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Abstrac t 

We propose a computational theory of consciousness and 
model  da u from  thre e experimen U i n visua l  perception .  Th e 
centra l  ide a o f  ou r  theor y i s tha t  th e content s o f  consciousnes s 
correspon d t o temporall y stabl e state s i n a n interconnecte d 
networi c o f  specialize d computationa l  modules .  Eac h modul e 
incorporate s a  relaxatio n searc h tha t  i s concerne d wit h achiev -
in g semanticall y well-forme d states .  W e clai m tha t  bein g a n 
attracto r  o f  th e relaxatio n searc h i s a  necessar y conditio n fo r 
awareness .  W e sho w tha t  th e mode l  provide s sensibl e explana -
tion s fo r  th e result s o f  thre e experiments ,  an d make s testabl e 
predictions .  Th e first  experimen t  (Marcel ,  1980 )  foun d tha t 
masked ,  ambiguou s prim e word s facilitat e lexica l  decisio n fo r 
target s relate d t o eithe r  prim e meaning ,  wherea s consciousl y 
perceive d prime s facilitat e onl y th e meanin g tha t  i s  consisten t 
wit h prio r  contex t  Th e secon d experimen t  (Fehre r  an d Raab , 
1962 )  foun d tha t  subject s ca n mak e detectio n response s i n 
constan t  tim e t o simpl e visua l  stimul i  regardles s o f  whethe r 
the y ar e consciousl y perceive d o r  maske d b y metacontras t  an d 
rvo t  consciousl y perceived .  Th e thir d experimen t  (Lev y an d 
Pashler ,  1996 )  foim d tha t  visua l  wor d recognitio n accurac y i s 
lowe r  tha n baselin e whe n a n earlie r  speede d respons e wa s 
incorrect ,  an d highe r  tha n baselin e whe n th e earl y respons e 
was correct ,  consisten t  wit h a  causa l  relationshi p betwee n con -
sciou s perceptio n an d subsequen t  processing . 

I n t r o d u c t i o n 

In recent years there has been a resurgence of interest in the 
scientifi c  stud y o f  consciousness .  Experimenta l  £q)proache s 
hav e studie d sublimina l  perceptio n (e.g. ,  Greenwal d e t  al , 
1995) ,  implici t  m e m o r y an d learnin g (e.g. ,  Hintzman ,  1990) , 

neuropsychologica l  dissociation s betwee n knowledg e an d 
awarenes s (e.g. ,  Shallice ,  1988) ,  an d mos t  recently ,  th e prob -
le m o f  finding  th e neura l  correlate s o f  consciousnes s (Cric k 
& Koch ,  1990) .  I n contrast ,  w e tak e a  computationa l 
£q7proach ,  askin g th e question :  W h a t  happen s differentl y i n 

th e brai n w h e n on e i s  pirxessin g informatio n consciousl y 
versu s unconsciously ? W e propos e a  computationa l  corre -
lat e o f  consciousness ,  a s par t  o f  a  cognitiv e architecture ,  an d 
evaluat e th e theor y b y accountin g fo r  experimenta l  data .  Th e 
theor y i s  motivate d b y severa l  basi c experimenta l  findings, 
including :  (1 )  consciou s percept s ar e interpretation s o f  stim -
ulu s informatio n (Kanizsa ,  1979 ;  Koler s &  Vo n Grunau , 

1976 ;  Warren ,  1970) ;  (2 )  peopl e ar e awar e o f  th e result s o f 
higher  cognitiv e jH-ocesses ,  no t  th e processe s themselve s 
(Nisbet t  &  Wilson ,  1977) ;  (3 )  corte x appear s t o b e function -

all y modula r  (Fellema n &  Va n Essen ,  1991) ,  bu t  con -

sciousnes s appear s t o b e distribute d i n th e brai n (e.g. , 
Youn g &  DeHaan ,  1991) . 

