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Abstrac t 

This paper describes work towards an object-oriented language 
fo r  cognitiv e modeling .  Existin g modelin g language s (suc h a s 
C,  LIS P an d Prolog )  ten d t o b e fa r  remove d fro m th e technique s 
employe d b y psychologist s i n developin g thei r  theories .  I n ad -
dition ,  the y encourag e th e confusio n o f  implementatio n detai l 
necessar y fo r  computationa l  completenes s wit h theoreticall y 
motivate d aspects .  Th e languag e describe d her e (OOS )  ha s 
been designe d s o a s t o facilitat e thi s theory/implementatio n 
separation ,  whil e a t  th e sam e tim e simplifyin g th e modelin g 
proces s fo r  computationall y non-sophisticate d user s b y pro -
vidin g a  se t  o f  classe s o f  basi c "cognitive "  objects .  Th e objec t 
classe s ar e tailore d t o th e implementatio n o f  functionall y mod -
ula r  cognitiv e model s i n th e box/arro w style .  Th e languag e i s 
describe d (i n term s o f  it s  executio n mode l  an d it s basi c classes ) 
befor e a  sketc h i s give n o f  a  simpl e productio n syste m whic h 
has bee n implemente d withi n th e language .  W e conclud e wit h 
a discussio n o f  on-goin g wor k aime d a t  extendin g th e coverag e 
of  th e languag e an d furthe r  simplifyin g th e modelin g process . 

Introduction: Rationale 

The principl e o f  "functiona l  modularity" ,  whereb y th e behav -
io r  o f  a  complet e syste m i s determine d b y th e interactio n o f  a 
number  o f  semi-autonomou s sub-systems ,  i s a  commonplac e 
withi n cognitiv e science .  Man y cognitiv e models ,  includin g 
thos e fro m bot h th e connectionis t  paradig m an d th e symboli c 
paradigm ,  ar e base d o n th e principle .  Th e forme r  i s exempli -
fie d b y model s suc h a s Miikkulainen' s mode l  o f  scrip t  pro -
cessin g (Miikkulainen ,  1993 )  an d Burges s &  Hitch' s mode l 
of  th e articulator y loo p (Burges s &  Hitch ,  1992) .  Th e lat -
te r  i s  exemplifie d b y model s suc h a s Barnard' s Interactin g 
Cognitiv e Subsystem s mode l  (Barnard ,  1985 )  an d productio n 
system s suc h a s Soa r  (Newell ,  1990 ,  whic h i s  modula r  i n 
th e sens e o f  havin g separabl e workin g memor y an d produc -
tio n memor y components) .  Hybri d symbolic/connectionis t 
model s als o emplo y functiona l  modularit y (e.g. ,  Wermte r  & 
Lehnert ,  1989) ,  an d furthe r  models ,  suc h a s Morton' s mode l 
of  th e processin g o f  word s an d picture s (Morton ,  1981) ,  adop t 
functiona l  modularit y withou t  makin g an y commitmen t  t o th e 
underlyin g implementation . 

Withi n cognitiv e psychology ,  functiona l  modularit y i s of -
te n expresse d i n term s o f  box/arro w diagrams .  Thes e dia -
grams ,  whic h generall y consis t  o f  a  numbe r  o f  labele d inter -
connecte d boxes ,  hav e a  lon g an d checkere d histor y stretchin g 
bac k t o Lichthei m (1885) .  Earl y criticism s faile d t o differenti -
at e betwee n functiona l  an d structura l  modularit y (se e Shallic e 
(1988 )  fo r  a  review) .  Mor e recently ,  critic s hav e argue d tha t 
suc h diagram s ar e virtuall y contentless ,  bu t  thi s accusatio n 

can b e rebutte d b y observin g tha t  th e diagram s d o mak e the o 
retica l  claim s abou t  functiona l  modularit y an d th e flow  o f  dat £ 
betwee n th e modules .  Suc h theoretica l  claim s ma y b e justi -
fied  by ,  an d teste d against ,  empiricall y observe d dissociation s 
betwee n functionin g (cf .  Morton ,  1981 ;  Shallice ,  1988) . 

Box arro w diagram s shar e a  superficia l  resemblanc e t o flow 
charts ,  an d thi s to o ha s le d t o criticism .  However ,  th e tw o di -
agrammati c notation s diffe r  o n severa l  substantiv e grounds . 
Crucially ,  flow  chart s encod e algorithm s an d expres s th e flow 
of  control .  The y ar e roote d i n th e traditiona l  mode l  o f  com -
putatio n a s sequentia l  processing ,  an d (i f  take n t o b e mor e 
tha n purel y descriptiv e o f  behavior )  see m t o impl y tha t  flow 
chart s ar e someho w represente d i n th e hea d an d execute d 
by som e conventiona l  computationa l  device .  Box/arro w di -
agrams ,  i n contrast ,  expres s functiona l  modularit y an d flow 
of  dat a betwee n functiona l  modules .  The y mak e n o claim s 
abou t  sequentia l  processing ,  an d d o no t  sugges t  th e existenc e 
of  an y progra m whic h th e syste m deliberatel y follows . 

Independentl y o f  thei r  us e i n cognitiv e psychology ,  idea s 
simila r  t o thos e behin d functiona l  modularit y hav e recentl y 
achieve d prominenc e withi n compute r  science .  I n particu -
lar ,  th e object-oriente d paradig m (see ,  e.g. ,  Rumbaug h e t  al. , 
1991 )  advocate s th e us e o f  informationall y encapsulate d ob -

ject s t o whic h sub-computation s ca n b e allocate d vi a specifie d 
communicatio n channels .  A s a  result ,  Object-Oriente d Pro -
grammin g (OOP )  offer s th e possibilit y  o f  directl y addressing , 
withi n a  soun d computationa l  framework ,  th e functiona l  mod -
ularit y implici t  i n box/arro w diagrams .  Specifically ,  withi n 
an object-oriente d paradigm ,  boxe s migh t  b e directl y mod -
ele d a s object s (o f  variou s classes) ,  wit h arrow s bein g directl y 
modele d a s communicatio n channel s betwee n thos e objects . 

