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Psychologist s wh o stud y cognitio n hav e followe d 
tw o approaches .  On e I s t o Isolat e elementar y pro -
cesse s o f  though t  an d stud y the m I n laborator y 
settings .  Mos t  o f  experlaenta l  psycholog y follow s 
thi s tradition .  Alternatively ,  on e ca n stud y com -
ple x thinkin g directly ,  b y developin g description s 
of  th e processe s o f  ches s playing ,  mathematica l 
proble m solving ,  medica l  diagnosis ,  an d th e like . 
Thi s traditio n I s dominan t  i n Cognitiv e Science . 
The experimenta l  psycholog y approac h ha s produce d 
a se t  o f  reasonabl y concis e concept s applicabl e I n 
restricte d settings ,  bu t  i t  i s  no t  clea r  ho w thes e 
concept s ar e t o b e combine d durin g comple x reason -
ing .  Th e descriptiv e approac h ha s produce d con -
cept s tha t  describ e thought ,  bu t  th e concept s ar e 
so flexibl e tha t  i t  i s  ofte n difficul t  t o tes t 
them .  Th e widel y use d productio n notation ,  fo r 
Instance ,  I s a  wa y o f  thinkin g abou t  thinkin g 
rathe r  tha n a  testabl e mode l  o f  though t  processes . 
Our research attempts to unify the two 
approaches .  Instea d o f  tryin g t o buil d u p fro m 
elementar y processe s t o comple x acts ,  w e hav e take n 
a "to p down "  approach .  We assum e tha t  th e produc -
tio n notatio n i s a n appropriat e languag e fo r 
describin g thought ,  an d the n us e i t  t o construc t 
a unifie d mode l  o f  informatio n processin g tha t  l a 
applicabl e t o severa l  laborator y paradigms . 
If production notation programs ("production 
systems" )  ca n b e writte n t o mode l  an y though t 
process ,  the n th e mind .  I n general ,  mus t  b e a n 
Interprete r  fo r  suc h programs .  We hav e writte n 
suc h interpreter ,  usin g concept s derive d fro m 
experimenta l  psycholog y I n it s  construction .  Th e 
Interprete r  contain s section s dealin g wit h th e 
Inpu t  o f  Informatio n ove r  multipl e "sensory " 
channel s (Broadbent ,  1971) ,  th e manipulatio n o f 
Informatio n i n workin g an d lon g ter m memor y 
(Baddeley ,  1976) ,  th e activatio n o f  distinc t 
codin g systen s withi n lon g ter m memor y (Posner , 
1978) ,  an d th e executio n o f  informatio n processin g 
step s b y a  cascad e rathe r  tha n a  linea r  proces s 
(McClelland .  1979) . 

Overview  o f  th e Mode l 

The basic programming construct, a production, 
i s a  tw o par t  rule , 

patter n >•  actio n 

where "pattern" refers to a set of conditions that 
must  b e me t  fo r  a  productio n t o b e activated ,  an d 
"action "  refer s t o th e step s t o b e take n whe n th e 
production' s patter n condition s ar e met . 

Time in the interpreter is divided into cycles. 
Withi n eac h cycl e th e followin g event s tak e place , 
functionall y i n parallel .  Assimi e tha t  stimul i  ar e 
presen t  I n th e sensor y channel s an d I n workin g 
memory an d tha t  eac h productio n i n lon g ter m memor y 
has associate d wit h I t  a  numbe r  Indicatin g it s 
"leve l  o f  activation" .  Th e Interprete r  compare s 
Che stimul i  t o th e patter n hal f  o f  eac h production . 
The compariso n produce s a  numerica l  valu e tha t  wil l 
be calle d th e "strength "  o f  th e match .  A  produc -
tio n I s considere d "active "  I f  th e strengt h o f 
th e matc h exceed s a  threshol d associate d wit h th e 
pattern .  A  ne w activatio n leve l  i s  the n calcu -
lated ,  whic h I s monotonicall y Increasin g functio n 

