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Abstrac t 

Visual dominance refers to the tendency for visual stimuli to 
dominat e awarenes s o f  stimul i  o f  simila r  o r  lesse r  intensit y 
presente d simultaneousl y i n othe r  modalities .  Th e effec t  ma y 
be see n i n simpl e an d choic e reactio n tim e studies .  Whe n vi -
sual  an d auditor y stimul i  ar e presente d separately ,  visua l  reac -
tio n tim e i s typicall y slowe r  tha n auditor y reactio n time .  How -
ever ,  whe n visua l  an d auditor y stimul i  ar e presente d simultane -
ousl y th e visua l  stimulu s generall y provoke s th e firs t  response . 
I n thi s pape r  w e provid e a  computationa l  accoun t  o f  suc h vi -
sual  dominanc e effects .  Th e simulatio n extend s a n existin g 
computationa l  mode l  o f  routin e actio n selection ,  accountin g 
fo r  th e counterintuitiv e visua l  dominanc e findings  whils t  pro -
vidin g furthe r  suppor t  fo r  th e origina l  actio n selectio n model . 

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

Colavit a (1974 )  demonstrate d tha t  althoug h simpl e auditor y 
reactio n tim e i s significantl y les s tha n simpl e visua l  reactio n 
time ,  visua l  stimul i  appea r  t o dominat e awarenes s whe n stim -
ul i  o f  equa l  subjectiv e intensit y ar e presente d simultaneousl y 

i n th e visua l  an d auditor y modalities .  Thi s resul t  — a n in -
stanc e o f  visua l  dominanc e — i s somewha t  counter-intuitive : 
on e migh t  expec t  that ,  o n simultaneou s presentation ,  th e au -
ditor y stimulu s woul d b e detecte d befor e th e visua l  stimulu s 
an d thus ,  o n a  seria l  accoun t  o f  attention ,  b e processe d befor e 

th e visua l  stimulus .  Instead ,  th e detectio n o f  th e visua l  stim -
ulu s appear s t o over-rid e processin g o f  th e auditor y stimulus , 
which ,  Colavit a found ,  coul d g o undetected . 

Visua l  dominanc e i s no t  limite d t o th e prepotenc y o f  th e vi -
sua l  modalit y wit h respec t  t o th e auditor y modality .  Posner , 
Nissen ,  &  Klei n (1976 )  discus s a  variet y o f  experimenta l  sit -
uation s i n whic h informatio n presente d i n th e visua l  modalit y 
take s precedenc e ove r  othe r  sensor y inpu t  (includin g proprio -
ceptiv e inpu t  an d tactil e input) .  Posne r  e t  al .  (1976 )  als o pro -
vid e a  theoretica l  accoun t  o f  visua l  dominance .  The y argu e 
tha t  visua l  dominanc e phenomen a aris e fro m mechanism s de -
signe d t o compensat e fo r  th e "lo w alertin g capabilit y  o f  visua l 

signals "  (p .  161) . 
Simpl e reactio n tim e experiment s lik e thos e o f  Colavit a 

(1974 )  lin k simpl e perceptio n (detectio n o f  a  stimulus )  t o sim -
pl e actio n (effectin g a  key-press) .  I n previou s wor k (Cooper , 
Shallice ,  &  Farringdon ,  1995 ;  Coope r  &  Shallice ,  1997 )  w e 
hav e develope d a  computationa l  mode l  o f  th e contro l  o f  rou -
tin e actio n base d o n th e contentio n schedulin g theor y o f  Nor -
m an &  Shallic e (1986) .  Althoug h no t  originall y develope d a s 
a theor y o f  visua l  dominanc e (o r  perceptua l  phenomena) ,  th e 
theor y doe s provid e a n accoun t  o f  th e selectio n o f  actio n i n 

respons e t o bot h intentiona l  an d contextua l  influence s an d — 
cruciall y i n th e contex t  o f  visua l  dominanc e phenomen a — 

th e resolutio n o f  respons e competition .  Thi s pape r  describe s 
an extensio n o f  th e contentio n schedulin g mode l  derive d b y 
th e additio n o f  modalit y specifi c  inpu t  channels .  Unde r  a  vari -
et y o f  conditions ,  th e extende d mode l  exhibit s m a n y o f  th e vi -

sua l  dominanc e effect s see n i n Colavita' s (1974 )  multi-moda l 

reactio n tim e experiments . 
Th e remainde r  o f  th e pape r  begin s b y reviewin g Colavita' s 

(1974 )  results .  Thi s i s  followe d b y a n outlin e o f  th e con -
tentio n schedulin g mode l  an d a  summar y o f  ou r  previou s 

findings.  A  detaile d descriptio n o f  th e theoretica l  an d compu -
tationa l  extension s require d o f  th e mode l  i n orde r  t o simulat e 
multi-moda l  reactio n tim e task s i s the n given ,  an d simula -

tion s o f  th e experiment s performe d b y Colavit a (1974 )  ar e re -
ported .  W e conclud e b y discussin g thre e issue d raise d b y th e 
modellin g work :  th e methodologica l  difficultie s arisin g fro m 
th e simulatio n o f  quantitativ e reactio n tim e data ;  th e relatio n 
betwee n th e curren t  mode l  an d th e theoretica l  literatur e o n 

visua l  dominance ;  an d continuin g difficultie s wit h th e quan -
titativ e modellin g o f  "conflict "  reactio n time . 