O OP ha s considerabl e potentia l  utilit y  withi n th e domai n 
of  cognitiv e modelin g i n virtu e o f  th e approac h tha t  i t  offer s 
t o functiona l  modularity .  Ther e ar e furthe r  arguments ,  how -
ever ,  fo r  O O P withi n th e discipline .  Firstly ,  a n object-oriente d 
clas s hierarch y ma y b e use d t o facilitat e modelin g b y provid -
in g a  variet y o f  objec t  classe s tailore d t o th e requirement s o f 
cognitiv e modeling .  Th e clas s hierarch y describe d i n th e fol -
lowin g section ,  fo r  example ,  include s variou s differen t  form s 
of  buffe r  c o m m o n i n psychologica l  theorizing .  B y providin g 
th e psychologis t  wit h a  librar y o f  suc h classes ,  he/sh e ma y 
implemen t  a  mode l  withou t  havin g t o conside r  th e detaile d 
implementatio n o f  th e boxe s withi n th e model .  Tha t  is ,  th e 
psychologis t  ca n wor k a t  th e leve l  o f  interactin g buffer s an d 
processes ,  etc. ,  rathe r  tha n a t  th e leve l  o f  C ,  Lisp ,  o r  Prolo g 
code .  I n thi s  way ,  O O P ca n lesse n th e "distance "  betwee n th e 
languag e o f  th e cognitiv e psychologis t  an d th e languag e o f 
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th e implementation .  Secondly ,  O O P offer s th e possibilit y  o f 
providin g a  trul y declarativ e specificatio n o f  a  psychologica l 
model .  Ther e ar e tw o advantage s t o suc h a  specification :  1 ) 
i t  free s th e theoris t  entirel y fro m th e implementatio n level , 
so th e questio n o f  whethe r  individua l  boxe s ar e implL-nicnle d 
i n symboli c o r  connectionis t  term s i s side-stepped ,  an d th e 
importan t  issu e o f  specifyin g th e propertie s o f  th e individua l 
boxe s come s int o focus; ^  an d 2 )  th e box/arro w specification s 
wit h whic h cognitiv e psychologist s wor k ar e equall y declara -
tive . 

The declarativ e statemen t  offere d b y O O P o f  box/arro w 
diagra m come s abou t  b y directl y mappin g th e diagra m t o a 
specificatio n o f  objec t  instance s an d communicatio n channels . 
Extendin g tha t  statemen t  t o a  complet e declarativ e (an d exe -
cutable )  specificatio n require s declarativ e specification s o f  th e 
processe s interna l  t o eac h box ,  bu t  suc h specification s m a y b e 
give n in ,  fo r  example ,  th e purel y logica l  fragmen t  o f  Prolog . 
Whil e thi s doe s no t  entirel y fre e th e psychologis t  fro m tradi -
tiona l  programming ,  i t  doe s dramaticall y reduc e th e exten t  o f 
tha t  programming . 

OOS: Object-Oriented Sceptic 

Is object-orientedness (including the provision of an appropri-
at e clas s hierarchy )  th e onl y requiremen t  fo r  a  cognitiv e mod -
elin g language ? Certai n functionalit y i s  implicate d i n a  grea t 
many cognitiv e theorie s (suc h a s patter n directe d processing , 
conten t  addressabl e m e m o r y retrieva l  an d update ,  an d th e pos -
sibilit y  o f  bot h sequentia l  an d paralle l  processin g modes) ,  an d 
a cas e ca n b e mad e fo r  providin g thes e c o m m o n feature s a s 
primitiv e operation s i n a  modelin g language .  O n e languag e 
whic h provide s thes e primitive s (bu t  i s no t  object-oriented ) 
i s Scepti c (Hajna l  e t  ai ,  1989 ;  Coope r  &  Farringdon ,  1993) . 
Thi s modelin g languag e (whic h i s base d o n Prolog )  ha s bee n 
successfull y applie d i n th e implementatio n o f  a  numbe r  o f 
cognitiv e theories ,  includin g theorie s o f  reasoning ,  memory , 
motivation ,  automati c contro l  o f  action ,  an d tw o version s o f 
th e Soa r  architectur e (se e Coope r  e t  ai ,  1993) .  Fo r  presen t 
purposes ,  th e detail s o f  Scepti c ar e no t  important .  Thi s sectio n 
describe s O O S (Object-Oriente d Sceptic) ,  a  languag e devel -
ope d i n orde r  t o exten d Sceptic' s capabilitie s b y incorporatin g 
suppor t  fo r  object-oriente d programming . 

The Execution Model 

A cognitive model specified in OOS consists of a set of box 
declarations .  Thes e declaration s specif y th e clas s o f  boxe s 
(e.g. ,  limited-capacit y buffer :  se e below) ,  thei r  class-specifi c 
propertie s (e.g. ,  th e capacit y o f  a  buffer) ,  an d h o w the y interac t 
(i.e. ,  th e arrangemen t  o f  arrow s betwee n thos e boxes ,  i n term s 
of  paire d inpu t  an d outpu t  ports) .  Th e underlyin g executio n 
model  o f  O O S ,  th e mechanis m b y whic h a  cognitiv e mode l 
specifie d i n th e languag e i s animated ,  i s  cyclic .  O n eac h cycl e 
eac h objec t  (i.e. ,  eac h box )  operate s o n an y dat a waitin g a t 
it s  inpu t  ports .  Th e resul t  o f  thi s processin g depend s o n th e 
clas s o f  objec t  i n question .  A  typica l  proces s wil l  transfor m 
th e dat a an d sen d th e transforme d dat a a s inpu t  t o som e othe r 

'Thi s i s no t  t o sa y tha t  th e propertie s o f  certai n classe s o f  boxe s 
migh t  no t  b e mor e easil y implemente d i n on e technolog y o r  an -
other ,  bu t  tha t  bo x properties ,  rathe r  tha n implementatio n technology , 
shoul d b e th e issu e unde r  discussion . 

object ,  wherea s a  typica l  buffe r  wil l  incorporat e th e dat a int o 
it s  state .  Al l  object s effectivel y operat e i n parallel . 