The Stability Theory of Consciousness 

We propose a stability theory of consciousness that is 
base d o n a  fe w simpl e principles .  First ,  th e huma n cogni -

tiv e architectur e consist s o f  a  se t  o f  functionall y special -
ized ,  interconnecte d computationa l  modules .  Eac h modul e 
function s a s a n associativ e m e m o r y i n it s domain ,  output -
tin g th e best-fittin g interpretatio n o f  it s input ,  subjec t  t o a 
set  o f  constraint s tha t  defin e reasonabl e entitie s i n th e 
domain .  Fo r  example ,  a  visua l  object-recognitio n modul e 
migh t  outpu t  interpretation s consisten t  wit h constraint s 
governin g realizabUit y i n three-dimensiona l  space .  Sec -
ond ,  th e operatio n o f  a  modul e i s a  two-stag e process . 
Eac h modul e first  m a p s it s inpu t  t o a n initia l  outpu t  i n a 
fas t  mappin g process .  The n a  slower ,  iterativ e relaxatio n 
searc h proces s transform s thi s outpu t  t o on e tha t  i s  well -
formed—i.e. ,  satisfie s th e domai n constraints .  Third ,  th e 
centra l  hypothesi s i s  tha t  temporall y stabl e state s ente r 
consciousness .  Tha t  is ,  th e stabl e outpu t  o f  th e relaxatio n 

searc h proces s o f  an y modul e enter s consciousness .  This 
implie s tha t  ther e i s n o specia l  "consciousnes s module" ; 
th e content s o f  consciousnes s ar e distribute d amongs t  th e 
modules . 

We embod y th e theor y i n a  connectionis t  mode l  (Figur e 
1) .  T h e mappin g proces s i s implemente d b y a  feedforwar d 
network ,  whic h ha s th e desire d propert y o f  producin g a n 

outpu t  quickly ,  withou t  iteration .  T h e relaxatio n searc h 
proces s i s implemente d b y a n attracto r  o r  constraint-satis -
factio n network .  Attractor s o f  th e ne t  ar e th e well-forme d 
states ,  i.e. ,  interpretation s produce d b y th e module .  Full y 
distribute d attracto r  network s hav e bee n use d fo r  simila r 
purpose s (e.g. ,  Hinto n &  Shallice ,  1991) ,  bu t  fo r  simplic -
it y w e emplo y a  localist-attracto r  architectur e wit h a  laye r 
of  stat e unit s an d a  laye r  o f  radia l  basi s functio n (RBF ) 
units ,  on e R B F uni t  pe r  attractor .  T h e stat e unit s receiv e 
inpu t  fro m th e mappin g networ k an d fro m th e R B F units , 
an d ar e update d wit h a n incrementa l  activatio n rul e 

5.(1 + 1) = h(siU) + o«.(0 - Pro(») + Y X rj(t)a^ 
^  JeRB F ' 

llA , 



wher e 5 ,  e  [-1.1 ]  i s th e activit y o f  th e it h stat e unit ,  e -  i s th e 
iapa t  t o tha t  uni t  from  th e mappin g net ,  r j  i s th e activit y o f 
R BF unity ,  Oj -  i s  th e valu e o f  componen t  1  o f  the;'t h attraclo r 

state ,  a ,  p  an d y  ar e smal l  positiv e constants ,  an d h(. )  i s a 
functio n tha t  simpl y bound s activit y betwee n - 1 an d +1 .  Th e 
zno't h rb f  unit ,  r^ ,  correspond s t o a  specia l  res t  slat e 
locate d a t  th e cnigi n o f  th e stat e space ,  i n whic h th e syste m 
resides  a t  th e star t  o f  eac h simulation .  T h e R B F unit s us e th e 
updat e rule : 

r.(/) = «p(-|5(0-fljVp) 

where p is the widih of the RBF. We quantify stability as an 
exponentially-decayin g time-averag e o f  th e reciprocal  o f  th e 
spee d o f  th e stat e vecto r 

T 
stabilityiT )  =  J^(X^'^-'^exp(-ls(t)-s{t-l)\\) ) 

1- 0 
wher e 0  <  X  <  1  i s a  paramete r  controllin g th e windo w o f  th e 
tim e average .  W h e n thi s quantit y exceed s a  threshold ,  w e 
say tha t  th e stat e ha s stabilized . 

modul e outpu t 

eithe r  presente d fo r  50 0 m s (th e consciou s condition )  o r 

fo r  roughly  1 0 m s an d backward-maske d t o preven t  aware -
nes s (th e unconsciou s condition) . 

