit h eac h othe r  an d 

wit h th e cognitiv e processo r  i n al l  th e models .  Th e 
Wickens' s tas k model s us e th e visua l  perception ,  th e tactil e 
perception ,  th e oculomoto r  an d th e manual-moto r 
processors .  Thes e processor s d o no t  perfor m an y actua l 
informatio n processing ;  the y provid e precis e timing s fo r  th e 
function s the y simulate .  Fo r  example ,  whe n a n objec t 
appear s o n EPIC' s "retina" ,  it s  locatio n wil l  b e reporte d b y 

th e visua l  perceptua l  processo r  t o W M wit h a  5 0 m s 
latency ,  an d i f  th e objec t  i s i n EPIC' s "fovea" ,  it s  shap e wil l 
be appea r  i n W M afte r  a n additiona l  5 0 m s latenc y (Kiera s & 
Meyer ,  1996) .  Thes e delay s mimi c thos e o f  th e huma n 
processe s fo r  localizatio n an d shape-recognition ,  bu t  th e 
feature s ar e provide d a s inpu t  t o th e visua l  processo r  b y th e 
simulatio n o f  th e environment . 

S o me processor s ca n perfor m action s b y themselves ;  fo r 
exampl e th e oculomoto r  processo r  ca n produc e smal l 
centerin g saccade s t o kee p a  slowl y movin g objec t  i n th e 
fovea .  Th e moto r  processor s "jam "  i f  the y receiv e mor e tha n 
one c o m m a n d a t  a  time ,  i .  e. ,  the y wil l  ignor e al l  o f  them . 
The manual-moto r  processo r  doe s no t  requir e cognitio n t o 
calculat e a  specifi c  directio n t o pus h th e joystic k (pushin g 
th e joystic k i n an y directio n i s  assume d t o tak e th e sam e 
time) .  However ,  i t  require s th e nam e o f  th e butto n t o pres s 
(LEF T o r  RIGHT )  becaus e th e finger  m a y o r  ma y no t  hav e t o 
move t o th e ne w button ,  changin g th e tim e t o execut e th e 
operation . 

Finally ,  th e moto r  processor s hav e a  separat e preparatio n 
and executio n phase .  Tha t  is ,  unde r  certai n conditions ,  th e 
preparatio n o f  a  moto r  movemen t  ca n b e overlappe d wit h th e 
executio n o f  th e previou s movement .  I n addition ,  th e 
preparatio n phas e ca n b e skippe d altogethe r  i f  a  movemen t  i s 
identica l  t o th e immediatel y previou s movemen t  (Kiera s & 
Meyer ,  1996) . 

Eye-Movement Hypothesis All three models are based 
on th e assumptio n (formulate d b y Kiera s &  Meyer ,  1995 ) 
tha t  th e ey e mus t  b e kep t  o n th e curso r  t o ensur e successfu l 
tracking ,  an d tha t  th e ey e mus t  b e move d t o th e choic e 
stimulu s i n orde r  t o discriminat e it . 

Th e Thre e Model s 

Commonalities of the Models 

EPIC Perceptual and Motor Processors EPIC is a 
cognitiv e architectur e originall y intende d t o mode l  multipl e 
task s performanc e (Meye r  &  Kieras ,  1997) .  I t  i s  compose d 
of  a  specifi c  cognitiv e processor ,  PP S (discusse d below )  aix l 
of  a  se t  o f  perceptua l  an d moto r  processors .  EPIC' s 
perceptua l  an d moto r  processor s ar e use d fo r  al l  thre e 
models .  Thes e processor s ar e nativ e t o EPI C an d wer e 
adapte d t o communicat e wit h Soar' s cognitiv e processo r  b y 
Chong an d Lair d (1997) .  Thi s unio n answere d a  c o m m o n 
criticis m o f  Soa r  (e.g. ,  Coope r  &  Shallice ,  1995 ;  Vincent e 
& Kirlik ,  1992 )  tha t  i t  doe s no t  tak e moto r  an d perceptua l 
constraint s int o account . 