relate d t o th e differenc e betwee n th e strengt h o f 
th e matc h an d th e threshol d value .  (I n mos t  o f 
our  work ,  w e simpl y us e th e difference) .  Th e 
activatio n leve l  i s  the n eithe r  Increase d o r 
decrease d b y th e activatio n leve l  o f  othe r  pro -
duction s linke d t o It .  Thi s process ,  whic h con -
stitute s "spreadin g activation "  i s  referre d t o a s 
priming .  Finally ,  a t  th e en d o f  eac h cycl e al l 
activatio n level s ar e reduce d ("decayed" )  t o a 
proportio n o f  thei r  previou s values . 
When the activation level of one production 
exceed s th e activatio n leve l  o f  al l  competin g pro -
duction s b y a  prese t  criterion ,  th e actio n hal f  o f 
th e productio n I s initiated .  Th e actio n may b e a n 
externa l  response ,  alteratio n o f  a n interna l  para -
mete r  i n th e model ,  o r  generatio n o f  a  stimulu s 
I n workin g memory .  I f  n o externa l  respons e i s 
made,  "time "  i s  Incremente d an d th e progra m con -
tinue s cyclin g throug h th e se t  o f  productions ,  no w 
usin g th e ne w stionilu s o r  th e ol d stimulu s wit h ne w 
parameters ,  i f  the y hav e bee n altered .  Firin g an d 
cyclin g continue s unti l  a n actio n terminate s th e 
progra m o r  th e progra m exceed s th e allowe d proces -
sin g time . 
The program Imposes psychologically justifiable 
constraint s upo n productio n execution .  Thi s i s 
done i n suc h a  wa y tha t  productio n processin g wil l 
produc e th e phenomen a observe d I n laborator y 
studie s o f  mechanisti c informatio n processing . 
Thes e constraint s ar e describe d i n mor e detai l  i n 
th e nex t  section . 
Details of the Program and Model 
The program, which we call MIND, is written 

i n standar d Pasca l  an d contain s abou t  100 0 line s 
of  code .  Productio n pattern-actio n pair s ar e 
currentl y represente d i n a n Interna l  symbo l  cod e 
rathe r  tha n brie f  Englis h statements . 

A. Initialization 
The input to the program consists of a set 

of  productions ,  th e threshol d level s fo r  eac h pro -
ductio n an d a n associatio n matri x whic h link s th e 
production s t o eac h othe r  i n a  negative ,  positiv e 
or  nul l  manner .  Othe r  progra m parameter s rea d 
durin g initializatio n ar e th e deca y rate ,  th e 
decisio n criterio n (DR) ,  a n Interna l  nois e scal e 
facto r  an d a  maximu m processin g time . 

Information (a stimulus) is presented over two 
externa l  classe s o f  sensor y channels :  visua l  an d 
auditory .  Associate d wit h eac h o f  thes e externa l 
classe s o f  channel s i s a  specia l  channe l  whic h i s 
referre d t o a s a n Immediat e memor y fo r  Informatio n 
of  tha t  class .  I n additio n ther e i s a  specia l 
clas s o f  channel s referre d t o a s "semantic "  chan -
nels .  Th e semanti c channel s an d th e Immediat e 
memory channel s ar e collectivel y referre d t o a s 
"workin g memory "  (WM) .  Eac h productio n i s  associ -
ate d wit h a  channe l  o r  channe l  class .  Onl y stimul i 
fro m externa l  source s ca n b e place d i n th e externa l 
channels .  Th e workin g memor y channel s ca n b e 
writte n t o onl y b y th e actio n sid e o f  a  production . 