Tabl e 1 :  Result s fo r  simulatio n o f  Marce l  (1980 ) 

ATTRACTOR 
N E T W O RK 

MAPPING 
N E T W O RK 

stat e 
unit s 

R BF 
unit s 

inpu t 
unit s 

outpu t  o f 
mappin g ne t 

modul e mpu t 

Figur e 1 :  Architectur e o f  a  module .  Heav y line s denot e ful l 
connectivit y betwee n unit s i n tw o layers .  Thi n line s denot e 

copyin g o f  activity . 

Modeling Experimental Data 

Subliminal Semantic Priming & Lexical Ambiguity 

Marcel (1980) showed subjects a sequence of three words— 
th e context ,  prim e an d target—an d instructe d the m t o per -
for m lexica l  decisio n o n th e target .  Th e prim e wa s ambigu -
ous ,  wit h tw o unrelate d meanings .  Ther e wer e thre e 
experimenta l  condition s relevant  t o ou r  theory .  I n th e con -
gruen t  condition ,  th e contex t  wor d wa s semanticall y related 
t o on e meanin g o f  th e prime ,  an d th e targe t  wor d wa s related 
t o tha t  sam e meaning .  Th e incongruen t  conditio n i s th e sam e 
excep t  th e targe t  i s  related  t o th e othe r  meanin g o f  th e prime . 
I n th e unassociate d condition ,  th e contex t  an d targe t  word s 
ar e unrelate d t o eithe r  meanin g o f  th e prime .  Th e prim e wa s 

congruen t 

Incongruen t 

unassociate d 

human dat a 

consciou s 

499 m s 

547 ms 

541ms 

unconsc . 

511 m s 

520 m s 

548 m s 

simuiaUo n 

consdou s 

44. 6 
cycle s 

47. 9 
cycle s 

48. 0 
cycle s 

unconsc . 

46. 0 
cycle s 

46. 8 
cycle s 

47. 9 
cycle s 

W h en th e prim e i s consciousl y perceived .  Marce l  foun d 
facilitatio n fo r  th e congruen t  conditio n relative  t o th e 
unassociate d condition ,  bu t  no t  fo r  th e incongruen t  condi -
tion .  However ,  i f  th e prim e i s no t  consciousl y perceived , 
ther e i s facilitatio n i n bot h th e congruen t  an d incongruen t 
cases .  Thus ,  i n th e unconsciou s case ,  bot h meaning s o f  th e 
prim e ar e availabl e t o facilitat e targets ,  bu t  i n th e con -
sciou s case ,  onl y th e meanin g consisten t  wit h th e prio r 
contex t  i s  available .  Thes e result s sho w a  correlatio n 
betwee n th e onse t  o f  awarenes s an d th e selectio n o f  on e 
meaning . 

Modeling Word Reading, Ambiguity Resolution, 
Masking ,  an d Priming .  Befor e describin g ou r  accoun t  o f 