Th e perceptua l  an d moto r  processor s communicat e wit h 

Tas k S imu la t io n Th e simulatio n o f  th e tas k i s don e i n 
an EPI C "devic e processor "  fo r  al l  thre e models .  Thi s 
processo r  inform s th e perceptua l  processor s o f  change s i n 
th e environmen t  (e.g. ,  th e onse t  o f  th e stimulus) ,  an d 
respond s t o moto r  command s fro m th e models . 

Human Data Finally, all three models are matched against 
th e sam e huma n performanc e data .  Th e dat a i s  aggregate d 
ove r  2 4 participant s w h o wer e instructe d t o perfor m a s wel l 
as the y could .  Th e collectio n procedur e i s  describe d i n 
(Martin-Emerso n &  Wickens ,  1992) . 

Differences Between the Models 

Execution Traces for the Three Models Figure 3 
shows th e executio n trace s o f  th e thre e i n P E R T charts .  Th e 
model s hav e bee n trackin g th e curso r  prio r  t o thi s figure  an d 
th e first  stimulu s come s u p a t  wha t  we'v e labele d 0  ms . 
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Figur e 3 :  th e execut io n trace s o f  th e thre e m o d e l s .  T h e critica l  pat h fo r  th e a n s w e r  tas k i s g rayed . 

Complet e operatio n o f  th e manual-moto r  an d oculomoto r 
processor s ar e shown ,  a s wel l  a s visua l  perceptio n delays . 
Onl y critica l  operation s o f  th e cognitiv e processor s ar e 
shown (describe d below) .  Cognitiv e operation s tha t  sen d 
commands t o th e moto r  processor s ar e i n italic s an d 
underlined .  Th e gra y boxe s denot e th e critica l  pat h (th e 
longes t  pat h throug h th e task )  fo r  th e choic e reaction-tim e 
task . 

Not  surprisingly ,  give n th e goo d fit  t o th e huma n data , 
th e thre e model s tak e simila r  moto r  action s a t  simila r  time s 
(thoug h eac h mode l  ha s a  slightl y differen t  initializatio n 
phas e an d ar e therefor e no t  i n perfec t  sync h o n th e trackin g 
task) .  Mor e precisely ,  durin g th e I s interva l  show n i n 
Figur e 3 ,  eac h mode l  move s th e joystic k thre e times ,  an d 
th e moto r  action s tha t  respon d t o th e choic e tas k ar e 
execute d wit h a t  mos t  on e cycl e difference .  However ,  thei r 
interna l  cognitiv e operation s ar e different ,  reflectin g th e 
differen t  cognitiv e processor s an d idiom s the y use . 

Cognitive Processors and Idioms Each model uses a 
differen t  cognitiv e processor ,  SoarV ,  Soar-Operand ,  o r 
EPIC(PPS )  an d a  differen t  modelin g idiom .  Al l  thre e 

cognitiv e processor s ar e productio n system s an d eac h 
decisio n cycl e i s estimate d t o approximat e 5 0 m s o f  huma n 
behavior .  Th e cognitiv e processor s an d idiom s diffe r  o n 
othe r  aspect s liste d below . 

SoarV' s cognitiv e processo r  an d th e P E A C T I D M idiom . 
I n Soa r  (bot h Soar ? an d Soar-Operand) ,  a n operato r  i s 
implemente d b y a  se t  o f  fine-grain  production s tha t  propose , 
appl y an d terminat e it .  A t  th e en d o f  eac h decisio n cycle ,  a n 
operato r  i s selected ,  whic h wil l  typicall y b e applie d (i.e. , 
make change s t o W M )  a t  th e beginnin g o f  th e nex t  decisio n 
cycle .  Operator s tha t  reques t  moto r  actions ,  however ,  m a y 
not  b e applicabl e i n th e ver y nex t  decisio n cycl e becaus e th e 
periphera l  processo r  m a y b e bus y completin g th e las t 
request .  Soar' s architectur e allow s th e applicatio n o f  a n 
operato r  t o b e separate d i n tim e fro m it s selection ,  a s lon g 
as nothin g intervene s t o m a k e it s condition s invalid .  Th e 
distinctio n i s show n i n th e Soar V mode l  i n Figur e 3  b y 
plai n fon t  (motor-operator-selectio n withou t  immediat e 
application )  an d italic s (motor-operator-applicatio n eithe r 
immediatel y afte r  it s selectio n o r  fro m a  previously-selecte d 
and stil l  vali d operator) . 
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I f  appropriat e knowledg e i s no t  availabl e t o selec t  o r  t o 