Each pattern in a production Is an ordered 
strin g o f  features .  A  stimulu s consist s o f  on e 
or  mor e patterns .  Th e Initia l  stimulu s (pattern s 
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and patter n features )  i s rea d Int o th e progra m 
alon g wit h stimulu s featur e nois e levels .  Nois e 
level s ar e use d whe n comparin g th e stimulu s 
feature s wit h th e productio n patter n features . 
The initia l  stimulu s i s place d i n specifie d exter -
nal  channels • 
B. Response Queue 

The response queue contains all the actions 
whic h hav e bee n initiate d durin g th e previou s 
progra m cycle .  A t  th e beginnin g o f  eac h cycle ,  th e 
queu e i s examine d an d th e appropriat e actio n i s 
executed .  Detail s o f  possibl e action s ar e 
explaine d i n sectio n E . 
C. Production Activation 

A match is computed between the pattern part of 
eac h productio n an d th e stimulu s o n th e 
appropriat e channels .  A  patter n alway s specifie s 
tha t  i t  i s  t o b e matche d t o a  channe l  class ,  an d 
may specif y a  particula r  channe l  withi n tha t  class . 
The matchin g functio n use s Ch e confusio n matri x t o 
weigh t  heavil y th e mos t  likel y patter n matche s an d 
t o weigh t  lightl y th e leas t  likel y patterns .  "1" , 
a mos t  likel y patter n woul d be : 

see "1 "  •  recogniz e " I " 
and a  leas t  likel y patter n woul d be : 

see "2 "  — — recogniz e "2 " 
Stimulu s "7 " ,  bein g somewha t  simila r  t o "1" ,  woul d 
be a n intermediat e case .  Withi n th e patter n par t 
of  eac h production ,  stimulu s feature s are  weighte d 
by thei r  importanc e fo r  tha t  pattern . 

The strength of the match plus a noise term 
( a rando m numbe r  tha t  i s  scale d b y th e interna l 
nois e inpu t  parameter )  determine s th e activatio n 
level ,  y[i] ,  o f  th e it h production .  I f  th e 
activatio n leve l  i s  greate r  tha n th e threshol d 
level ,  th e productio n I s considere d activ e an d i s 
place d i n a  se t  o f  activ e productions ,  {act(y[i])} . 
I f  i t  i s  no t  greate r  tha n th e threshold ,  th e 
activatio n leve l  i s  se t  t o zero . 
In this process, all stimuli are compared to 
al l  production s i n th e appropriat e channe l  class . 
D. Decision Etule 
When production activation processing has been 
completed ,  al l  th e activ e production s ar e searche d 
t o identif y th e highes t  activatio n level .  I f  thi s 
most  activ e productio n exceed s al l  th e othe r  pro -
duction s b y som e decisio n rul e variable ,  D R (a n 
inpu t  parameter) ,  th e actio n hal f  o f  th e productio n 
i s place d i n th e respons e queue . 

E. Actions in the Response Queue 
Actions either: 

1.  Hak e a n externa l  response .  A  respons e wil l 
terminat e productio n processing . 
2.  Plac e a n effectiv e stimul i  i n on e o f  th e 
channel s i n workin g memory . 
3.  Alte r  a n interna l  paramete r  o f  th e progra m 
(suc h a s alterin g th e threshol d leve l  o f  a 
production) . 

Actions are seen as taking place in stages that 
exten d ove r  time .  Onc e th e actio n i s initiated ,  i t 
proceeds ,  on e stag e durin g eac h tim e cycle ,  i n 
paralle l  wit h an y othe r  action s tha t  may b e bein g 
execute d a t  th e sam e time .  Action s ca n no t  contai n 
any branche s o r  decisio n points . 

F.  Primin g 

After the decision rule has been processed, the 
activatio n level s o f  al l  th e production s are 
"primed" .  Usin g th e lin k forme d betwee n th e pro -
duction s b y th e associatio n matrix ,  y[l ]  i s  eithe r 
increase d (whe n th e lin k i s  positive) ,  decrease d 
(whe n th e lin k i s negative )  o r  no t  affecte d (i f 
ther e i s n o link) .  Essentially,  a  weighte d su m 
of  th e activatio n level s o f  th e othe r  production s 
i s adde d t o th e it h production' s activatio n level , 
yCi] . 
G. Decaying 