th e data ,  w e explai n h o w w e mode l  wor d readin g an d 
inimin g i n general .  A  singl e modul e i s  use d t o m a p 
(Hlhograph y t o meanin g (Hinto n &  Shallice ,  1991) . 
Attracto r  state s i n thi s modul e ccsrespon d t o meaning s o f 
know n words ,  an d th e res t  stal e i s  use d t o represent  th e 
stat e "n o meaningfu l  input "  T h e time-cours e o f  process -
in g i s a s follows :  Wit h th e relaxation  ne t  initialize d t o th e 
rest  state ,  a n inpu t  i s presented ,  an d activit y flows  throug h 
th e mappin g net ,  providin g inpu t  t o th e stat e units .  Thi s 
inpu t  cause s th e stat e unit s t o m o v e int o th e attracto r  repre-
sentin g th e meanin g o f  th e inpu t  word .  Simpl e one-wor d 
disambiguatio n occur s a s follows :  W e assum e tha t  ambig -
uou s wor d pattern s ar e associate d wit h multipl e attractors , 
an d tha t  th e mappin g networi c output s a  semanti c patter n 
tha t  fall s  betwee n the m i n semanti c space .  I n th e proces s 
of  settlin g t o on e attractor ,  th e relaxation  ne t  wil l  effec -
tivel y selec t  on e o f  th e meanings . 

We mode l  th e effec t  o f  backwar d maskin g b y removin g 
inpu t  fro m th e wor d recognitio n module .  I f  a n inpu t  i s  pre -
sente d briefly ,  th e relaxation  ne t  wil l  settl e bac k t o th e res t 
state .  Sinc e stabl e (an d non-rest )  stale s correspon d t o con -
sciou s perceptio n i n ou r  theory ,  thi s woul d corespon d t o 
no consciou s perceptio n o f  th e input . 

To mode l  priming ,  w e adop t  a  varian t  o f  th e metho d 
use d b y Becke r  e t  al .  (1993 )  o f  strengthenin g atffactor s 
tha t  th e syste m visit s durin g processing .  Afte r  th e networ k 
setUes ,  w e increas e th e p  (width )  paramete r  o f  eac h R B F 
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uni t  i n rough  proportio n t o it s  activity : 

wher e 

Ap.  =  eligibility /  £  eligibility ^ 
JeRBF 

eligibility .  =  5;«/>[-||s(0-«.fl . 

Th e eligibilit y  o f  eac h R B F i s normalize d t o preven t  th e 

amount  o f  primin g t o increas e withou t  boun d fo r  lon g expo -
sures . 

Simulation. For simplicity, we simulated only the attractor 

networ k o f  th e module .  Twent y attracto r  state s representin g 
differen t  semanti c concept s wer e randoml y chosen .  Thes e 
state s wer e comer s o f  a  SO-dimensiona l  hypercube .  Seman -
ti c relatednes s wa s achieve d vi a overla p i n th e stat e vectors . 
Th e overla p betwee n semanticall y unrelate d state s wa s 2 5 
bits ,  an d betwee n semanticall y relate d state s 4 8 bits .  Th e 
twent y attnK;tor s wer e groupe d int o fou r  classe s o f  five  pat -
tems .  W e refe r  t o tw o pattern s i n th e sam e clas s a s neigh -
bors . 

A sequenc e o f  thre e pattern s representin g th e context , 
prim e an d targe t  word s wa s presente d t o th e networ k vi a 
externa l  inpu t  t o th e stal e units .  Nois e wa s adde d b y ran -
doml y removin g input s wit h probabilit y 0.03 .  Afte r  eac h pat -
ter n wa s processed ,  attractor s wer e strengthene d accordin g 
t o th e rul e above .  Th e networ k wa s allowe d t o settl e t o a n 
attracto r  fo r  eac h input ,  excep t  i n th e unconsciou s prim e 
condition ,  i n whic h th e inpu t  wa s remove d afte r  5  cycles , 
and wit h thi s shor t  stimulu s exposur e th e networ k alway s 
settle d bac k t o th e res t  state . 