Centra l  t o th e executio n mode l  i s a  dat a bus ,  whic h con -
tain s al l  dat a (o r  messages )  i n transi t  betwee n boxes ,  i.e. ,  al l 
message s tha t  hav e bee n sen t  alon g a n arro w fro m on e bo x bu t 
not  ye t  received .  I n addition ,  eac h bo x ha s a n interna l  state . 
Th e stat e o f  th e entir e mode l  a t  tim e t  i s  full y  determine d b y 
th e stat e o f  eac h bo x a t  tim e t  togethe r  wit h th e content s o f 
th e dat a bu s a t  timei . 

Th e behavio r  o f  a  bo x ove r  tim e i s  determine d b y tw o 
functions ,  a  stat e transitio n functio n an d a n outpu t  function . 
Each bo x i s completel y specifie d b y it s initia l  stat e (i.e. ,  it s 
stat e a t  tim e <  =  0 )  an d thes e tw o functions . 

I f  th e stat e o f  bo x x  a t  tim e <  i s denote d b y s$. ,  it s  inpu t 
denote d b y zj. ,  an d it s stat e transitio n functio n b y stx ,  then : 

The output of a box is similarly a function of its input and 
it s interna l  state ,  an d consist s o f  a  multi-se t  o f  (message ,  bo x 
identifier )  pairs ,  wit h th e interpretatio n tha t  (m ,  x )  represent s 
a messag e m boun d fo r  bo x x  (an d t o b e processe d a s inpu t 
t o bo x X  durin g th e nex t  cycle) . 

Element s o f  th e bu s ar e als o (message ,  bo x identifier )  pairs . 
I f  w e denot e b y 5 *  th e stat e o f  th e bu s a t  tim e t ,  the n th e multi -
set  o f  message s i n th e bu s a t  time t  boun d fo r  bo x x ,  r{B ^  , x ) , 
i s  give n by : 

r{B',x )  =  {m\{m,x)eB' ) 

Th e conten t  o f  th e bu s a t  tim e <  -|- 1 i s th e unio n o f  th e output s 
of  al l  boxes ,  give n thei r  stat e a t  tim e < ,  an d th e message s boun d 
fo r  the m a t  tha t  time .  I n symbols : 

5'+i= \^{b\h = ouUsi,r{B\x))) 

where X is the set of all boxes which comprise the model, 
and i± )  denote s multi-se t  union . 

The Class Hierarchy 

Th e clas s hierarch y develope d t o dat e i s somewha t  limited . 
Th e roo t  clas s i n th e clas s hierarch y i s  box .  I t  ha s fou r 
subclasses :  buffer ,  process ,  data ,  an d c o m p o u n d .  M o r e 
subclasse s (suc h a s networ k objects )  ar e easil y added ,  an d i t 
i s  anticipate d tha t  th e clas s hierarch y wil l  b e extende d a s th e 
nee d arises . 

Buffers: These are boxes that store information but have a 
nul l  outpu t  function :  message s sen t  t o a  buffe r  m a y chang e 
it s state ,  bu t  the y wil l  no t  produc e output .  Th e utilit y  o f  a 
buffe r  lie s i n th e fac t  tha t  it s  stat e m a y b e rea d b y proces s o r 
compoun d boxe s (se e below) . 

Buffer s ar e sensitiv e t o thre e sort s o f  messages .  A  c l e a r 
messag e wil l  effectivel y remov e al l  element s fro m th e buffe r 
t o whic h i t  i s  sen t  b y replacin g th e existin g stat e wit h a n empt y 
state .  A  messag e o f  th e for m + X (wher e X  i s a  Prolo g term ) 
wil l  ad d X  t o th e buffer .  A  messag e o f  th e for m - X wil l  delet e 
X fro m th e buffe r  (provide d X  i s currentl y i n th e buffer) .  A 
buffe r  m a y receiv e an y numbe r  o f  message s o n on e an d th e 
same cycle .  I n thi s case ,  clea r  message s ar e processe d be -
for e delet e message s whic h ar e i n tur n processe d befor e ad d 
messages .  N o orderin g i s specifie d o n th e processin g o f  mes -
sage s withi n a  particula r  categor y (e.g. ,  withi n th e categor y 

557 



of  delet e messages) ,  a s suc h orderin g doe s no t  affec t  th e final 
resul t  o f  processin g withi n a  cycle .  Thi s i s consisten t  wit h 
th e treatmen t  o f  th e bu s a s a  multi-set ,  wit h n o orderin g o n it s 
elements . 

Buffer s hav e variou s propertie s whic h alte r  th e wa y the y 
behav e whe n the y receiv e message s an d whe n the y ar e read . 
A binar y propert y indicate s whethe r  a  buffe r  ca n stor e dupli -
cat e copie s o f  th e sam e information ,  o r  whethe r  duplicate s 
shoul d b e ignored .  A  secon d propert y specifie s th e orde r  o f 
acces s (newes t  first;  oldes t  first;  o r  random )  whe n th e buffe r 
i s read .  A  thir d propert y specifie s whethe r  th e content s o f 
th e buffe r  ar e subjec t  t o deca y (an d i f  s o wha t  for m o f  decay) . 
Curren t  option s include :  none ;  deca y afte r  a  specifie d numbe r 
of  cycles ;  an d deca y randoml y wit h probabilit y  specifie d i n 
term s o f  a  half-life .  Thes e propertie s mus t  b e specifie d fo r  al l 
buffers . 