Colavita's Reaction Time Tasks 

I n Colavita' s experiments ,  subject s adjuste d th e intensit y o f  a 
ligh t  s o tha t  i t  wa s (subjectively )  equa l  t o tha t  o f  a  tone .  Th e 
ligh t  an d ton e wer e the n use d a s stimul i  i n a  numbe r  o f  trial s 
i n whic h simpl e an d choic e reactio n tim e wer e assessed .  I n 
al l  trials ,  subject s place d thei r  inde x fingers  ove r  tw o keys , 
on e o f  whic h wa s designate d th e ton e key ,  an d th e othe r  o f 
whic h wa s designate d th e ligh t  key .  I n simpl e R T trials ,  sub -
ject s wer e tol d befor e eac h tria l  whic h stimulu s t o expect ,  an d 
wer e require d t o respon d b y pressin g th e appropriat e key .  Af -
te r  th e simpl e R T trial s wer e complete ,  subject s wer e give n 
choic e R T trial s i n whic h the y wer e no t  tol d whic h stimulu s 
woul d b e presente d o n eac h trial .  Th e result s ar e reproduce d 
i n tabl e 1 ,  i n whic h reactio n time s ar e give n i n milli-second s 
and standar d error s ar e show n withi n brackets .  A s ca n b e see n 
fro m th e table ,  auditor y R T wa s les s tha n visua l  RT .  Thi s dif -
ferenc e wa s significant .  Ther e wa s n o significan t  difference , 
however ,  betwee n RT s i n th e choic e condition . 

Table 1: Colavita's Reaction Time Data 

Visua l 
Auditor y 

Simpl e R T 

197(7.9 ) 

179(7.2 ) 

Choic e R T 

29 9 (9.0 ) 

297(8.3 ) 
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Colavit a als o intersperse d "conflict "  trial s wit h th e stan -
dar d choic e trials .  I n thes e trial s bot h th e ton e an d ligh t  wer e 
presente d simultaneously .  Subject s wer e no t  warne d o f  suc h 

trials .  O n 9 8 % o f  conflic t  trials ,  subject s respondin g b y firs t 
pressin g th e ligh t  key . 

The Control of Action 

Norman &  Shallic e (1986 )  argu e tha t  actio n i s controlle d 

by a  semi-automati c "slav e system "  (know n a s contentio n 
scheduling) .  Thi s syste m m a y i n tur n b e controlle d b y a  high -

leve l  supervisor y syste m (th e supervisor y attentiona l  system) , 
but  suc h high-leve l  contro l  i s  onl y necessar y i n situation s in -

volvin g attentio n t o detail ,  planning ,  trouble-shooting ,  etc .  I n 
particular ,  supervisor y attentio n i s no t  require d whe n execut -
in g routin e o r  repetitiou s tasks .  Fo r  suc h tasks ,  contentio n 
schedulin g m a y b e configure d appropriatel y (b y supervisor y 

attention )  an d lef t  t o operat e autonomously . 
The contentio n schedulin g syste m i s hel d t o consis t  o f  a 

set  o f  actio n schema s participatin g i n a n interactiv e activatio n 

network .  Actio n schema s ar e hierarchicall y structured .  A t 
th e lowes t  leve l  the y correspon d t o actio n primitive s suc h a s 
pick-u p o r  press-button .  A t  highe r  level s the y compris e goal -
oriente d set s o r  sequence s o f  lower-leve l  schemas . 

A numbe r  o f  influence s ac t  upo n schem a activatio n withi n 
th e interactiv e activatio n network .  Firstly ,  schema s m a y b e 
excite d (o r  inhibited )  b y environmenta l  factor s (suc h a s th e 
presenc e o f  a  button ,  whic h m a y excit e th e press-butto n 
schema) .  I n th e absenc e o f  appropriat e contro l  suc h envi -
ronmenta l  triggerin g i s hel d t o caus e utilisatio n behaviou r 
(Shallice ,  Burgess ,  Schon ,  &  Baxter ,  1989 )  an d captur e er -
ror s (Reason ,  1984) .  Secondly ,  schema s m a y receiv e exci -
tatio n fro m higher-leve l  schema s withi n th e network .  Thi s 
top-dow n activatio n i s gate d suc h tha t  i t  onl y flows  whe n th e 
paren t  schem a i s selected .  Schema s ar e selecte d whe n thei r 
activatio n exceed s a  threshold .  Onc e selected ,  a  schem a wil l 
excit e it s componen t  schema s (i.e. ,  thos e schema s immedi -
atel y belo w i t  i n th e hierarchy) ,  thu s increasin g th e likelihoo d 

tha t  on e o r  mor e o f  th e componen t  schema s wil l  als o b e se -
lected .  Thirdly ,  schema s compet e throug h th e mechanism s 
of  sel f  activatio n an d latera l  inhibition .  Al l  schema s ar e sel f 
excitatory .  Sel f  excitatio n tend s t o maintai n schem a activa -
tio n values .  Thi s maintenanc e i s countere d b y latera l  inhibi -
tion .  Schema s ar e sai d t o compet e i f  the y shar e resourc e re -
quirements .  Schema s inhibi t  thei r  competitor s b y a n amoun t 
proportiona l  t o thei r  o w n activation .  Fourthly ,  schema s a t 
any leve l  ma y receiv e activatio n directl y fro m th e supervi -
sor y system .  I f  necessar y thi s excitatio n m a y b e directe d a t 
schemas correspondin g t o primitiv e actions ,  causin g (unde r 
norma l  functioning )  th e direc t  selectio n o f  thos e actions .  Fi -
nally ,  a  smal l  degre e o f  rando m excitatio n an d inhibitio n o f 
schemas i s assume d t o exist .  Thi s rando m nois e m a y ulti -
matel y lea d t o mino r  variation s i n th e system' s behaviour . 