Tabl e 1  show s th e averag e result s obtaine d firom  severa l 
repetition s o f  th e simulatio n usin g differen t  set s o f  rando m 

attracto r  states .  Th e result s qualitativel y matche d th e experi -
menta l  results :  i n th e consciou s condition ,  statisticall y sig -
nifican t  facilitatio n wa s observe d onl y fo r  congruen t 
contexts ,  wherea s i n th e unconsciou s condition ,  significan t 
facilitatio n wa s observe d fo r  bot h congruen t  an d incongruen t 
contexts .  T h e reaso n fo r  thi s i s  a s follows :  W h e n th e prim e i s 
processe d i n th e consciou s condition ,  th e attracto r  ne t  settle s 
t o th e attracto r  rejs-esentin g th e meanin g o f  th e prim e tha t  i s 
relate d t o th e contex t  (becaus e th e contex t  attractcx -  an d 
relate d attractor s hav e bee n strengthene d b y iwesentatio n o f 
th e context) .  Thi s attracto r  i s strengthene d muc h mor e tha n 
th e attracto r  representin g th e othe r  meanin g o f  th e prim e 

(du e t o th e normalizatio n o f  eligibility) ,  resultin g i n facilita -
tio n o f  onl y congruen t  targets .  I n contrast ,  i n th e unconsciou s 
condition ,  bot h meaning s o f  th e prim e ar e transientl y acti -

vate d befor e th e stat e vecto r  settle s bac k t o th e res t  state ; 
consequently ,  bot h attractor s ar e strengthened ,  resultin g i n 
facilitatio n o f  congruen t  an d incongruen t  targets . 

Discussion. The Marcel experiment showed a correlation 

betwee n th e onse t  o f  awarenes s an d selectio n o f  a  word' s 

meaning .  W e modele d thi s correlation ,  bu t  ou r  theor y 

makes a  stronge r  claim :  selectio n i s a  necessar y precurso r 
t o awareness .  Thi s i s becaus e th e stat e stabilize s onl y afte r 

selection ,  an d awarenes s requires  stability . 
O ne interestin g predictio n arise s ftom  ou r  model . 

Althoug h bot h meaning s o f  th e prim e wer e facilitate d 
equall y i n th e unconsciou s condition ,  thi s i s  no t  absolutel y 
necessary .  I f  th e contex t  coul d b e mad e t o strengthe n it s 

attracto r  l o a  greate r  degree ,  th e processin g o f  th e prim e 

coul d b e biase d t o th e exten t  tha t  onl y on e meanin g woul d 
be significantl y activated .  Consequently ,  on e migh t 
observ e facilitatio n o f  onl y on e meanin g eve n i n th e 

unconsciou s condition .  Thi s lead s t o th e as-yet-unteste d 

predictio n tha t  a s contex t  i s  "strengthened" ,  th e amoun t  o f 
primin g o f  noncontextua l  meaning s shoul d decrease . 

Metacontrast Masking and Response Time 

Alpem (1953) described a metacontrast masking effect in 
whic h a  squar e o f  ligh t  i s flashed  fo r  5 0 ms .  Afte r  a  vari -
abl e stimulu s onse t  asynchron y ( S O A ) ,  a  pai r  o f  flanker 
square s appear s o n eithe r  sid e o f  th e cente r  square ,  als o fo r 
5 0 m s .  A s th e S O A i s increase d fro m zero ,  subject s first 

report  a  soli d ba r  o f  ligh t  a t  shor t  S O A s (-1 0 ms) ,  th e 
flankers  alon e a t  intermediat e S O A s (-7 5 m s ) ,  an d the n 
th e cente r  squar e followe d b y th e flankers  a t  lon g S O A s 
(-12 0 m s ) .  Thus ,  subject s wer e unawar e o f  th e cente r 
squar e a t  intermediat e S O A s .  Fehre r  an d Raa b ( 1 % 2 )  per -
forme d a  varian t  o f  thi s experimen t  i n whic h subject s wer e 
instructe d t o respond  a s soo n a s an y stimulu s wa s 
detected .  Subject s too k th e sam e amoun t  o f  tim e t o 
respond  a t  ever y S O A (-16 0 ms) .  Ther e wa s a  dissociatio n 
betwee n awarenes s an d reactio n time ,  becaus e i f  subject s 
wer e respondin g t o thei r  percept ,  the n a t  intermediat e 

S O As the y shoul d b e substantiall y  slowe d sinc e the y d o 
not  perceiv e th e cente r  squar e i n tha t  case' . 