Th e clas s buffe r  ha s tw o subclasses :  unlimite d capacit y 
and limite d capacity .  Limite d capacit y buffer s hav e tw o 
additiona l  properties .  Th e first  specifie s th e capacity ,  an d 
th e secon d specifie s th e actio n t o tak e whe n thi s capacit y i s 
exceede d (delet e th e mos t  recen t  elemen t  t o mak e roo m fo r  th e 
n e w element ;  delet e th e leas t  recen t  element ;  delet e a  rando m 
element ;  o r  ignor e th e ne w element) . 

Specifyin g a  buffe r  i n O O S onl y require s tha t  it s  subclas s 
and th e valu e o f  th e appropriat e parameter s b e specified .  Th e 
us e o f  classe s an d propertie s standardize s th e notio n o f  a  buffe r 
(thu s potentiall y  increasin g communicabilit y  o f  theories) ,  an d 
als o allow s theorist s t o experimen t  wit h variation s o n a  mode l 
by varyin g th e propertie s (e.g. ,  th e deca y characteristics )  o f 
individua l  subcomponents . 

Th e intentio n i s tha t  th e abov e propertie s an d subclasse s 
shoul d cove r  th e majorit y o f  form s o f  buffe r  employe d i n 
curren t  psychologica l  theorizing ,  thoug h furthe r  applicatio n 
of  th e languag e m a y wel l  revea l  furthe r  propertie s o r  sub -
classes .  Th e motivatio n fo r  th e curren t  propertie s an d sub -
classe s come s partl y fro m existin g psychologica l  theorizin g 
and partl y fro m logica l  possibilitie s tha t  ar e consisten t  wit h 
thi s theorizing .  Fo r  example ,  i n Fodo r  an d Frazier' s mode l  o f 
sentenc e processin g (Frazie r  &  Fodor ,  1978 ;  Fodo r  &  Frazier , 
1980) ,  durin g processin g th e Preliminar y Phras e Package r 
(PPP )  work s o n a  fragmen t  o f  th e sentenc e unde r  consider -
ation .  I n psychologica l  parlance ,  th e P P P make s us e o f  a 
limite d capacit y pus h throug h store .  A s eac h ne w wor d enter s 
th e store ,  i t  pushe s th e leas t  recen t  entr y out .  Withi n O O S, 
th e relevan t  bo x i s a  limite d capacit y buffe r  wit h duplicate s 
but  withou t  decay ,  wit h acces s vi a th e mos t  recen t  elemen t 
firs t  an d wit h th e leas t  recen t  elemen t  bein g delete d whe n th e 
capacit y i s exceeded .  Fodo r  an d Frazie r  d o no t  specif y th e 
capacit y o f  th e PPP' s buffer, ^  bu t  O O S allow s on e t o exper -
imen t  wit h differen t  capacitie s (b y simpl y varyin g th e valu e 
of  th e correspondin g propert y an d conductin g th e appropriat e 
simulations) ,  thereb y allowin g a n optima l  capacit y (an d th e 
effect s o f  varyin g thi s capacity )  t o b e determined . 

^Frazie r  &  Fodo r  (1978 :  293 )  commen t  tha t  th e capacit y o f 
th e PP P migh t  no t  b e define d i n words ,  bu t  i n term s o f  syllables , 
morphemes ,  o r  eve n tim e slices .  I f  capacit y i s t o b e measure d i n 
syllables ,  morpheme s o r  tim e slices ,  the n th e inpu t  message s shoul d 
be package d a s syllables ,  morphemes ,  o r  tim e slices ,  respectively . 
Capacit y i s define d strictl y  i n term s o f  th e element s whic h constitut e 
th e message s tha t  a  buffe r  receives . 

Processes :  Processe s ar e define d t o b e object s whic h trans -
for m dat a accordin g t o fixed,  wel l  specified ,  rules .  The y ma y 
be viewe d a s boxe s whic h m a p fro m on e representatio n t o an -
other .  Th e outpu t  functio n i s define d t o b e independen t  o f  th e 
interna l  state ,  whic h canno t  b e queried .  (A s such ,  th e interna l 
stat e i s effectivel y redundant ,  an d migh t  a s wel l  b e define d 
t o b e null ,  wit h th e identit y mappin g a s th e stat e transitio n 
function. )  Processe s thu s hav e n o memor y capabilities ,  an d 
i n thi s sens e the y ar e th e complemen t  o f  buffers ,  whic h hav e 
an interna l  state ,  bu t  a  nul l  outpu t  function . 

T wo subclasse s o f  proces s ar e availabl e (triggere d an d 
au tonomous :  se e below) ,  bu t  becaus e o f  th e variabilit y  o f 
possibl e outpu t  functions ,  i t  i s no t  currentl y possibl e t o spec -
if y processe s completel y i n term s o f  propertie s an d furthe r 
subclasses .  Th e outpu t  functio n o f  a  proces s mus t  a t  presen t 
be define d vi a rewrit e rule s simila r  t o standar d Scepti c (se e 
Cooper  &  Farringdon ,  1993 ,  fo r  details) .  Thi s i s a n undesir -
abl e aspec t  o f  th e curren t  system ,  a s i t  require s som e knowl -
edg e o f  a  conventiona l  text-base d programmin g language . 

Triggere d processe s ar e thos e whic h ar e activate d b y inpu t 
messages .  I f  the y receiv e n o input ,  the y generat e n o output , 
but  whe n triggere d b y input ,  the y m a p tha t  inpu t  accordin g 
t o thei r  outpu t  function .  I n a  sense ,  triggere d processe s ar e 
passiv e processes .  Autonomou s processes ,  o n th e othe r  hand , 
ar e activ e processes :  the y activel y find  dat a (by ,  fo r  example , 
readin g th e content s o f  a  specifie d buffer )  an d produc e outpu t 
on th e basi s o f  tha t  data .  Triggere d processe s m a y als o rea d a 
buffer' s content s whe n calculatin g thei r  output ,  bu t  the y wil l 
not  attemp t  t o produc e outpu t  unles s specificall y triggere d b y 
an inpu t  message . 