The variou s source s o f  activation ,  an d i n particula r  th e 
competitiv e sources ,  lea d t o a  syste m i n whic h on e schem a 
fro m eac h se t  o f  competin g schema s wil l  becom e highl y ac -
tiv e (an d henc e b e selected) .  Selectio n a t  th e lowes t  leve l  o f 
th e hierarch y lead s t o th e executio n o f  th e primitiv e actio n 
correspondin g t o th e selecte d low-leve l  schema .  Onc e per -
formed ,  th e activatio n o f  th e schem a i s inhibited ,  allowin g an -

othe r  low-leve l  schem a t o becom e active .  W h e n al l  necessar y 
componen t  schema s o f  a  high-leve l  schem a hav e bee n per -

forme d th e activatio n o f  tha t  high-leve l  schem a i s als o inhib -

ited ,  allowin g a  furthe r  high-leve l  schem a t o becom e selected . 
Thi s syste m o f  inhibitio n afte r  executio n leads ,  i n theory ,  t o a 

dynami c syste m capabl e o f  performin g organise d sequence s 
of  actio n withou t  continuou s supervisor y control . 

The origina l  verba l  specificatio n o f  th e contentio n schedul -

in g theor y specifie d h o w action s wer e selected ,  bu t  no t  h o w 
th e argument s o f  thos e action s wer e selected .  Thus ,  whils t 
th e theor y coul d accoun t  fo r  sequencin g o f  actions ,  n o at -

temp t  wa s mad e t o accoun t  fo r  th e selectio n o f  th e object s 
t o whic h thos e action s wer e t o b e applie d (or ,  indeed ,  fo r  th e 
selectio n o f  th e specifi c  effector s t o perfor m th e actions) .  Th e 
contentio n schedulin g theor y has ,  however ,  bee n extende d i n 
recen t  computationa l  wor k (Coope r  e t  al. ,  1995 ;  Coope r  & 
Shallice ,  1997 )  s o a s t o incorporat e argumen t  selection .  Th e 

basi c mechanis m consist s o f  furthe r  interactiv e activatio n net -

works .  Withi n on e network ,  effector s compet e fo r  th e "effec -
to r  roles "  o f  actions .  Thus ,  i n th e cas e o f  pick-up ,  lef t  an d 
righ t  hand s m a y compet e t o b e th e han d tha t  carrie s ou t  th e 
action .  Similarly ,  objec t  representation s compet e fo r  th e ob -
jec t  argumen t  role s o f  schema s (whic h specify ,  fo r  example , 
th e particula r  objec t  t o b e picke d up) . 

Th e viabilit y  o f  th e contentio n schedulin g theor y a s a  the -
or y o f  th e contro l  o f  routin e actio n ha s bee n demonstrate d 
by th e simulatio n o f  behaviou r  i n th e comple x hierarchicall y 
structure d tas k o f  coffe e preparatio n (Coope r  e t  al. ,  1995 ; 
Cooper  &  Shallice ,  1997) .  Successfu l  completio n o f  thi s nat -
uralisti c task ,  whic h involve s th e additio n o f  variou s coffee -
relate d substance s t o a  m u g o f  ho t  water ,  require s th e ex -
ecutio n o f  thre e intermediate-leve l  schemas ,  eac h o f  whic h 
comprise s fou r  primitiv e actions .  Th e action s withi n th e 
intermediate-leve l  schema s mus t  b e performe d i n a n appro -
priat e sequenc e (e.g. ,  openin g a  packe t  o f  suga r  befor e pour -
in g th e content s int o th e m u g ) ,  bu t  th e orde r  i n whic h th e 
intermediate-leve l  schema s themselve s ar e performe d i s no t 
critical .  I n addition ,  th e intermediat e goal s (e.g. ,  sugarin g th e 
coffee )  ca n b e achieve d b y a  variet y o f  mean s (usin g eithe r  a 
suga r  sache t  o r  a  suga r  bowl) . 

A significan t  concer n i n thi s wor k wa s t o demonstrat e tha t 
th e contentio n schedulin g theor y coul d accoun t  fo r  bot h nor -
mal  behaviou r  an d behaviou r  resultin g fro m variou s form s o f 
neura l  damag e o r  malfunction .  Indeed ,  th e coffe e preparatio n 
tas k wa s chose n becaus e o f  th e availabilit y  o f  dat a concernin g 
th e error s mad e b y neurologica l  patient s durin g th e prepara -
tio n o f  coffe e withi n a n institutiona l  settin g (cf .  Schwartz , 
Reed,  Montgomery ,  Palmer ,  &  Mayer ,  1991) .  Wit h thi s i n 
min d i t  wa s show n tha t  reduce d top-dow n activatio n withi n 
th e schem a networ k lead s t o a  genera l  disorganisatio n o f  ac -
tio n simila r  t o tha t  o f  Actio n Disorganisatio n Syndrom e (con -
firming  th e argument s o f  Schwart z e t  al. ,  1991) .  I t  wa s als o 
show n tha t  reduce d sel f  activatio n (o r  equivalentl y increase d 
latera l  inhibition )  withi n th e schem a networ k lead s t o greatl y 
slowe d initiatio n o f  action ,  a s i s see n i n Parkinson' s Disease . 