The activation level is also reduced by a 
delt a value ,  D ,  anothe r  inpu t  parameter .  Delt a 
I s alway s greate r  tha n zer o bu t  neve r  greate r  tha n 
one .  Th e deca y rul e is : 

y[l ]  •  D  *  y[l ] 
H. Time Cycling 

After the priming and decaying of the activa-
tio n level s ha s occurred ,  tim e I s Incremented . 
I f  th e tim e Che n exceed s th e maximu m processin g 
tim e specifie d durin g initialization .  Productio n 
processin g halts .  Otherwis e th e progra m check s 
th e respons e queu e an d continue s processin g th e 
productions . 
Preliminary Results 

The MIND program has been used Co recreate 
severa l  o f  th e mos t  reliabl e finding s observe d i n 
laborator y studies .  A s th e purpos e o f  th e simula -
tio n experiment s wa s t o evaluat e th e psychologica l 
reasonablenes s o f  th e interpreter ,  w e sough t  situa -
tion s i n whic h th e productio n system s t o b e inter -
prete d were ,  a t  th e progra m level ,  a s simpl e a 
psychologica l  mode l  a s possible .  The  logi c o f 
thi s approac h i s simila r  t o th e logi c behin d us e 
of  ver y simpl e program s t o tes t  th e arithmeti c 
capabilitie s o f  compute r  hardware .  A s i s wel l 
known,  ther e are  probabl y n o situation s tha t  dic -
tat e Ch e use  o f  on e an d onl y one  possibl e mode l 
fo r  huma n behavior .  We d o fee l  Cha t  th e labora -
Cor y sicuacion s w e hav e studie d approac h thi s 
idea l  i n varyin g degrees . 
The approach will be illustrated by a study 
of  Ch e "choic e reactio n time "  (CRT )  paradigm . 
A participant' s vie w i s show n i n Figur e 1 .  The 
Cask i s Co pres s Ch e buCCo n whos e numbe r  maCche s 
Che numbe r  appearin g o n Ch e screen .  Th e Cas k a s 
shown i s a  cw o choic e cask ,  fou r  an d eigh c choic e 
task s ar e conscrucce d o n Ch e sam e principle .  I c i s 
wel l  know n Cha c Ch e Clm e Co mak e a  choic e i n a  CRT 
experimen c i s a  logarichmi c functio n o f  th e numbe r 
of  alternativ e stimul i  tha t  may appea r  (Hick' s 
law) . 

Figure 2(a) shows a production system for exe-
cutin g a  cw o choic e CRT cask .  Figur e 2(b )  show s 
th e associate d productio n activatio n network .  The 
figur e illustrate s a n importan t  principl e tha t  i s 
use d i n constructin g ou r  networks .  I f  cw o 
productions ,  A  an d B ,  are  i n th e sam e channe l 
clas s an d ar e mutuall y exclusiv e alternativ e 
Interpretation s o f  a  stimulus ,  the n Ch e produc -
Cion s inhibi c eac h ocher .  However ,  i f  produccio n 
A produces ,  a s ic s accion ,  a  scimulu s cha t  migh t 
trigge r  produccio n B ,  Che n A  prime s B .  Th e prim -
in g relacio n may hol d fo r  producclon s i n Ch e sam e 
or  i n differen t  channe l  classes . 
Figure 3 presents Che resulcs of a simula-
d o n o f  CRT experiment s wit h varyin g number s o f 
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choices .  Tw o result s ar e shown ,  fo r  tw o differen t 
value s o f  th e D R parameter .  Dat a fro m a n actua l 
experimen t  (Taylor ,  1982 )  ar e als o shown .  Th e 
number  o f  cycle s require d b y th e MIN D progra m wa s 
approximatel y a  linea r  functio n o f  th e logarith m o f 
th e numbe r  o f  choices ,  bu t  departe d fro m linearit y 
slightl y a t  th e 8  choic e point .  Reactio n time s 
fro m th e psychologica l  stud y showe d th e sam e 
pattern . 
Another characteristic of CRT experiments is 
th e "speed-accurac y trad e off" .  Fo r  a  give n 
individua l  an d condition ,  th e faste r  a  respons e 
I s mad e th e mor e likel y a n erro r  i s  t o occur .  When 
accurac y i s  plotte d agains t  reactio n tim e th e 
functio n i s  almos t  invariabl y negativel y accellera -
te d (Pachella ,  1974) .  Figur e 4  show s a  speed -
accurac y curv e obtaine d fro m MIN D b y varyin g th e 
valu e o f  th e O R parameter ,  whil e keepin g al l  othe r 
parameter s an d th e numbe r  o f  choice s constant .  Th e 
progra m clearl y matche d th e functio n foun d i n huma n 
data . 
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FIGURE ) 

