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Abstrac t 

In this paper we report on the use of our operator-
base d mode l  o f  huma n cover t  visua l  attentio n 
[Wiesmeye r  an d Laird ,  1990 ]  t o accoun t  fo r  reac -
tio n time s i n countin g task s i n whic h a  stimulu s i s 
presente d an d lef t  undisturbe d unti l  a  respons e i s 
made.  Previou s explanation s hav e no t  employe d 
&n attentionally-drive n model .  Ou r  model ,  whic h 
i s base d o n th e Mode l  H u m a n Processo r  [Car d e t 
a/. ,  1983] ,  i s  a n earl y selectio n mode l  i n whic h a n 
attentiona l  "zoo m lens "  [Erikse n an d Yeh ,  1985 ] 
operate s unde r  th e contro l  o f  cognitio n i n orde r 
t o bot h locat e feature s i n visua l  spac e an d im -
prov e th e qualit y o f  featura l  informatio n delivere d 
t o short-ter m memor y b y perception .  W e hav e im -
plemente d ou r  mode l  an d th e contro l  structure s t o 
simulat e rapi d countin g task s i n th e Soa r  cognitiv e 
architectur e [Lair d e t  al. ,  1987] ,  whic h ha s bee n 
suggeste d a s th e basi s fo r  a  unifie d theor y o f  cog -
nitio n [Newell ,  1990] .  Reactio n time s i n th e count -
in g tas k ar e explaine d usin g operato r  trace s tha t 
correspon d t o sequence s o f  deliberat e act s havin g 
duration s i n th e 5 0 mse c range . 

Background 

Rapi d visua l  countin g ha s bee n a  recurrin g focu s o f 
interes t  i n psycholog y fo r  man y years ,  an d stil l  seem s 
fertil e groun d fo r  research—ne w phenomen a continu e 
t o b e forthcomin g an d n o theor y adequat e t o explai n 
al l  phenomen a ha s ye t  bee n found .  Visua l  countin g 
i s generall y agree d t o b e o f  thre e varieties :  immediat e 
apprehension ,  item-by-ite m counting ,  an d estimation . 
Immediat e apprehension ,  mos t  ofte n labele d subitiz -
in g [Kaufma n e t  ai ,  1949] ,  i s  rapid ,  confident ,  error -
fre e countin g o f  smal l  number s o f  item s wher e "small " 
i s  define d t o b e fro m 1- 3 item s [Klah r  an d Wallaw:e , 
1976]  t o 1- 6 item s [Kaufma n e t  ai ,  1949] .  Item-by -
ite m counting ,  whic h i s slowe r  an d les s accurate ,  mus t 
be employe d fo r  display s exceedin g th e subitizin g limit . 

'Thi s researc h wa s sponsore d b y gran t  NCC2-51 7 fro m 
NASA Ames . 

whil e estimation ,  whic h i s fas t  ye t  quit e inaccurate ,  i s 
employe d i n time-limite d situations . 

Of the three modes of counting, subitizing has gen-
erate d th e mos t  interes t  and ,  hence ,  th e mos t  con -
troversy .  Beside s th e questio n o f  th e max imu m num -
ber  o f  item s tha t  ca n b e subitized ,  opinion s diffe r  a s 
t o whethe r  i t  i s  a  seria l  [Klah r  an d Wallace ,  1976 , 
Fol k e t  ai ,  1988 ]  o r  a  paralle l  [Mandle r  an d Shebo , 
1982 ,  Sag i  an d Julesz ,  1984 ]  process .  Mor e evidenc e 
i s neede d befor e a  clea r  determinatio n ca n b e made , 
however  wit h th e notabl e exceptio n o f  th e Mandle r  an d 
Shebo data ,  dat a supportin g th e paralle l  positio n wer e 
derive d usin g blocked ,  limite d choice ,  o r  force d choic e 
paradigms ,  o r  wer e dependen t  o n subjects '  intuitio n 
of  stimulu s countability .  Thes e condition s ma y allo w 
strateg y t o pla y a n increase d rol e and ,  thus ,  lesse n th e 
rol e o f  a  countin g component ,  whic h make s th e subitiz -
in g proces s appea r  mor e paralle l  tha n serial . 