Simulation. To model these data, we use a simple two-
modul e architectur e tha t  c£q)ture s th e essenc e o f  th e task . 
Th e perceptua l  modul e take s visua l  pattern s a s inpu t  an d 
produce s object s a s outpu t  Thi s modul e ha s tw o inpu t 
units ,  on e fo r  th e cente r  squar e an d on e fo r  th e flanker 
stimuli .  Ther e ar e thre e outpu t  units ,  on e fo r  eac h o f  thre e 
competin g percepts—th e cente r  squar e alone ,  th e flankers 
alone ,  an d th e cente r  squar e an d flankers  togethe r  ( a soli d 
bar)—an d thre e correspondin g R B F units .  Th e outpu t 
unit s o f  th e perceptua l  modul e fee d int o th e input s o f  a 
respons e modul e i n a  1- 1 manner ,  an d thi s modul e make s a 
presence/absenc e decisio n abou t  th e input .  It s m^^pin g 
networ k simpl y sum s th e activit y o f  th e inpu t  unit s an d 

passe s thi s t o a  singl e outpu t  uni t  whos e well-forme d 
state s ar e 0  an d 1 . 

We d o no t  mode l  th e low-leve l  mechanis m tha t  giv e rise 

1.  Kol b &  Brau n (199S )  provid e a  recen t  exampl e o f  a  simila r 
dissociatio n betwee n awarenes s an d abilit y  t o respond . 
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t o th e maskin g effect̂ .  W e simpl y assum e tha t  thi s mecha -
nis m operate s insid e th e mappin g networ k o f  th e perceptua l 

module ,  an d ha s th e effec t  o f  suppressin g activit y stemmin g 

fro m th e cente r  square . 
We use d 5  cycle s a s th e shor t  S O A .  3 5 a s th e iniermediai e 

S O A,  an d 6 0 a s th e lon g S O A .  Th e tw o inpu t  unit s wer e acti -
vate d an d deactivate d appropriatel y t o matc h th e experimen -
ta l  conditions .  Th e degre e o f  stabilit y  o f  th e outpu t  o f  th e 
perceptua l  modul e wa s use d a s a  measur e o f  awareness ,  an d 
th e respons e module' s settlin g tim e rqKtsente d th e R T fo r 
th e detectio n response .  Th e result s closel y matche d thos e o f 
th e experimen t  a t  th e shor t  S O A ,  th e perceptua l  modul e sta -
bilize s o n th e ba r  patton ;  thi s occur s becaus e th e cente r  an d 
flanker  pattern s overla p substantiall y  i n time ,  providin g 
enoug h activit y t o th e combine d "bar "  patter n t o wi n th e 
competition .  A t  th e intermediat e S O A ,  th e perceptua l  mod -
ul e stabilize s o n onl y th e flanke r  pattern ;  i n thi s case ,  th e 
inpu t  stimul i  d o no t  overla p temporally ,  bu t  th e cente r  squar e 
i s remove d befor e th e perceptua l  modul e ha s tim e t o stabi -
liz e o n it .  A t  lon g S O A s ,  th e perceptua l  modul e stabilize s 
first  o n th e cente r  pattern ,  an d the n o n th e flanker  pattern ;  i n 
thi s case ,  th e perceptua l  modul e ha s tim e t o stabiliz e befor e 
th e flanker  patter n appears .  Th e detectio n R T s fo r  th e thre e 
S O As wer e no t  substantiaU y different :  54,51 ,  an d 5 1 cycles . 
The detectio n respons e i s triggere d b y th e initia l  flow  o f 
activit y fro m th e presentatio n o f  th e cente r  square .  Th e dis -
sociatio n betwee n awarenes s an d detectio n R T come s abou t 
becaus e th e tw o processe s ar e base d o n differen t  informa -
tion—detectio n o n activit y an d awarenes s o n stabilit y  o f 
activity . 