The speed-accurac y tradeof f  describe s th e 
relatio n betwee n accurac y an d latenc y fo r  a  give n 
individua l  an d condition .  Whe n on e change s 
eithe r  th e individual s bein g teste d o r  th e experi -
menta l  condit ions ,  spee d an d accurac y ar e ofte n 
positivel y correlated .  Fo r  instance ,  olde r  peopl e 
ten d t o perfor m mor e slowl y I n CR T tasks ,  an d t o 
make mor e error s (Welford ,  1977) .  Thi s resul t 
was simulate d b y  holdin g D R constan t  constant , 
and varyin g th e interna l  nois e parameter .  Th e 
result s ar e shov n i n Figur e 5 .  Agai n th e patter n 
i s simila r  t o tha t  obtaine d i n th e laboratory . 
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MIND ha s bee n use d t o simulat e a  ntsnbe r  o f 
othe r  result s fro m th e literatur e i n experimenta l 
psychology .  Thes e includ e th e Stroo p phenomeno n 
(Stroop ,  1935) ,  th e effect s o f  repetitio n o f  th e 
same stimulu s ove r  trial s i n CR T paradigms ,  an d 
interferenc e effect s whe n tw o task s ar e don e 
simultaneously .  Thes e result s wil l  b e reporte d 
i n a  large r  paper .  Whil e w e d o no t  clai m t o hav e 
modele d th e microstructur e o f  al l  thes e phenomen a 
perfectly ,  th e initia l  result s ar e encouraging . 
The range s o f  paramete r  value s tha t  ar e adeqtiat e t o 
simulat e on e tas k overla p considerabl y wit h thos e 
require d i n othe r  tasks .  Thi s i s a  particularl y 
encouragin g finding .  I t  appear s tha t  th e value s 
of  th e parameter s o f  thi s mode l  mus t  b e hel d t o a 
rathe r  tigh t  rang e i f  th e mode l  l a t o wor k a t  a l l , 
bu t  tha t  withi n thi s rang e reasonabl e result s ca n 
b e obtained . 

Product io n R u l e s 

Visual Channel  1  z  1  >Pu f  S 1 h i  Semantic s 

Channel t Z 2 —^ Put 32 in Semantics 

Semanti c S1 

S2 
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Figur e 2  (a )  SlmulaHo n o f  CR T exparimwi t 
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Ftgu "  3 figur e 5 

THtnjI *  (nalcit M ( U U f r w T.ylo r  (19» ? 

4.0 3 

Ni«»« r  o f  cycl M t o dtctslo r  pain t  (t«f t  ordlint* )  o r  retctlo n ti n 
(righ t  ordinate .  I n Mi  1 1 Utcondl )  4 S a  functio n o f  tn e nu«M r  o f 

cnoict s 

Accurjc y o f  cKolc e (ortlntte )  vs .  nu>*« r  o f  cydt s (ADelss*) . 
Each poin t  rrprvstnt a a  differen t  valu e o f  th e interna l  nois e 
paraaeter .  T w choic e U»k . 

Figur e 4 

781 

Accurac y o f  choic e (ordinate )  vs -  nunoe r  o f  cycle s reouire d t o 
reac h a  decision .  Eac h poin t  represent s a  aifferen c «dlu e o f 
th e (3 R paraiwter . 
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