Modelling Reaction Time Data 

I n orde r  t o appl y th e contentio n schedulin g mode l  t o reactio n 
tim e dat a i t  i s  necessar y t o augmen t  th e mode l  b y I )  relatin g 
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th e selectio n o f  actio n t o rea l  time ,  an d 2 )  includin g modality -
speciti c  inpu t  channels .  W e conside r  eac h i n turn . 

Th e mechanis m o f  interactiv e activatio n i s modelle d withi n 

th e implementatio n o f  contentio n schedulin g b y a  cycli c pro -

cess .  O n eac h cycl e th e activation s o f  al l  node s ar e updated . 
Schemas whos e activatio n exceed s th e selectio n threshol d ar e 

als o marke d a s selected ,  an d action s correspondin g t o an y 

low-leve l  schema s ar e performed .  Withi n suc h model s reac -
tio n tim e m a y b e relate d t o th e numbe r  o f  processin g cycle s 

elapse d betwee n stimulu s presentatio n an d actio n execution . 
For  simplicit y th e curren t  wor k assume s a  linea r  relationshi p 

betwee n processin g cycle s an d time .  Thus ,  eac h cycl e i s as -

sumed t o tak e a  fixed  numbe r  o f  milli-seconds ,  tc ,  an d proces -
sor  time ,  expresse d i n milli-second s pe r  cycle ,  i s  a  paramete r 
of  th e simulation s reporte d here . 

Our  assumptio n o f  a  constan t  cycl e tim e require s som e jus -

tification .  Th e time-cours e behaviou r  o f  interactiv e activatio n 
network s i s cruciall y dependen t  upo n th e precis e equation s 
use d t o updat e activatio n values ,  an d a  variet y o f  equation s 

yiel d qualitativel y simila r  behaviou r  (compare ,  fo r  example , 
McClellan d &  Rumelhart ,  1981 ;  Houghton ,  1990 ;  Coope r 
et  al. ,  1995) .  I n orde r  t o overcom e thi s difficulty ,  w e conside r 

behaviou r  o f  th e mode l  wit h tw o differen t  activatio n updat e 
equations ,  an d wit h a  variet y o f  differen t  (bu t  constant )  pro -
cesso r  cycl e times .  Regularitie s whic h hol d ove r  thes e vari -

ant  implementation s ar e mor e properl y understoo d t o aris e 
fro m theoretica l  commitment s withi n th e contentio n schedul -
in g theory ,  rathe r  tha n fro m implementationa l  detail s relatin g 

t o an y on e particula r  implementatio n (cf .  Cooper ,  Fox ,  Far -
ringdon ,  &  Shallice ,  1996) . 

Th e contentio n schedulin g mode l  m a y b e extende d t o re -
actio n tim e task s b y th e inclusio n o f  modality-specifi c  inpu t 
channels .  Thes e channel s ar e assume d t o fee d int o th e objec t 
representatio n network s whic h m a y i n tur n excit e schemas . 

As figure 1  shows ,  thes e inpu t  channel s ar e assume d t o b e 
independent ,  an d t o hav e separat e tim e parameters .  I n th e 

'c. v 

Tota l  visua l  an d auditor y reactio n tim e m a y b e expresse d 
i n term s o f  th e parameter s introduce d i n figure  I : 

Contentio n 
Schedulin g 

Hands 

Figur e 1 :  Hypothesise d processe s fro m percep t  t o ac t 

figure, ty is the time elapsed between presentation of a visual 
stimulu s an d notificatio n o f  tha t  stimulu s t o th e contentio n 
schedulin g system ,  t a i s th e equivalen t  tim e fo r  a n auditor y 
stimulus ,  tc s i s th e tim e take n b y th e contentio n schedulin g 
syste m t o selec t  a  response ,  an d t e i s th e tim e take n t o pres s 
th e butto n onc e th e contentio n schedulin g syste m ha s selecte d 
a respons e (includin g nerv e transmissio n tim e an d tim e t o 
overcom e effecto r  inertia) . 