appl y a n operator ,  a n impass e occurs ,  an d a  ne w stat e i s 
create d wher e mor e knowledg e ca n b e brough t  int o play . 
W h en th e impass e i s solved .  Soar' s learnin g mechanis m 
create s a  ne w productio n tha t  associate s th e condition s unde r 
whic h th e impass e occurre d wit h th e action s tha t  resolve d it . 
I f  thi s situatio n arise s again ,  th e newl y learne d productio n 
ca n ofte n preven t  anothe r  impasse .  I n Figur e 2  (t o avoi d 
clutter )  impasse s ar e implici t  i n th e gap s betwee n cognitiv e 
operators .  Fo r  instance ,  th e ga p betwee n a  plain-fon t  m o v e -
JOYSTlCK operato r  an d it s italicize d applicatio n i s a n 
impasse ,  wher e th e "missin g knowledge "  i s tha t  th e manua l 
processo r  i s fre e an d th e "solution "  i s t o wai t  fo r  th e manua l 
processo r  t o finish  wha t  i t  wa s doing .  Thi s typ e o f  impass e 
ca n neve r  b e eliminate d throug h learning ;  i t  i s  th e Soa r 
architecture' s respons e t o a  constrain t  dictate d b y th e 
periphera l  processors . 

Th e Soar ? mode l  ha s n o explici t  contro l  process .  Th e 
action s t o b e take n ar e determine d b y th e stat e o f  curren t 
perception s an d moto r  processo r  state s i n W M.  Ther e i s n o 
explici t  record  o f  whic h procedura l  step s hav e bee n 
accomplished . 

Th e Soar ? mode l  use s th e P E A C T I D M idio m propose d b y 
Newel l  (1990 )  fo r  immediat e behavio r  tasks .  Newel l 
successfull y applie d thi s idio m o n severa l  suc h tasks ,  bu t  n o 
dua l  tasks .  Th e P E A C T I D M idio m assume s tha t  reactio n t o 
event s i n th e rea l  worl d begin s wit h a  Perceiv e operatio n 
tha t  i s handle d b y EPIC' s perceptua l  processors .  Encod e 
production s translat e th e signal s delivere d b y EPIC' s 
percepma l  processor s int o meaningfu l  symbol s i n W M (no t 
show n i n Figur e 3) .  Onc e i n centra l  cognition ,  th e 
P E A C T I DM idio m allow s onl y fou r  type s o f  elementar y 
cognitiv e operator s t o b e selecte d an d applie d withou t 
impasse :  Atten d operator s direc t  perceptio n t o a  ne w 
stimulu s (e.g .  WATCH-CURSOR);  Comprehen d operator s 
interpre t  th e perceptua l  input s (e.g .  recognize-arrow) ; 
Tas k operator s selec t  th e nex t  tas k t o b e don e (non e appea r 
i n Figur e 3 ;  thes e happe n a t  th e star t  o f  th e trial ,  befor e thi s 
timelin e begins) ;  /nten d operator s initiat e a  moto r  respons e 
(e.g .  MOVE-JOYSTICK) .  Afte r  centra l  cognitio n ha s intende d a 
moto r  command .  Decod e production s translat e thi s 
c o m m a nd int o symbol s recognize d b y th e EPI C moto r 
processo r  (no t  show n i n Figur e 3) ,  whic h the n perfor m th e 
A/oto r  actions . 