We have combined a serial subitizing component 
and a n attentionall y controlled ,  item-by-ite m countin g 
componen t  t o accoun t  fo r  reactio n time s i n countin g 
task s i n whic h a  stimulu s i s presente d an d lef t  undis -
turbe d unti l  a  respons e i s made .  W e us e dat a gath -
ere d b y Ch i  [Ch i  an d Klahr ,  1975 ]  tha t  ha s bee n pre -
viousl y modele d [Klah r  an d Wallace ,  1976] .  Klah r  an d 
Wallace' s mode l  i s simila r  i n man y respect s t o ours : 
i t  provide s reactio n tim e estimates ;  ha s a  simila r  se t 
of  memories ;  ha s a  notio n o f  operators ;  an d i s imple -
mente d i n a  productio n system .  Thei r  mode l  differ s 
fro m our s mos t  strongl y i n tha t  i t  employ s a  differ -
ent  se t  o f  primitiv e actions ;  th e leve l  o f  descriptio n 
and analysi s i s th e individua l  production ;  an d i t  i s no t 
drive n b y th e constraint s o f  attentio n a s w e kno w the m 
today .  Thi s las t  differenc e i s a  significan t  advantag e o f 
our  mode l  give n th e centra l  importanc e tha t  attentio n 
has bee n show n t o hav e i n visua l  tasks .  Further ,  sinc e 
our  analysi s i s a t  th e leve l  o f  operators ,  w e avoi d givin g 
to o muc h credenc e t o implementationa l  details ,  suc h a s 
th e numbe r  o f  production s tha t  ar e use d t o represen t  a 
process .  Operator s correspon d t o deliberat e act s whic h 
ar e posite d t o b e independen t  o f  implementation . 
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Methodolog y 
We woul d lik e ou r  mode l  o f  cover t  visua l  attentio n 
t o b e capabl e o f  predictin g averag e reactio n tim e be -
havio r  i n a  wid e rang e o f  visua l  tasks .  Currently ,  w e 
limi t  applicatio n o f  ou r  mode l  t o task s requirin g onl y 
cover t  visua l  attentio n i n tw o dimension s (hereafte r 
simpl y "visua l  attention") ;  however ,  i n futur e wor k 
we ma y expan d ou r  mode l  t o includ e ey e an d hea d 
movements .  Ou r  mode l  i s task-independen t  an d im -
plemente d o n a  computer .  Tas k independence ,  a s w e 
thin k o f  it ,  mean s that—wit h th e exceptio n o f  taisk -
specifi c  control—operators ,  memorie s an d th e informa -
tio n flow  assume d b y ou r  mode l  ar e unchangin g acros s 
th e rang e o f  task s i t  seek s t o cover .  Implementatio n 
i s a  chec k o f  sufficiency ,  allow s mor e comple x models , 
and ma y facilitat e integratio n wit h othe r  model s o f  be -
havior ,  sinc e demonstrabl y sufficien t  model s ca n bet -
te r  serv e a s foundation s fo r  mor e complicate d cognitiv e 
models . 

The leve l  o f  detai l  (grai n size )  a t  whic h cognitiv e 
model s ar e describe d determine s th e sor t  o f  explana -
tion s o r  prediction s tha t  the y ca n make .  Th e grai n siz e 
of  informatio n i n ou r  mode l  i s  th e individua l  visua l  fea -
tur e wit h accompanyin g descriptiv e information ,  an d 
our  mode l  offer s explanation s o f  ho w featura l  informa -
tio n arrive s fro m perceptio n an d i s transforme d a s i t 
travel s throug h shor t  ter m memories^ .  Th e grai n siz e 
of  action s i n ou r  mode l  i s th e deliberat e act .  W e defin e 
a deliberat e ac t  t o b e a n actio n whos e selectio n ma y 
diffe r  accordin g t o th e curren t  task ,  give n th e sam e 
stimuli .  Thus ,  deliberat e act s ar e activ e a s oppose d t o 
passive ,  top-dow n a s oppose d t o bottom-up ,  an d ca n 
be expecte d t o b e sensitiv e t o knowledg e an d experi -
ence .  W e mode l  deliberat e act s a s th e selectio n an d 
applicatio n o f  operators .  Figur e 4  show s a  sequenc e 
of  operator s (actually ,  th e majo r  resul t  o f  thi s paper) , 
whic h w e cal l  a n "operato r  trace. "  Eac h operato r  appli -
catio n ha s a n associate d duratio n an d th e tota l  amoun t 
of  tim e tha t  a n operato r  require s t o accomplis h a n ac -
tio n ma y b e increase d b y interaction s wit h perceptua l 
or  moto r  subsystems .  Tota l  reactio n tim e (a s i n th e 
Model  Huma n Processor )  i s  determine d b y summin g 
th e duration s o f  constituen t  operato r  application s an d 
thei r  perceptua l  an d moto r  dependencies . 

We verif y th e utilit y  o f  th e operator s tha t  w e us e 
i n ou r  mode l  throug h coverage .  Coverag e i n term s o f 
our  wor k mean s testin g ou r  mode l  o n a  larg e numbe r 
of  tasks ,  whil e onl y allowin g smal l  variation s fo r  task -
specifi c  contro l  t o occur .  T o dat e w e hav e applie d ou r 
model  t o precuin g task s [Colegat e e i  al. ,  1973] ,  searc h 
task s [Treisma n an d Gelade ,  1980] ,  task s tha t  produc e 
illusor y conjunction s [Treisma n an d Schmidt ,  1982] ,  a s 
wel l  a s visua l  deca y [Sperling ,  I960 ]  an d crowdin g ex -
periment s [LaBerg e an d Brown ,  1989] .  Th e applica -

* Features are iconic representations of both shape and 
colo r  stimul i  i n ou r  model ;  however ,  sinc e th e rapi d count -
in g tas k doe s no t  mak e us e o f  colo r  information ,  detail s 
about  colo r  ar e omitte d i n thi s paper . 

tio n o f  ou r  mode l  t o thes e experiment s i s describe d i n 
[Wiesmeyer ,  1991] . 