RT„  =  t y +  tc ,  -I-1 ^ 

RTa =  i a +  tc ,  +  U 
(1 ) 

Thi s ma y b e simplifie d b y mergin g effecto r  tim e an d channe l 
time : 

RTu =  /„-! -  tc , 

RT„  =  / a +  tc . 
(2 ) 

l y  an d l a ar e referre d t o a s visua l  an d auditor y lag ,  an d ar e 
give n by : 

/ „  =  « v +  t , 
l a =  t a + t e 

(3 ) 

Furthermore ,  a s note d abov e w e assum e a  linea r  relationshi p 

betwee n processin g tim e an d processin g cycles : 

tc s =  #  o f  processin g cycle s x  t c (4 ) 

The behaviou r  o f  inpu t  channel s i s assume d t o b e in -
fluenced  b y a  secon d parameter ,  th e channel' s strengt h (o r 
weight) .  A  channel' s strengt h determine s th e impac t  o f 
signal s travellin g throug h tha t  channe l  o n th e contentio n 
schedulin g system .  Withi n th e model ,  visua l  dominanc e i s 
hel d t o aris e fro m th e interactio n o f  strengt h an d timin g pa -
rameter s withi n th e differen t  modalities .  I n particular ,  th e 
strengt h o f  th e visua l  channe l  i s  assume d t o b e greate r  tha n 
tha t  o f  th e auditor y channe l  (leadin g t o dominanc e o f  th e au -
ditor y channe l  b y th e visua l  channe l  unde r  simultaneou s stim -
ulu s presentation) ,  bu t  th e auditor y channel' s tim e la g i s as -

sumed t o b e les s tha n tha t  o f  th e visua l  channe l  (leadin g t o 
shorte r  reactio n time s i n th e auditor y modalit y tha n i n th e vi -
sua l  modalit y whe n stimul i  ar e presente d separately) . 

I n sum ,  th e extende d model ,  wit h auditor y an d visua l  per -
ceptua l  channels ,  include s 5  parameter s abov e an d beyon d 
thos e presen t  i n th e origina l  model :  auditor y la g (la) ,  auditor y 
channe l  strengt h (Sa) ,  visua l  la g (/„) ,  visua l  channe l  strengt h 
(s„) ,  an d cycl e tim e (tc) .  A n extensiv e investigatio n o f  reg -
ularitie s tha t  hol d acros s thi s 5-dimensiona l  paramete r  spac e 
i s necessar y befor e soun d conclusion s relatin g t o th e applica -
tio n o f  th e contentio n schedulin g theor y t o visua l  dominanc e 
phenomen a ca n b e drawn . 

I n orde r  t o simulat e Colavita' s simpl e an d choic e R T task s 
withi n th e extende d contentio n schedulin g syste m i t  i s  als o 
necessar y t o specif y appropriat e schem a networks .  W e as -
sume tha t  th e differenc e betwee n th e simpl e an d choic e task s 
lie s purel y i n th e schema s installe d i n thes e networks ,  an d 
tha t  al l  numeri c parameter s o f  th e complet e syste m ar e fixed 
acros s th e tasks .  W e furthe r  assum e tha t  al l  parameter s gov -
ernin g flo w o f  activatio n withi n th e contentio n schedulin g 
syste m hav e domain-independen t  values .  W e therefor e fix 
thes e parameter s t o th e value s use d i n th e coffe e preparatio n 
tas k (Coope r  &  Shallice ,  1997) . 

Simple Reaction Time 

Althoug h qualitativ e similaritie s betwee n th e behaviou r  o f 
th e mode l  an d tha t  o f  Colavita' s subject s m a y b e establishe d 
withou t  difficulty ,  th e establishmen t  o f  quantitativ e equiva -
lence s i s les s straightforward .  W e begi n wit h th e simpl e R T 
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tas k an d a  fixed  updat e equation .  W e assum e tha t  th e tas k 

require s fou r  schemas :  on e whic h detect s whe n a  stimulu s i s 
present ,  on e whic h detect s whe n a  stimulu s i s no t  present ,  on e 
whic h correspond s t o a  ke y press ,  an d on e whic h corresp()nd s 

t o abstinenc e o f  a  ke y press. '  Th e hierarchica l  networ k struc -

tur e o f  thes e schema s i s show n i n figure  2 ,  wher e itali c  fon t 
i s use d t o indicat e schem a name s an d bol d fon t  i s use d t o in -
dicat e goals . 

Decide 

No Stimulu s 

Prepar e 

Wait 

Stimulu s Presen t 

Pres s 

Push 

Figur e 2 :  Simpl e R T Schem a Hierarch y 

Note that the schema hierarchy of figure 2 is independent 
of  modality .  A s th e differenc e betwee n visua l  an d auditor y 
channel s i s assume d t o resul t  fro m thei r  differen t  paramete r 
values ,  i t  i s possibl e t o adop t  a  modality-fre e approac h t o th e 
exploratio n o f  th e relatio n betwee n thes e paramete r  value s 
and reactio n time .  I n wha t  follows ,  w e us e th e parameter s 
s an d /  t o refe r  t o modality-fre e channe l  strengt h an d lag . 

The schem a hierarch y o f  figure  2  doe s indee d yiel d a  sys -
te m capabl e o f  simulatin g simpl e R T behaviour .  Qualitativel y 
norma l  reactio n tim e behaviou r  (i.e. ,  pressin g o f  th e appropri -
at e ke y shortl y afte r  th e appearanc e o f  a  stimulus )  occur s ove r 
a wid e rang e o f  paramete r  values ,  bu t  th e numbe r  o f  process -
in g cycle s require d o f  contentio n schedulin g befor e a n actio n 
i s effecte d i s highl y dependen t  upo n th e channe l  strengt h (a s 
woul d b e expected) .  Thi s relatio n i s show n graphica l  i n fig-

ur e 3  (wher e channe l  la g i s se t  t o zero) .  Th e effec t  o f  in -
creasin g channe l  la g i s t o ad d a  constan t  tim e t o tota l  reactio n 
time .  A s note d above ,  th e effec t  o f  modifyin g cycl e tim e i s t o 
multipl y reactio n tim e b y a  constant . 