Discussion. In the detection task, responses can be accu-
ratel y initiate d base d o n ver y coars e information .  Bu t  i f  th e 
tas k require d finer  detail ,  e.g. ,  discriminatin g a  cente r  squar e 
fro m a  cente r  circle ,  th e evidenc e tha t  accumulate d befor e 
th e flankers  maske d th e cente r  stimulu s migh t  no t  b e suffi -
cien t  t o for m a  response .  I n earlie r  simulations ,  w e foun d 
tha t  stabilit y  wa s require d t o initiat e discriminatio n 
response s (Mathi s an d Mozer ,  1995) .  Thus ,  th e dissociatio n 
betwee n awarenes s o f  a  stimulu s an d abilit y  t o respon d 
migh t  no t  b e absolute ;  i t  migh t  depen d o n th e respons e task . 
Thi s lead s t o th e predictio n tha t  th e presen t  dissociatio n 
shoul d weake n o r  disappea r  fo r  mor e comple x discrimina -
tio n tasks . 

The Effect of Conscious States on Cognition 

Philosophers raise the issue of whether consciousness is just 
a "rea d out "  proces s o r  whethe r  consciou s state s affec t  sub -
sequen t  processin g (Flanagan ,  1992)^ .  Ther e i s n o stron g 
experimenta l  tes t  o f  thi s hypothesi s yet ,  bu t  a n experimen t 

providin g som e evidenc e wa s conducte d b y Lev y an d 

Pashk r  (1996) ,  w h o examine d th e effect s o f  speede d per -

ceptua l  decision s o n subsequen t  perceptua l  processing . 

Subject s viewe d a  visuall y degrade d wor d stimulus ,  an d 
m a de eithe r  a  singl e unspeede d identificatio n respons e 
(verball y rqxMtin g th e word )  o r  tw o responses :  a  speede d 
respons e i n a  600-9(X )  m s window ,  followe d b y a n 
unspeede d response .  Lev y an d Pashle r  foun d tha t  i n bod i 
th e single -  an d dual-respons e conditions ,  th e probabilit y  o f 
a correc t  unspeede d respons e wa s .97 .  Bu t  i n th e dual -
respons e conditio n thi s probabilit y  depende d o n th e accu -
rac y o f  th e (recedin g speede d response .  Th e probabilit y  o f 
a correc t  unspeede d respons e give n a  correc t  speede d 
respons e wa s .99 .  Bu t  th e probabilit y  o f  a  correc t 
unspeede d respons e give n a n incorrec t  speede d respons e 
was .93 .  O n e possibl e explanatio n fo r  thi s i s tha t  th e pro -
ces s o f  makin g th e speede d decisio n affect s subsequen t 
processing ,  increasin g performanc e w h e n th e speede d 
decisio n i s correct ,  an d hurtin g i t  w h e n incorrec t 

Simulation. The simulation consisted of the attractor 
componen t  o f  a  w(Hti-recognitio n module ,  a s describe d 
eariier .  Sinc e identifyin g a  visua l  wor d require s a  fine  dis -
crimination ,  th e perceptua l  modul e mus t  settl e t o a n attrac -
to r  befor e a  respons e ca n b e made .  Speede d responses 
wer e modele d b y forcin g th e attracto r  ne t  t o settl e t o th e 
neares t  attracto r  state *  afte r  a  certai n numbe r  o f  cycles , 
chose n suc h tha t  th e probabilit y  o f  a  correc t  speede d 
response  matche d tha t  o f  th e experimen t  (0.61) .  I n th e sin -
gle-respons e condition ,  th e ne t  wa s allowe d t o settl e t o a n 
attractor ,  an d percen t  correc t  wa s recorded .  I n th e dual -
response  condition ,  th e ne t  wa s force d t o settl e afte r  2 0 
cycles ,  an d wa s the n allowe d t o resume  processin g fro m 
tha t  stat e unti l  settled .  Th e result s qualitativel y matc h th e 
data ;  se e Tabl e 2 .  I n th e simulatio n colum n o f  th e table ,  al l 