A Soa r  mode l  usin g th e P E A C T I D M idio m send s outpu t 
commands sequentiall y  fro m centra l  cognitio n t o th e moto r 
processors ,  n o mor e tha n on e c o m m a n d pe r  decisio n cycle . 
Therefore ,  ther e i s n o ris k o f  jammin g th e EPI C peripherals . 

Our  Soar ? mode l  learn s whe n t o propos e moto r  operators . 
Befor e learning ,  th e mode l  know s th e availabl e moto r 
operators ,  bu t  no t  whe n the y ar e applicabl e i n th e rea l  world . 
Therefore ,  i t  generate s a n impass e a t  eac h decisio n cycl e an d 
reason s abou t  operator s i n a n interna l  "imagined "  worl d t o 
detenmin e whic h operato r  t o propose .  Afte r  learning ,  i t 
know s whe n eac h actio n i s applicabl e an d propose s 
appropriat e operator s withou t  impasse .  Figur e 3  show s 
performanc e afte r  learning . 

Soar-Operand' s cognitiv e processo r  an d th e hierarchical -
operato r  idiom .  Soar-Operan d i s a n experimenta l  versio n o f 
Soar  tha t  wa s develope d i n respons e t o a  perceive d difficult y 

wit h th e interactio n betwee n Soar' s learnin g mechanism , 

actio n i n th e rea l  world ,  an d a  modelin g idio m tha t  use s a 
hierarchica l  operato r  structur e (John ,  1996). '  I n certai n cases , 
a mode l  wit h a  hierarchica l  operato r  structur e woul d lear a t o 
perfor m string s o f  action s tha t  wer e n o longe r  appropriat e b y 
th e tim e the y wer e learned .  T o avoi d thi s problem ,  Soar -
Operan d i s restricte d t o makin g onl y on e roun d o f  persisten t 
change s t o W M pe r  decisio n cycle .  Althoug h multipl e 
persisten t  change s t o W M ca n b e mad e i n a  singl e decisio n 
cycle ,  n o chang e ca n depen d o n a  previou s chang e bein g 
made (i.e. ,  n o string s o f  change s ar e allowed) .  Sinc e 
initiatin g a  moto r  actio n require s a  persisten t  chang e t o 
W M,  thi s restrictio n affect s th e behavio r  o f  dua l  task s lik e 
th e Wicken s task . 

As wit h th e Soar? ,  th e Soar-Operan d mode l  ha s n o 
executiv e control .  Th e hierarchical-operato r  modelin g idio m 
use d wit h Soar-Operan d propose s a  dual-tas k operato r  tha t 
i s  alway s selecte d i n thi s task .  Befor e learning ,  th e mode l 
doe s no t  kno w h o w t o appl y th e DUAL-TASK ,  s o a n impass e 
arises .  Unde r  differen t  perceive d condition s i n th e tas k 
environment ,  th e mode l  leam s t o appl y th e dual-tas k 
operato r  b y takin g differen t  moto r  action s (watchin g th e 
cursor ,  movin g th e joystick ,  etc.) .  Afte r  learning ,  th e sam e 
operato r  i s  alway s selected ,  bu t  th e automati c applicatio n o f 
tha t  operato r  differ s dependin g o n th e cunren t  environmenta l 
conditions . 

Wit h thi s approach ,  th e Soar-Operan d mode l  ca n mak e 
simultaneou s request s t o th e sam e moto r  processo r  an d ja m 
EPIC' s peripherals .  Thi s conflic t  als o cause s a n impass e t o 
aris e and ,  usin g tas k knowledg e (i.e. ,  th e choic e tas k ha s 
priorit y ove r  th e trackin g task) ,  th e Soar-Operan d mode l 
leam s h o w t o avoi d jamming .  Figur e 3  show s th e 
application s o f  th e DUAL-TAS K operato r  alon g th e Cognitio n 
line .  Th e selectio n o f  th e dual - tas k operato r  itsel f  i s  no t 
show n becaus e i t  i s  ubiquitou s an d it s differin g application s 
displa y th e model' s actua l  behavior . 