The result s plotte d i n figure  3  ar e derive d fro m th e simula -
tio n o f  10 0 trial s a t  eac h o f  5 1 value s o f  s  rangin g fro m 0.0 0 
t o 1.00 .  A  non-linea r  regressio n suggest s a n exponentia l  re -
latio n betwee n numbe r  o f  cycle s an d th e squar e o f  channe l 
strength : 

# cycle s =  39.3-1-23. 8 x  e -S.lxs ^ (5 ) 

Thi s provide s a  goo d fit  t o th e data ,  wit h a n R M S erro r  o f 
0.4 8 cycle s ove r  th e 5 1 dat a points . 

For  an y valu e o f  S y an d Ct ,  equatio n 5  ma y b e use d i n con -
junctio n wit h equation s 2  an d 4 ,  an d th e simpl e reactio n time s 
reporte d b y Colavit a an d reproduce d i n tabl e 1 ,  t o determin e a 

'Th e competitiv e mechanism s withi n contentio n schedulin g re -
quir e tha t  al l  schema s hav e a t  leas t  on e competitor .  Hence ,  schema s 
ar e require d fo r  bot h situation s i n whic h a  stimulu s i s presen t  an d 
thos e i n whic h n o stimulu s i s present . 

0. 0 0. 2 0. 4 0 6 0. 8 

Channel  Strengt h 

Figure 3: RT (in Cycles) as a Function of Channel Strength 

value of/„ which will yield a simple visual reaction time near 
t o tha t  o f  subjects .  Similarl y fo r  an y valu e o f  S a a n appropri -
at e valu e o f  l a ma y b e determined .  Th e equation s effectivel y 
allo w th e isolatio n o f  line s o f  fixed  R T (geodesies )  withi n 
[Strengt h x  Lag ]  space .  Figur e 4  show s tw o suc h lines ,  corre -
spondin g t o th e observe d simpl e auditor y an d visua l  reactio n 
time s (wit h t c =  2  milli-second s pe r  cycle) . 

120 • 

a 
-J 

U 

Visio n 
Auditio n 

0. 0 0. 2 0. 4 0. 6 0. 8 1. 0 

Channel  Strengt h 

Figure 4: Geodesies in [Strength x Lag] Space 

Choice Reaction Time 

The geodesie s i n [Strengt h x  Lag ]  spac e d o no t  identif y 
uniqu e value s fo r  al l  five  parameter s i n th e model .  Rather , 
fo r  an y valu e o f  tc ,  the y defin e independen t  pair s o f  value s 
fo r  {sy,lv )  an d {saJa) -  Th e result s o f  Colavita' s choic e re -
actio n tim e experiment s impos e a  furthe r  constrain t  o n thes e 
paramete r  values . 

A furthe r  se t  o f  simulation s aime d a t  reproducin g choic e 
reactio n tim e behaviou r  wa s therefor e performed .  I n thes e 

simulations ,  th e schem a hierarch y give n i n figure  5  wa s em -
ployed .  I t  i s  assume d tha t  thi s correspond s t o th e schem a hier -
arch y tha t  a  subjec t  woul d emplo y whe n s/h e wa s no t  warne d 
of  th e stimulu s modalit y befor e presentatio n o f  th e stimulu s 
(a s i n Colavita' s choic e R T experiments) .  Al l  othe r  aspect s 
of  th e mode l  remaine d a s i n th e simpl e reactio n tim e simula -
tions . 
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Decid e 
Tabl e 2 :  Paramete r  Value s 

No Stimulu s Stimulu s Presen t 

Choose 

Prepar e 

Wait 

Auditor y 
Stimulu s 

Pres s 
Lef t 

Push 
Uf t 

Visua l 
Stimulu s 

Pres s 
Righ t 

Push 
Righ t 

Figur e 5 :  Choic e R T Schem a Hierarch y 

Comparison of the schema hierarchies of figures 2 and 5 
show s tha t  choic e reactio n tim e require s selectio n o f  a n ad -
ditiona l  schem a identifyin g th e modalit y o f  th e stimulus . 
W h en a  singl e stimulu s i s  presente d (a s i n Colavita' s stan -
dar d choic e R T trials) ,  thi s additiona l  ste p allow s mor e tim e 
fo r  difference s i n channe l  strengt h t o pla y a  role ,  an d th e 
greate r  strengt h o f  th e visua l  channe l  cancel s ou t  tha t  chan -
nel' s greate r  lag . 

Th e schem a hierarch y o f  figure  5  wa s foun d t o yiel d th e 
observe d choic e reactio n time s when ,  fo r  example ,  tc s =  1 , 

{sy,k )  =  (0.141,136) ,  an d {saJa )  =  (0.128,117) .  Thes e 
(s ,  I )  pair s li e o n th e appropriat e geodesies ,  an d s o ar e guar -

antee d t o als o yiel d appropriat e simpl e reactio n times . 