Returnin g t o Fodo r  an d Frazier' s mode l  o f  sentenc e pro -
cessing ,  th e P P P ca n b e see n t o als o includ e a n autonomou s 
proces s whic h monitor s th e inpu t  buffe r  lookin g fo r  phrasa l 
constituents ,  packagin g suc h constituent s whe n the y ar e foun d 
and sendin g the m t o th e Sentenc e Structur e Superviso r  (SSS) , 
a collectio n o f  boxe s whic h combin e th e PPP' s result s int o a 
complet e phras e marke r  fo r  a  sentence . 

Data: Data boxes may be used to supply input data to a 
model  o r  t o recor d outpu t  dat a fro m a  model .  Th e tw o sub -
classe s o f  dat a bo x whic h serv e thes e tw o function s ar e sourc e 
and sink .  Dat a source s ar e initialize d wit h a  lis t  o f  Prolo g 
term s (rea d fro m a  file).  O n eac h cycle ,  i f  th e sourc e i s no t 
empty ,  th e first  elemen t  o f  thi s lis t  i s remove d fro m th e sourc e 
and a  cop y o f  i t  i s sen t  vi a an y arrow s t o al l  boxe s connecte d 
t o th e source .  Dat a sink s accumulat e output ,  functionin g i n 
th e revers e wa y t o dat a sources :  o n eac h cycle ,  an y message s 
sen t  t o a  dat a sin k ar e appende d t o th e sink . 

Dat a boxe s generall y d o no t  belon g t o a  mode l  i n th e sam e 
way a s othe r  boxe s d o i n tha t  n o psychologica l  validit y i s 
typicall y ascribe d t o them .  Dat a source s migh t  b e used ,  fo r 
example ,  t o suppl y th e posite d result s o f  perceptua l  processe s 
t o boxe s performin g mor e centra l  cognitiv e function s (thu s 
circumventin g th e proble m o f  modelin g perception) ,  an d dat a 
sink s migh t  b e use d t o recor d th e sequentia l  outpu t  o f  th e 
cognitiv e proces s unde r  investigation .  Thu s a n appropriat e 
dat a sourc e fo r  th e Fodo r  an d Frazie r  mode l  m a y compris e a 
lis t  o f  words ,  syllables ,  o r  morpheme s whic h constitut e th e 
inpu t  t o th e PPP .  A  dat a sin k m a y the n b e use d t o collec t  th e 
phras e marker s generate d b y th e SSS . 
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Dat a boxe s ar e ver y flexible  an d individua l  boxe s o r  subset s 
of  boxe s ma y b e teste d i n isolatio n b y liftin g thos e boxe s ou t 
of  th e complet e mode l  an d attachin g dat a source s (wit h ap -
propriat e inputs )  a t  al l  disconnecte d inpu t  port s an d dat a sink s 
at  ai l  disconnecte d outpu t  ports .  Thus ,  Fodo r  an d I'la/.icr' s 
SSS ma y b e tested/develope d i n isolatio n fro m th e PP F (an d 
vic e versa )  b y replacin g th e boxe s comprisin g th e PP P wit h 
an appropriat e dat a sourc e tha t  feed s directl y int o th e SSS . 

Compounds: Compound boxes are used where it is desir-
abl e t o grou p othe r  boxe s togethe r  int o a  singl e functiona l 
module .  The y migh t  b e though t  o f  a s a  bo x withi n whic h 
othe r  boxe s ca n b e put ,  thu s allowin g a  mode l  t o b e hierarchi -
call y structured .  Ther e ar e n o restriction s o n th e output s o r 
state s o f  compoun d boxes ,  an d the y serv e n o computationa l 
functio n withi n th e executio n model .  The y are ,  however ,  vita l 
t o th e structure d top-dow n developmen t  o f  model s (se e be -
low) .  Wit h regar d t o th e sentenc e processin g model ,  i t  woul d 
see m appropriat e t o trea t  th e PP P an d th e SS S eac h a s com -
poun d boxes ,  bot h consistin g o f  a  networ k o f  processe s an d 
buffers . 

Communication 

Withi n O O S communicatio n betwee n boxe s i s generall y spec -
ifie d b y definin g arrow s fro m th e sourc e bo x t o th e targe t  box . 
Thus ,  t o specif y tha t  dat a shoul d b e fee d fro m a  dat a sourc e t o 
a process ,  a n arro w mus t  b e define d fro m th e dat a sourc e t o th e 
process .  Definin g a  secon d arro w fro m th e dat a sourc e to ,  fo r 
example ,  a  buffer ,  wil l  resul t  i n th e dat a fro m th e sourc e bein g 
simultaneousl y sen t  fro m th e sourc e t o bot h th e proces s an d 
th e buffer .  Th e exceptio n t o thi s simpl e mean s o f  establishin g 
communicatio n channel s arise s wit h message s sen t  fro m pro -
cesses ,  whic h mus t  b e explicitl y  addresse d t o a  name d targe t 
box (o r  t o severa l  name d targe t  boxes) .  Thi s i s t o allo w a 
singl e proces s t o generat e multipl e message s fo r  a  variet y o f 
targe t  boxes .  Explici t  addressin g i s performe d i n modifie d 
Scepti c withi n th e specificatio n o f  a  process '  outpu t  function . 

Methodology: Building Models with OOS 

Ther e ar e thre e stage s t o developin g a n O O S model .  Firstly , 
th e mode l  shoul d b e draw n i n diagranmiati c (box/arrow )  form . 
Where module s wit h bot h processin g an d bufferin g capabil -
itie s ar e required ,  compoun d boxe s shoul d b e used .  Thes e 
can "opene d up "  a t  stag e 3 .  Compoun d boxe s thu s facilitat e 
a to p down ,  structured ,  approac h t o th e developmen t  o f  a n 
D OS model :  globa l  characteristic s o f  th e mode l  ca n b e spec -
ifie d befor e lower-leve l  detail s o f  individua l  compound s ar e 
considered .  Thi s i s consisten t  wit h psychologica l  theorizing , 
wher e man y boxe s typicall y hav e comple x processin g char -
acteristic s (thoug h thos e processin g characteristic s ar e ofte n 
onl y specifie d informally) . 