Table 2: Simulation of Levy & Pashler (1996) 

ProbCunspeede d correc t  | 
dua l  response ) 

Prob(unspeede d correc t  | 
singl e response ) 

Prob(unspeede d correc t  | 
speede d correct ) 

ProbCunspeede d correc t  | 
speede d Incorrect ) 

human 
dat a 

.96 7 

.97 0 

.99 2 

.92 5 

simulatio n 

.96 2 

.96 5 

1.00 0 

.90 1 

2.  Ther e i s stil l  n o agreemen t  a s t o a n adequat e mode l  o f  metacon -
tras t  maskin g (e.g. ,  se e d i  Loll o et .  al. ,  1993) . 

3.  A  stronge r  versio n o f  th e issu e ask s whethe r  quali a ca n affec t 
cognition ,  bu t  w e addres s th e materialis t  version . 

difference s wer e statisticall y significan t  excep t  tha t 

4. Computationally, there are several ways this could be done, for 
example ,  settin g th e P  paramete r  t o a  valu e clos e t o zero . 
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betwee n row s on e an d two .  Th e basi c patter n o f  result s i s  du e 

t o a  kin d o f  perseverativ e effec t  i n th e netwwk .  Forcin g th e 
net  t o settl e earl y ma y eithe r  hel p o r  hinde r  th e network .  I t 

help s i f  th e networ k passe s throug h th e neighborhoo d o f  th e 

correc t  attractOT ,  an d i s force d t o settl e ther e early ,  instea d o f 
possibl y continuin g o n t o a n erroneou s attracto r  (du e t o th e 
nois y inpu t  an d brie f  exposure) .  I t  hurt s i f  th e stat e vecto r 

passe s nearb y incorrec t  state s o n th e wa y t o th e correc t  state , 
and i s force d t o settl e t o a n incorrec t  stale . 

Discussion.  In our model there is both a benefit in accuracy 
and a  cos t  i n accurac y o f  speede d settling ,  bu t  i n thi s experi -
ment  th e benefi t  an d cos t  balanc e eac h other .  However ,  thi s 
balanc e ma y no t  hol d fo r  othe r  measures ,  suc h a s reactio n 

time ,  whic h ou r  mode l  i s well-suite d t o generate .  Thi s exper -
imen t  provide s suppor t  fo r  ou r  model ,  bu t  i t  i s  consisten t 
wit h othe r  model s a s well .  I t  i s  possible ,  fo r  example ,  tha t 
th e correlatio n betwee n speede d an d unspeede d respons e 

accurac y i s du e t o a  thir d facto r  tha t  bot h accuracie s depen d 
on ,  an d tha t  ther e i s n o causa l  relationship  betwee n th e tw o 
responses .  I t  woul d b e a  challeng e t o experimentalist s t o 
devis e a  wa y t o tes t  th e causalit y issue . 

Conclusion 

Our aim in this work is to account qualitatively for bfx>ad 
variet y o f  data ,  rathe r  tha n t o mode l  th e ful l  dept h o f  detai l  i n 
any give n experiment .  I n doin g s o w e hop e t o contribut e 
idea s tha t  m a y hel p constrai n th e developmen t  o f  mor e 
detaile d models . 

The particula r  choic e o f  module s use d i n ou r  simulation s 
and th e typ e o f  informatio n processe d i n the m depend s o n 
th e particula r  domai n bein g modeled .  However ,  ou r  theor y 
IHopose s tha t  ther e i s on e c o m m o n se t  o f  module s tha t 
underli e al l  cognitiv e behavior ,  an d tha t  eac h modul e take s 
pa n i n man y cognitiv e tasks .  I t  i s th e subjec t  o f  futur e wor k 
t o attemp t  t o bett ^  identif y th e se t  o f  modules ,  an d thei r  spe -
cifi c  locatio n an d connectivit y i n th e brain . 
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