EPIC' s P P S cognitiv e processo r  an d th e executiv e contro l 
idiom .  P P S (parsimoniou s productio n system )  i s th e 
cognitiv e processo r  use d b y th e EPI C model .  PP S i s a  full y 
paralle l  productio n system :  a s soo n a s th e condition s o f  a 
productio n rul e ar e satisfie d b y th e content s o f  th e W M,  it s 
action s wil l  b e executed ,  withou t  an y conflic t  resolutio n 
mechanism .  A n y numbe r  o f  production s ca n b e execute d 
simultaneously .  A n operatio n i n P P S (suc h a s issuin g a 
command t o a  moto r  processor )  i s  implemente d b y on e 
singl e production ,  s o PPS' s production s ar e simila r  t o 
Soar' s operators .  PP S ha s n o learnin g mechanism . 

Th e EPI C modelin g idio m emphasize s th e executiv e 
proces s tha t  coordinate s betwee n th e tw o tasks .  Executive -
proces s production s explicitl y  kee p trac k o f  whic h procedura l 
ste p i s currentl y bein g worke d o n i n orde r  t o decid e o n th e 
nex t  procedura l  ste p o r  t o switc h t o a  tas k wit h highe r 
priority .  I n addition ,  executiv e contro l  knowledg e i s hand -
code d s o tw o moto r  command s wil l  neve r  b e sen t  t o th e 
same moto r  processor .  Thus ,  th e EPI C model' s peripheral s 

'  I n contrast ,  PEACTID M use s a  fla t  operato r  structur e 
consistin g onl y o f  th e A ,  C ,  T  &  I  operator s describe d above . 
The proble m doe s no t  aris e i n th e model s usin g th e PEACTID M 
idiom . 
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neve r  jam .  Kiera s an d Meye r  (1995 )  sho w h o w a  strongl y 
interleave d executiv e contro l  wa s necessar y t o obtai n goo d 
matc h t o th e data . 

Parallelism issues The main difference in liic three 
architecture/idio m combination s i s h o w the y handl e 
parallelism .  Bot h PP S an d Soar-Operan d allo w thei r  model s 

t o initiat e severa l  task-relate d action s i n a  singl e cycle :  fo r 
exampl e th e EPI C mode l  send s tw o moto r  command s a t 
tim e 10 0 ms ;  th e Soar-Operan d mode l  send s a  comman d an d 
perform s a n interna l  cognitiv e operatio n a t  tim e 55 0 m s 
(Figur e 3) . 

Althoug h S o a r 7 / P E A C T I D M ha s completel y sequentia l 
operato r  selectio n i t  stil l  provide s a  goo d matchin g t o th e 
data .  Thi s ca n b e explaine d b y th e stron g interruptibilit y o f 
thi s mode l  accomplishe d throug h Soar' s separatio n betwee n 
selectio n an d applicatio n o f  a n operator .  Fo r  instance ,  a t 
100 ms ,  th e S o a r 7 / P E A C T I D M mode l  initiate s a  m o v e -
JOYSTICK comman d bu t  i t  canno t  b e applie d righ t  away . 
T wo decisio n cycle s late r  th e mode l  realize s tha t  it s ey e i s 
no longe r  o n th e cursor ,  s o i t  shoul d no t  m o v e th e joystic k 
t o tr y t o trac k th e cursor .  I t  interrupt s th e MOVE-joystic k 
operato r  i n favo r  o f  a  wa tch-curso r  operator .  Thus ,  a 
highly-interruptibl e S o a r V / P E A C T I D M mode l  ca n functio n 
as effectivel y i n thi s tas k a s th e othe r  mor e paralle l  models . 
Onl y a t  tw o cycle s i n EPIC ,  an d on e cycl e i n Soar-Operan d 
i s th e parallel-actio n featur e o f  th e respectiv e architecture s 
used .  I n th e end ,  i t  appear s tha t  parallelis m i n cognitio n i s 
not  require d t o perfor m eve n a s rapi d an d tightl y measure d a 
tas k a s th e Wicken s task . 