Secondly ,  th e clas s (o r  subclass )  o f  eac h bo x mus t  b e deter -
mined ,  an d th e relevan t  propertie s specified .  A t  thi s stage ,  th e 
capacit y o r  deca y characteristic s o f  buffer s shoul d b e spec -
ified ,  an d question s o f  whethe r  processe s ar e triggere d o r 
autonomou s mus t  b e addressed . 

Thirdly ,  th e internal s o f  thos e boxe s whic h hav e internal s 
must  b e specified .  A t  thi s stag e dat a mus t  b e specifie d fo r  th e 
variou s dat a sources ,  cod e mus t  b e give n t o specif y  th e outpu t 
function s o f  th e variou s processes ,  an d compoun d boxe s mus t 

be decompose d int o thei r  constituen t  sub-boxe s (whic h may , 
i n themselves ,  b e compoun d boxes) .  Th e content s o f  a  dat a 
sourc e wil l  b e th e dat a whic h i s t o b e use d t o tes t  th e model . 
Specifyin g thi s dat a ma y involv e makin g assumption s abou t 
perceptua l  processe s an d th e representatio n o f  dat a whic h i s 
delivere d t o th e model .  Wit h regar d t o processes ,  thes e may , 
i n th e first  instance ,  operat e a s look-u p tables .  Give n tha t  th e 
tes t  dat a i s specified ,  processe s ma y initiall y  b e specialize d 
so a s onl y t o respon d appropriatel y t o thi s data .  Onc e th e 
complet e mode l  ha s bee n debugge d an d i s operational ,  th e 
outpu t  function s o f  processe s ca n b e generalize d (keepin g i n 
min d tha t  thei r  input/outpu t  characteristic s i n th e origina l  do -
mai n mus t  b e preserved) .  Compoun d boxe s mus t  b e specifie d 
recursively .  Tha t  is ,  fo r  eac h compoun d bo x th e thre e stage s 
outline d her e mus t  b e repeated ,  unti l  al l  compoun d boxe s a t 
al l  level s hav e bee n decompose d int o network s o f  primitiv e 
boxes . 

Compound boxe s ar e effectivel y a  wa y o f  bracketin g a  par t 
of  th e mode l  a s a  complet e sub-model .  Give n this ,  a  secon d 
appropriat e developmen t  methodolog y involve s developin g 
detaile d specification s o f  compoun d boxe s i n isolation .  A s 
note d above ,  th e interactio n o f  a  particula r  compoun d bo x 
wit h th e remainde r  o f  th e mode l  ca n b e simulate d wit h dat a 
source s an d dat a sinks ,  an d i n thi s wa y a  detaile d mode l  o f 
one componen t  ca n b e formulate d (an d executed )  befor e th e 
complet e mode l  ha s bee n specified . 

O OS lessen s th e problem s o f  confusin g theoreticall y m o -
tivate d aspect s o f  a  progra m wit h implementatio n detai l  b y 
lessenin g th e distanc e betwee n th e theoretica l  statemen t  o f 
th e theor y an d it s implementation .  I n doin g so ,  O O S force s 
th e theoris t  t o conside r  question s whic h migh t  otherwis e hav e 
been ignore d (suc h a s th e acces s propertie s o f  a  buffer ,  o r 
indee d th e specificatio n o f  an y propertie s specifi c  t o a  partic -
ula r  box) .  I t  migh t  b e argue d tha t  suc h question s ar e trul y 
implementatio n details ,  an d shoul d no t  concer n th e psycho -
logica l  theory .  Thi s positio n i s justifie d onl y i f  th e behavio r 
of  th e complet e mode l  i s independen t  o f  th e precis e valu e 
of  th e propert y i n question .  Withi n O O S i t  i s  possibl e t o 
experimentall y tes t  suc h claims .  I n particular ,  th e theoris t 
can examin e th e effec t  o f  variou s objects '  parameter s o n th e 
model' s behavior .  Hence ,  b y systematicall y varyin g th e rel -
evan t  parameter s an d conductin g th e appropriat e simulation s 
th e trut h o f  suc h claim s concernin g implementatio n detai l  ca n 
be ascertained .  O O S i s thu s mor e tha n simpl y a n implemen -
tatio n tool .  B y brin g implementatio n claim s t o th e forefront , 
and b y allowin g thos e claim s t o b e tested ,  O O S ca n actuall y 
infor m psychologica l  theorizing . 

An Example: A Simple Production System 

In order to illustrate the power and simplicity of OOS this 
sectio n sketche s th e implementatio n o f  a  simpl e productio n 
syste m withi n th e language .  Figur e 1  depict s a  box/arro w 
diagra m correspondin g t o suc h a  productio n system .  I n thi s 
figure,  hexagon s represen t  processes ,  rounde d rectangle s rep -
resen t  buffers ,  an d diamond s represen t  dat a boxes .  Arrow s 
wit h standar d arro w head s indicat e messag e sending .  Arrow s 
wit h blac k triangula r  tail s  indicat e buffe r  reading .  Thus ,  th e 
proces s "Resolv e Conflicts "  read s "Matc h M e m o r y "  an d "Re -
fractor y M e m o r y "  an d send s message s t o "Refractor y M e m-
ory "  an d "Fir e Productions" . 
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Refractor y Memor y 
V y 

Matc h Memor y 

latc h Productions > <  Proiluctio n Memor y <  Resolv e Contli c 

Workin g Memor y Fir e Production s 

Figur e 1 :  Box/arro w representatio n o f  a  simpl e productio n 
system . 

Th e diagra m i s considerabl y mor e comple x tha n som e pro -
ductio n syste m diagrams ,  whic h typicall y onl y sho w workin g 
m e m o ry an d productio n memory .  Thi s i s becaus e Figur e 1  i s 
complete .  I t  show s al l  processe s an d buffers ,  an d al l  c o m m u -
nicatio n channels ,  necessar y fo r  a  simpl e productio n system . 