Further Results 

As note d above ,  merel y showin g tha t  th e mode l  ca n repro -
duc e th e Colavit a dat a wit h on e appropriat e configuratio n o f 
parameter s is ,  methodologically ,  a  poo r  tes t  o f  th e model . 
Firstly ,  i t  m a y b e argue d t o b e littl e mor e tha n paramete r  fit-
ting .  Secondly ,  i t  m a y lea d t o th e result s bein g interprete d 
to o strictl y (b y implyin g tha t  th e tru e valu e o f  eac h param -
ete r  ha s bee n determined) .  W e therefor e adop t  a  strateg y o f 
providin g multipl e paramete r  configurations ,  wit h tw o activa -

tio n updat e equations ,  whic h giv e ris e t o th e dat a reporte d b y 
Colavita .  Tabl e 2  present s a  serie s o f  suc h parameter/equatio n 
combination s arrive d a t  b y th e metho d describe d i n th e pre -
cedin g sections .  Al l  equation/paramete r  combination s i n thi s 
tabl e lea d t o reactio n time s withi n 5  milli-second s (i.e. ,  les s 
tha n 1  standar d error )  o f  thos e i n tabl e 1 . 

I n thi s table ,  equatio n refer s t o th e functio n use d t o calcu -
lat e chang e i n activatio n i n term s o f  curren t  activatio n an d ne t 
input .  Th e "tanh "  functio n i s  tha t  use d b y Coope r  &  Shallic e 
(1997) .  Thi s functio n specifie s tha t  th e activatio n o f  a  schem a 
nod e a t  an y tim e t  i s th e hyperboli c tangen t  o f  th e su m o f  th e 
net  inpu t  a t  tha t  tim e plu s 0.8 0 time s th e ne t  inpu t  a t  tim e i  — 1 

plu s 0.80 ^  time s th e ne t  inpu t  a t  tim e t  -  2  plu s 0.80 ^  time s 
th e ne t  inpu t  a t  tim e t  — 3  an d s o on .  0.8 0 i s a  parameter , 
th e persistenc e o f  previou s input ,  whic h serve s a  rol e simi -

la r  t o tha t  o f  deca y i n othe r  interactiv e activatio n work .  Th e 

Equatio n 

tan h 

tan h 

tan h 

sigmoi d 

sigmoi d 

sigmoi d 

tc 

1 
2 
3 

0. 5 
1 

1.5 

Sv 
0.14 1 

0.21 0 

0.26 2 

0.14 0 

0.21 0 

0.26 0 

Iv 
136 
80 
28 

136 
81 
29 

Sa 
0.12 8 

0.19 1 

0.23 7 

0.13 0 

0.19 2 

0.24 1 

l a 
117 
60 

7 
118 
61 

9 

"sigmoid "  equatio n i s simila r  t o tanh ,  excep t  tha t  th e sigmoi d 

or  logisti c functio n i s use d i n plac e o f  th e hyperboli c tangen t 
and a  persistenc e paramete r  o f  0.9 0 i s used . 

Conflict Reaction Time 

We assum e tha t  i n Colavita' s conflic t  trial s — whe n visua l 

and auditor y stimul i  ar e presente d simultaneousl y bu t  whe n 

th e subjec t  i s  expectin g onl y on e stimulu s t o occu r  — th e 
supervisor y syste m deploy s th e sam e schem a hierarch y a s i s 

use d i n standar d choic e trials .  I n th e vas t  majorit y o f  suc h 

situation s Colavit a foun d tha t  subject s responde d first  t o th e 
visua l  stimulus ,  an d frequentl y appeare d totall y unawar e o f 
th e presenc e o f  th e auditor y input .  M e a n reactio n tim e i n 

thes e situation s wa s 30 3 milli-seconds ,  which ,  thoug h greate r 
tha n choic e reactio n tim e fo r  stimul i  i n eithe r  modalities ,  wa s 
not  significantl y so . 

W h en simultaneou s visua l  an d auditor y stimul i  ar e pre -
sente d t o th e mode l  qualitativel y simila r  behaviou r  i s ob -
served :  th e visua l  respons e dominates ,  wit h a  slowe d reactio n 

time .  Becaus e auditor y la g i s les s tha n visua l  lag ,  th e schema s 
correspondin g t o th e detectio n o f  a n auditor y stimulu s ini -
tiall y  reac t  mor e quickl y tha n thos e correspondin g t o detec -

tio n o f  a  visua l  stimulus .  Th e activatio n o f  auditor y relate d 
schema s begin s t o rise .  Onc e th e inpu t  fro m th e visua l  stimu -
lu s arrive s a t  th e schem a network ,  however ,  th e strengt h o f  th e 
visua l  inpu t  cause s th e activatio n o f  visual-relate d schema s t o 
quickl y excee d tha t  o f  auditory-relate d schemas ,  despit e th e 
latera l  inhibitor y competitio n betwee n th e two .  W h e n th e vi -
sua l  schema s ar e mor e activ e tha n th e auditor y schemas ,  th e 
visua l  schema s quickl y inhibi t  th e auditor y schemas ,  causin g 
th e activatio n o f  auditor y schema s t o fal l  bac k t o nea r  rest . 
Once a  visua l  respons e i s  given ,  th e visua l  schema s ar e in -
hibited .  I f  th e auditor y stimulu s i s  stil l  present ,  thi s allow s 

th e auditor y schema s t o reactivat e an d becom e selected .  Th e 
basi c effec t  i s  illustrate d i n figure  6 ,  whic h show s th e salienc e 
of  eac h stimulu s throughou t  a  typica l  conflic t  trial . 