Discussion 

The PEACTIDM Idiom 

Contrar y t o Coope r  an d Shallice' s (1995 )  concer n tha t  th e 
PEACTIDM idiom' s singl e channe l  mod e o f  operatio n 
woul d b e inappropriat e fo r  dual-tas k situations ,  ou r 
SoarV/PEACTID M mode l  provide s a s goo d fi t  t o th e dat a a s 
th e mor e paralle l  Soar-Operan d an d EPI C models .  W e 
believ e thi s i s  evidenc e tha t  th e P E A C T I D M idiom , 
sequentia l  thoug h i t  m a y be ,  shoul d no t  b e dismisse d ou t  o f 
hand fo r  dual-tasks . 

As note d i n previou s wor k wit h comple x real-tim e task s 
(e.g. .  Nelson ,  Lehman n &  John ,  1994) ,  th e behavio r  o f  th e 
P E A C T I DM idio m i n thi s mode l  ca n b e explaine d b y th e 
smal l  granularit y o f  th e operators ,  b y thei r  tigh t 
interieaving ,  an d b y th e featur e o f  th e Soa r  architectur e tha t 
operato r  selectio n an d operato r  applicatio n ca n b e separated . 
Thi s enable s th e selectio n o f  anothe r  operato r  befor e th e 
applicatio n o f  th e curren t  on e i s completed ,  a s wel l  a s th e 
abilit y t o b e interrupte d i n reactio n t o change s i n th e 
environment .  Thus ,  th e P E A C T I D M idio m provide s mor e 
parallelis m tha t  Coope r  an d Shallic e realized . 

Exploitin g th e selection/applicatio n separatio n capabilit y 
of  th e Soa r  architectur e i s essentia l  t o obtainin g a  goo d fit  t o 
th e huma n dat a wit h th e P E A C T I D M idiom .  A  preliminar y 
versio n o f  ou r  model ,  whic h differe d fro m th e final  versio n 
onl y i n tha t  i t  di d no t  exploi t  thi s separation ,  ha d a  tracking -
erro r  twic e a s hig h a s reporte d here .  Althoug h w e believ e ou r 
model  demonstrate s tha t  th e Soa r  architectur e wit h th e 

P E A C T I DM idio m i s  mor e flexible  tha n Coope r  an d 
Shallic e thought ,  thi s als o demonstrate s anothe r  o f  Coope r 
and Shallice' s points .  Th e complexit y o f  thes e architecture s 
(an d Soa r  i s  no t  alone )  require s a  substantia l  effort , 
programmin g a s wel l  a s readin g th e theory ,  t o mak e vali d 
pronouncement s o f  wha t  the y ca n an d canno t  do . 

Role of the Architecture and the Idiom 

I n th e cas e o f  thes e specifi c  models ,  i t  seem s tha t  th e 
choic e o f  th e architectur e an d o f  th e modelin g idiom , 
togethe r  wit h matchin g h u m a n data ,  impose d enoug h 
constrain t  t o lea d t o specifi c  model s whos e outpu t  i s 
similar .  Eac h mode l  ha s a  histor y o f  successiv e version s tha t 
wer e quit e fa r  fro m h u m a n performance ,  an d ha d t o b e 
improve d upon .  Kiera s an d Meye r  (1995 )  presen t  a n earlie r 
model  wit h a  simple r  executiv e proces s tha t  gav e 
unsatisfactor y result s (correc t  reactio n times ,  bu t  trackin g 
erro r  mor e tha n 1 0 0 % highe r  tha n huma n data) .  Chon g an d 
Lair d (1997 )  giv e th e whol e pat h fro m th e first  preliminar y 
Soar-Operan d model s (wit h result s simila r  t o th e first  E P I C 
model )  t o th e final  mode l  discusse d here .  The y describ e 
successiv e smal l  modification s (sometime s a s smal l  a s on e 
conditio n adde d t o a  production )  tha t  strongl y improve d th e 
results .  I n ou r  o w n model ,  th e dissociatio n betwee n 
selectio n an d applicatio n o f  operators ,  leadin g t o mor e 
interruptibilit y  an d interleaving ,  shrun k th e trackin g erro r  b y 
mor e tha n 5 0 % . 