I t  ca n b e see n the n tha t  a  productio n syste m involve s fou r 
buffer s (i.e. ,  m e m o r y components) .  A s wel l  a s workin g m e m-
or y an d productio n memory ,  a  matc h memor y (i n whic h cur -
ren t  instantiation s o f  production s ar e held )  an d a  refractor y 
m e m o ry (i n whic h previousl y fired  instantiation s o f  produc -
tion s ar e held )  ar e required .  Thes e ar e al l  modele d a s unlim -
ite d capacit y decay-fre e buffers ,  althoug h O O S allow s fo r  th e 
possibilit y  o f  explorin g capacit y restriction s o r  deca y charac -
teristic s (se e Coope r  e t  ai ,  1993 ,  fo r  detail s o f  experiment s 
wit h workin g m e m o r y an d matc h memor y deca y i n th e Soa r 
productio n system) .  Eac h buffe r  i s specifie d completel y i n 
term s o f  it s  propertie s an d th e subclas s o f  buffe r  o f  whic h i t 
i s  a n instance . 

Ther e ar e thre e distinc t  processes .  "Resolv e Conflicts "  i s 
an autonomou s proces s whic h monitor s matc h m e m o r y an d 
refractor y memory .  W h e n i t  discover s ne w productio n instan -
tiation s i n matc h m e m o r y whic h ar e no t  i n refractor y memory , 
i t  send s th e element s o n th e righ t  han d sid e o f  thos e instantia -
tion s t o "Fir e Production "  an d add s th e instantiatio n t o refrac -
tor y memory .  "Fir e Production s i s a  triggere d process .  W h e n 
i t  receive s a  messag e i t  add s a n elemen t  t o workin g memor y 
or  send s a  messag e t o th e outpu t  (dependin g o n th e messag e 
received) .  Thes e processe s ar e distinc t  fro m th e "Matc h Pro -
ductions "  proces s whic h monitor s workin g memor y an d pro -
ductio n memory ,  lookin g fo r  productio n instantiation s whic h 
shoul d b e adde d t o matc h memory .  Not e tha t  eac h proces s i s 
specifie d locall y — a s a n encapsulate d objec t  tha t  respond s i n 
a specifie d wa y t o specifie d inputs . 

Th e figure  embodie s a  theor y o f  th e functiona l  structur e 
of  a  productio n system ,  an d ther e i s a  direc t  mappin g fro m 
th e boxe s show n t o a n O O S specificatio n o f  th e system .  T o 
transfor m thi s specificatio n int o a  complet e implementatio n 
i t  i s  necessar y t o specif y th e propertie s an d subclasse s o f  th e 
variou s boxes ,  togethe r  wit h th e outpu t  function s associate d 
wit h th e variou s processes .  Thes e outpu t  function s hav e eac h 

bee n specifie d i n abou t  a  doze n line s o f  code . 

Of  course ,  t o mode l  a  particula r  tas k withi n th e productio n 
syste m i t  i s  stil l  necessar y t o provid e task-specifi c  productions . 
I n orde r  t o validat e ih c productio n syste m describe d here , 
i t  ha s bee n teste d wit h th e production s necessar y fo r  multi -
coluin n additio n a s describe d b y Anderso n (1993 ,  p .  10) . 

Discussion 

OOS currently exists as a Sceptic program implementing the 
executio n mode l  an d a  se t  o f  Scepti c librarie s implementin g 
th e clas s hierarchy .  Th e librarie s hav e bee n sufficien t  fo r  ou r 
modelin g t o date ,  bu t  elaboration s t o increas e coverag e ar e 
likel y a s th e languag e i s applie d t o furthe r  domains .  Fo r  ex -
ample ,  a t  presen t  buffer s canno t  sen d messages ,  bu t  i t  ma y 
be appropriat e t o include ,  a s a  subclas s o f  limite d capacit y 
buffers ,  a  clas s o f  buffe r  whic h send s message s consistin g 
of  thos e element s shunte d ou t  whe n th e buffer' s capacit y i s 
exceeded .  W o r k i s als o continuin g o n attemptin g t o furthe r 
subclassif y processe s (int o classe s suc h a s delay ,  filter ,  m o n -
itor ,  an d agglomerate) .  Thi s i s particularl y importan t  a s 
th e specificatio n o f  a  process '  outpu t  functio n i s currentl y 
th e onl y substantiv e programmin g require d i n usin g th e lan -
guage .  Lastly ,  networ k object s (e.g. ,  feed-forwar d networks , 
associativ e networks ,  recurren t  networks ,  an d interactiv e ac -
tivatio n networks )  m a y als o b e included ,  thu s allowin g th e 
languag e t o b e use d fo r  modula r  connectionis t  an d hybri d 
symbolic/connectionis t  modeling . 

Attempt s hav e previousl y bee n mad e t o develo p compu -
tationa l  tool s an d modelin g environment s t o assis t  cognitiv e 
modelin g (e.g. ,  O P S :  Forgy ,  1981) .  Suc h environment s hav e 
had littl e penetratio n int o mainstrea m cognitiv e science .  Th e 
languag e describe d her e attempt s t o addres s th e perceive d 
failing s o f  suc h earlie r  tool s i n a  numbe r  o f  ways ,  base d o n 
recen t  advance s i n compute r  science .  Firstly ,  b y takin g func -
tiona l  modularit y a s th e majo r  desig n requirement ,  O O S i s 
close r  t o th e formalism s use d b y traditiona l  cognitiv e psy -
chologist s than ,  fo r  example ,  language s base d o n productio n 
system .  Secondly ,  O O S aim s t o minimiz e th e programmin g 
(an d henc e computationa l  sophistication )  require d o f  it s  uses . 
Earl y modelin g environment s wer e generall y mos t  successfu l 
wit h thos e skille d i n compute r  languages .  O O S stil l  require s 
a certai n leve l  o f  computationa l  expertis e (i n specifyin g th e 
outpu t  function s o f  processes) ,  bu t  thi s i s  strictl y limited ,  an d 
as note d abov e i t  i s  anticipate d tha t  th e inclusio n o f  mor e 
objec t  classe s wil l  furthe r  reduc e th e programmin g skill s  re -
quired .  Furthermore ,  th e languag e i s wel l  suite d t o a  graphica l 
interface ,  an d a  preliminar y versio n o f  a  Graphica l  O O S Ed -
ito r  ( G O O S E)  whic h allow s box/arro w diagram s t o b e draw n 
and automaticall y converte d fro m th e diagrammati c for m int o 
O OS synta x ha s bee n developed .  Thi s furthe r  simplifie s th e 
modelin g process ,  takin g muc h o f  th e burde n o f  writin g tex -
tua l  cod e of f  th e psychologist .  W o r k i s continuin g o n a  mor e 
sophisticate d versio n o f  thi s interface . 