Al l  setting s o f  strengt h an d la g parameter s investigate d i n 
th e previou s sectio n le d t o th e visua l  stimulu s bein g prepo -
ten t  (i.e. ,  a n initia l  visua l  respons e unde r  conflic t  conditions) . 
However ,  th e exten t  o f  slowin g i n th e respons e i s consistentl y 
fa r  greate r  (generall y b y approximatel y 10 0 milli-seconds ) 
tha n tha t  observe d i n subject s b y Colavit a (1974) . 

General Discussion 

We hav e develope d a  mode l  o f  visua l  dominanc e base d o n 
paralle l  pre-processin g o f  visua l  an d auditor y stimul i  an d 

subsequen t  competitio n a t  th e leve l  o f  th e contro l  o f  action . 
Th e mode l  build s o n N o r m a n &  Shallice' s (1986 )  contentio n 
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Figur e 6 :  Objec t  Salienc e Durin g a  Conflic t  Tria l 

scheduling theory of routine action selection via the addition 
of  visua l  an d auditor y inpu t  channels .  Simulation s hav e bee n 

presente d whic h sho w tha t  th e augmente d actio n selectio n 
model  i s capabl e o f  producin g quantitativel y accurat e RT s i n 
simpl e an d choic e reactio n tim e tasks . 

Despit e thes e successes ,  ther e ar e a  numbe r  o f  caveat s 

whic h mus t  b e applie d t o th e curren t  work .  Mos t  signifi -
cantly ,  ther e ar e a  variet y o f  methodologica l  difficultie s whic h 
surroun d an y attemp t  a t  quantitativ e modellin g o f  reactio n 
tim e data .  I n th e curren t  case ,  specifi c  value s fo r  five  pa -
rameter s ar e necessar y befor e quantitativ e result s ca n b e pro -
duced .  B y providin g suc h value s w e d o no t  mea n t o sugges t 
tha t  parameter s wit h thes e specifi c  value s appl y t o th e cogni -
tiv e system .  Rather ,  w e hav e show n — b y demonstratin g a 
number  o f  set s o f  suitabl e paramete r  value s an d tw o alternat e 
activatio n function s — tha t  a  syste m o f  thi s genera l  sor t  i s  ca -
pabl e o f  producin g th e qualitativ e an d quantitativ e behaviou r 
exhibite d b y norma l  subject s unde r  fou r  differen t  tas k con -
ditions .  Quantitativ e modellin g o f  a  fifth  condition ,  simulta -
neou s presentatio n o f  visua l  an d auditor y stimuli ,  ha s prove d 
elusive ,  althoug h th e qualitativ e effect s see n i n thi s conditio n 
ar e reproduce d b y th e model . 

The mode l  als o shed s som e ligh t  o n theorie s o f  visua l  dom -
inance .  Colavit a (1974 )  provide s a  tentativ e explanatio n o f 
hi s reactio n tim e result s i n term s o f  a  seria l  mode l  o f  atten -
tio n i n whic h attentio n i s switche d betwee n modalities .  H e 
suggest s tha t  hi s result s woul d aris e fro m suc h a  mode l  i f  th e 
visua l  channe l  wer e sample d mor e frequentl y tha n th e audi -
tor y channel .  Suc h a n explanatio n als o require s tha t  visua l 
processin g b e inherentl y slower .  Posne r  e t  al .  (1976 )  sugges t 
instea d tha t  visua l  dominanc e arise s fro m th e interactio n o f  a 
number  o f  propertie s o f  attention .  I n particular ,  the y sugges t 
tha t  1 )  visua l  signal s ar e les s alertin g tha n signal s derivin g 
fro m othe r  modalities ;  an d 2 )  i n a n attemp t  t o compensat e 
ther e i s a  processin g bia s toward s th e visua l  modality .  Ou r 
model  share s muc h wit h th e approac h o f  Posne r  e t  al .  (1976) . 
Greate r  visua l  strengt h amount s t o a  processin g bia s fo r  th e 
visua l  modality .  Suc h a  bia s ca n als o b e see n a s a  compen -
sator y mechanis m tha t  operate s t o enhanc e visua l  inpu t  tha t 
woul d otherwis e b e disadvantage d b y a  la g whic h i s greate r 
fo r  th e visua l  modalit y tha n fo r  othe r  modalities .  Suc h a  vi -
sual  lag ,  however ,  doe s no t  directl y correspon d t o Posne r  e t 

al.' s  propositio n tha t  visua l  signal s ar e les s alertin g tha n sig -
nal s derivin g fro m othe r  modalities ,  althoug h thi s propositio n 
migh t  follo w a s a  resul t  o f  th e magnitud e o f  visua l  lag . 

Despit e th e difficultie s mentione d i n th e precedin g para -

graphs ,  th e strength s o f  th e mode l  (a s a n extensio n o f  a n ex -
istin g actio n selectio n model ,  an d a s providin g a n accoun t 
of  visua l  dominanc e i n Colavita' s simpl e an d choic e reactio n 

tim e tasks )  sugges t  tha t  i t  i s worth y o f  furthe r  investigation . 
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