Thi s answer s a n objectio n t o Soa r  brough t  u p b y Hun t 
and Luc e (1992) ,  tha t  tw o Soa r  modeler s coul d com e u p 
wit h tw o differen t  model s o f  a  sam e task .  Thi s i s  certainl y 
true .  Fo r  example ,  a  P E A C T I D M mode l  coul d hav e bee n 
implemente d i n Soar-Operan d wit h th e sam e result s a s th e 
Soar V model .  Alternatively ,  executive-proces s knowledg e 
coul d b e hand-code d int o eithe r  versio n o f  Soa r  t o mak e 
thos e model s simila r  t o EPIC's .  However ,  whe n th e 
architecture/idio m coupl e i s considered ,  thi s m a y no t  remai n 
true ,  th e field  o f  th e possibl e model s seem s t o b e muc h 
mor e restrained .  Th e rol e o f  th e modelin g idio m m a y tur n 
out  t o b e a s importan t  a t  tha t  o f  th e architectur e itself . 

Role of the Cognitive Processor 

Copper  an d Shallic e note d tha t  performanc e o f  Newell' s 
immediat e behavio r  model s di d no t  depen d heavil y o n th e 
Soar  cognitiv e architecture .  W e se e tha t  al l  thre e model s o f 
Wickens' s tas k als o suffe r  fro m thi s complaint .  I n eac h o f 
th e thre e models ,  mor e tha n a  thir d o f  th e cognitiv e cycle s 
ar e spen t  waitin g o r  doin g nothing .  Fo r  th e choic e task , 
wher e participant s wer e instructe d t o respon d a s quickl y a s 
possible ,  cognitio n i s o n th e critica l  pat h (i n gra y o n Figur e 
3)  onl y 2 0 t o 3 0 % o f  th e time .  O n th e othe r  hand ,  th e 
perceptua l  an d moto r  processor s (identica l  fo r  th e thre e 
models )  ar e th e mos t  importan t  contributors .  Fo r  example , 
th e ascendin g slop e o f  th e trackin g erro r  wit h targe t 
separatio n result s fro m th e fac t  that ,  i n eac h model ,  trackin g 
i s disable d whil e th e ey e move s an d i t  take s mor e tim e fo r 
th e ey e t o m o v e betwee n th e choic e stimulu s an d th e curso r 
when the y ar e furthe r  apart . 

Our  experienc e modelin g immediat e behavio r  i n thes e 
thre e architecture s lead s u s t o questio n whethe r  i t  i s  possibl e 
t o find  a  tas k tha t  woul d she d mor e ligh t  o n th e underlyin g 
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cognitiv e architecture .  T o differentiat e betwee n architectures , 
we nee d a  tas k wit h a  highe r  percentag e o f  cognitiv e 
operation s o n th e critica l  path .  However ,  i f  th e tas k i s  eve n 
faster ,  bu t  stil l  require s perceptio n an d moto r  response ,  th e 
behavio r  o f  th e peripheral s wil l  likel y dominate .  I f  th e tas k 