Th e us e o f  a n object-oriente d languag e fo r  cognitiv e mod -
elin g raise s a  numbe r  o f  issues .  Firstly ,  i t  shoul d b e note d tha t 
th e contributio n o f  object-orientednes s i s mor e tha n imple -
mentational .  Althoug h object-orientednes s wa s motivate d o n 
th e ground s o f  providin g a n appropriat e implementatio n base , 
th e us e o f  a  clas s hierarch y coul d (i f  sufficientl y extensive ) 
provid e a  standar d specificatio n o f  bo x types .  Suc h a  specifi -
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catio n woul d lesse n th e proble m o f  ambiguit y an d underspec -
ificatio n face d b y curren t  use s o f  box/arro w diagrams ,  an d 
thereb y increas e communicabilit y o f  theories .  Furthermore , 
by associatin g propertie s wit h bo x classes ,  issue s concernin g 
th e relatio n betwee n theor y an d implementatio n (an d specil -
icall y  i f  certai n propertie s ar e theoreticall y relevant )  ca n b e 
addressed . 

Ther e i s als o a  questio n o f  whethe r  mor e standar d object -
oriente d language s (suc h a s C + + o r  Smalltalk )  woul d b e mor e 
appropriat e tha n O O S fo r  cognitiv e modeling .  I n on e sense , 
th e languag e i n whic h th e clas s hierarch y i s  implemente d 
i s irrelevant ,  bu t  implementin g i t  i n Scepti c doe s brin g th e 
benefit s o f  certai n primitive s c o m m o n i n cognitiv e theories . 
The executio n mode l  coul d similarl y b e implemente d i n an y 
languag e — i t  is ,  afte r  all ,  effectivel y jus t  a  shell .  I t  i s th e 
propertie s o f  tha t  shel l  tha t  ar e important ,  an d i t  i s  this ,  whic h 
identifie s O O S a s a n object-oriente d languag e specialize d fo r 
cognitiv e modeling . 

Programmer s ofte n abus e language s b y usin g the m i n way s 
whic h conflic t  wit h thei r  desig n aims ,  an d th e us e o f  a n object -
oriente d languag e canno t  enforc e th e developmen t  o f  object -
oriente d programs .  I t  is ,  however ,  difficul t  t o misus e O O S. 
The underlyin g executio n mode l  i s  buil t  aroun d th e notio n 
of  communicatin g objects .  T o avoi d th e us e o f  suc h ob -
ject s require s substantia l  knowledg e abou t  th e underlyin g im -
plementatio n o f  th e executio n model .  Thi s issu e i s  furthe r 
addresse d b y G O O S E,  whic h place s tigh t  restriction s o n tex t 
base d programming .  Th e complet e mode l  (apar t  fro m th e out -
put  function s o f  processes )  mus t  b e expresse d i n box/arro w 
notation .  Th e onl y possibl e abus e withi n G O O SE i s t o over -
loa d processe s (i.e. ,  t o hav e on e proces s performin g func -
tionall y distinc t  operations) .  Th e convers e o f  thi s i s tha t  th e 
languag e ma y b e to o restrictive ,  no t  allowin g sufficien t  free -
d o m t o implemen t  certai n classe s o f  models .  I n general ,  thi s 
difficult y ca n b e addresse d b y extendin g th e clas s hierarch y 
as necessary .  Suc h extension s do ,  o f  course ,  requir e substan -
tia l  computationa l  sophistication ,  an d coul d no t  b e achieve d 
unaide d b y O O S'  targe t  audience . 

Lastly ,  i t  migh t  b e objecte d tha t  us e o f  O O S implie s a  com -
mitmen t  t o boxe s i n th e brai n wit h message s (an d a n attendan t 
languag e o f  thought )  bein g sen t  betwee n them .  Thi s i s no t 
th e case .  Implici t  i n th e concep t  o f  functiona l  modularit y 
i s th e differentiatio n o f  structur e an d function .  Functiona l 
modularit y doe s no t  impl y structura l  modularity :  a  functiona l 
sub-syste m i s a  syste m a t  th e cognitiv e leve l  an d i t  nee d no t 
correspon d t o an y identifiabl e structura l  sub-syste m (eithe r 
neurall y localize d o r  neurall y distinct )  a t  th e neurophysiolog -
ica l  level . 

Conclusion 

OOS, an object-oriented language for computational model-
ing ,  ha s bee n described .  Th e languag e facilitate s th e model -
in g proces s b y providin g a  se t  o f  objec t  classe s appropriat e 
fo r  (symbolic )  cognitiv e modelin g withi n th e box/arro w tra -
dition .  Th e languag e i s  primaril y intende d t o simplif y th e 
developmen t  o f  computationa l  model s an d thereb y empowe r 
computationall y les s sophisticate d researchers .  Th e languag e 
i s als o appropriat e fo r  th e fas t  prototypin g o f  model s an d the -
or y drive n experimentatio n (b y varyin g propertie s o r  classe s 
of  boxe s withi n a  model) . 
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