i s slowe r  bu t  mor e comple x s o mor e cognitio n i s  needed , 
the n thi s introduce s opportunit y fo r  individua l  difference s i n 
tas k execution .  Eve n wha t  see m lik e rapi d tasks ,  a  video -
game lik e th e Kanfer-Ackerma n A T C task © (Joh n & 
Lallement ,  1997) ,  o r  sentenc e verificatio n (Reder ,  1988) ,  o r 
a simpl e arithmeti c tas k (Siegler ,  1996) ,  hav e bee n show n 
t o hav e substantia l  difference s i n th e strateg y peopl e us e t o 
perfor m th e task .  Thus ,  th e effect s o f  a n individual' s prio r 
knowledge ,  problem-solvin g skill ,  visual-searc h skill ,  etc . 
wil l  dominat e ove r  th e effect s o f  th e underlyin g cognitiv e 
architecture .  Thi s migh t  b e addressabl e b y makin g model s o f 
individual s rathe r  tha n o f  aggregat e data ,  bu t  the n th e 
modelin g wor k multiplie s intractably . 

I t  appear s tha t  finding  a  singl e tas k tha t  woul d 
discriminat e amon g differen t  cognitiv e architecture s i s no t 
easy ,  i f  no t  impossible .  Newell' s  (1990 )  solutio n t o thi s 
proble m i s no t  t o loo k fo r  a  singl e task ,  bu t  t o brin g t o 
"bea r  large ,  divers e collection s o f  quasi-independen t  source s 
of  knowledg e -  structural ,  behavioral ,  functiona l  ~  tha t 
finally  allo w th e syste m t o b e pinne d down. "  (p .  22) .  I f  th e 
Wickens' s tas k ca n b e equall y wel l  modele d wit h a  se t  o f 
idiom/architectur e pairs ,  an d a  lower-leve l  tas k ca n b e 
equall y wel l  modele d wit h a  differen t  set ,  an d a  higher-leve l 
problem-solvin g o r  learnin g tas k wit h stil l  a  thir d set ,  the n 
th e intersectio n o f  thes e set s ma y poin t  towar d a  singl e 
idiom/architectur e pai r  tha t  explain s thi s larg e amoun t  o f 
behaviora l  data .  Thus ,  multipl e model s o f  th e sam e tas k i n 
differen t  idiom/architectur e pairs ,  an d consisten t  us e o f  a n 
idiom/architectur e pai r  acros s multipl e tasks ,  bot h mak e 
contribution s t o suc h a  researc h program . 

Theory/Implementation Gap 

Our  wor k als o corroborate s Coope r  an d Shallice' s poin t 
abou t  a  theory/implementatio n gap .  Eac h o f  thes e model s 
ar e ver y sensitiv e t o details ;  smal l  change s hav e bi g effect s 
and ever y detai l  o f  th e implementatio n i s  importan t  fo r  th e 
final  results .  Al l  th e detail s ar e no t  alway s provide d b y th e 
relevan t  documentatio n (especiall y shor t  conferenc e papers) , 
but  resid e onl y i n th e cod e itsel f  Fo r  example .  Coppe r  an d 
Shallice' s worr y abou t  a  rigi d singl e channe l  di d no t 
materializ e withi n th e detail s o f  a  runnin g Soa r  program . 
Also ,  ther e i s a  productio n i n th e EPI C mode l  tha t  allow s i t 
t o bypas s som e operation s relevan t  t o th e choic e tas k i f  th e 
same stimulu s appear s tw o consecutiv e times ,  savin g on e 
cognitiv e cycle .  Bein g activate d i n 5 0 % o f  th e cases ,  thi s 
singl e productio n lower s th e averag e reactio n tim e b y hal f 
th e duratio n o f  a  cognitiv e cycle ,  o r  2 5 m s (-3 % o f  th e 
observe d respons e time) .  Ou r  wor k extend s Coope r  an d 
Shallice' s comment s o n th e ga p betwee n th e theor y an d 
implementatio n o f  architecture s t o th e individua l  cognitiv e 
model s themselves .  I n orde r  t o completel y understan d wha t  a 
model  doe s an d h o w i t  doe s it ,  ever y detai l  counts ,  an d th e 
acces s t o th e progra m cod e i s necessary . 
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