A critica l  par t  o f  ou r  modeling ,  onc e a  sensibl e op -
erato r  trac e fo r  a  tas k ha s bee n found ,  i s t o deter -
min e operato r  applicatio n time s tha t  mak e th e mode l 
fit  observe d behavio r  a s wel l  a s possible .  W e d o thi s 
by systematicall y adjustin g operato r  applicatio n time s 
t o minimiz e th e averag e erro r  o f  th e model' s predic -
tio n wit h respec t  t o th e experimenta l  data .  Time s fo r 
operato r  creation ,  shiftin g attention ,  perception ,  an d 
moto r  processe s ar e kep t  constan t  becaus e determinin g 
th e bes t  fit  fo r  operato r  trace s i s a n underconstraine d 
problem—unles s som e time s ar e hel d constant ,  ther e 
wil l  b e man y possibl e solutions .  Holdin g thes e partic -
ula r  time s constan t  allow s u s t o se e i f  al l  operator s an d 
applicatio n time s i n th e mode l  ar e "i n th e bal l  park. " 
Reasonabl e time s ar e define d i n term s o f  th e nomina l 
time s tha t  ar e specifie d i n th e Mode l  Huma n Processor . 
Thi s methodolog y ma y see m a d hoc ,  bu t  i n fac t  i t  i s 
consonan t  wit h th e goa l  o f  coverage ,  sinc e w e see k op -
erator s an d applicatio n time s tha t  ar e suitabl e acros s 
th e ful l  rang e o f  task s tha t  th e mode l  ha s bee n applie d 
to .  I f  a n operato r  o r  applicatio n tim e i s no t  generall y 
suitable ,  the n i t  mus t  b e rejected . 

The Model Human Processor and Soar 

The Mode l  Human Processo r  (MHP )  i s a  cognitiv e 
model  tha t  ha s bee n use d successfull y i n Human Com-
pute r  Interactio n (HCI )  researc h fo r  estimatin g reac -
tio n tim e performanc e [Car d e i  a/. ,  1983] .  Figur e 1 
shows a  schemati c o f  th e M H P tha t  omit s (fo r  econom y 
of  space )  al l  sensor y modalitie s excep t  visio n an d in -
clude s som e o f  ou r  extension s fo r  visua l  attention .  Th e 
M HP split s th e huma n syste m u p int o thre e subsys -
tems :  Perception ,  Cognition ,  an d Motor .  Eac h subsys -
te m operate s semi-autonomousl y an d ha s it s ow n do -
mai n o f  specializatio n an d se t  o f  performanc e charac -
teristics .  Perceptio n i s compose d o f  th e lower-leve l  pro -
cesse s o f  eac h o f  th e sensor y modalities .  Eac h modal -
it y withi n Perceptio n deliver s informatio n t o Workin g 
Memory (essentiall y  th e sam e a s "short-ter m mem-
ory" )  independentl y an d a t  a  particula r  rat e (i.e. ,  cycl e 
time) .  Thus ,  th e perceptua l  cycl e tim e tha t  w e ar e in -
tereste d i n fo r  ou r  mode l  i s th e tim e require d fo r  a 
stimulu s t o trave l  fro m th e retin a t o Workin g Memory . 
Cognitio n i s compose d o f  Workin g Memory ,  Long-ter m 
Memory,  an d th e Cognitiv e Processor .  Cognitio n func -
tion s a t  th e leve l  o f  operators ,  an d it s cycl e tim e i s th e 
tim e require d fo r  a n operato r  t o b e applied .  Moto r  ex -
ecute s command s tha t  Cognitio n deposit s i n Workin g 
Memory,  an d moto r  cycl e tim e i s th e tim e require d fo r 
a Workin g Memor y chang e t o affec t  a n over t  moto r 
response .  Cycl e time s ar e specifie d i n term s o f  aver -
age value s an d ranges :  Perception ,  10 0 mse c (50-20 0 
msec) ;  Cognition ,  7 0 mse c (25-17 0 msec) ;  an d Motor , 
70 mse c (30-10 0 msec) .  Task s modele d usin g th e M H P 
ar e cas t  a s sequence s o f  operator s applications .  W e 
hav e foun d th e M H P t o b e a  goo d conceptua l  an d the -
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Figure 1: The Extended Model Human Processor 

oretica l  f ramewor k t o star t  from ,  sinc e i t  i s  operator -
based ,  alread y ha s a  well-establishe d an d prove n se t  o f 
performanc e pau^ameters ,  an d i s structurall y simila r  t o 
Soar  (whic h m a k e s implementatio n relativel y easy) . 

Soar  als o ha s Perception ,  Cognition ,  an d Moto r 
subsystems^ .  Cognitio n i s  compose d o f  a  Work in g 
M e m o ry an d a  Long-ter m M e m o r y ,  whic h i s a  paral -
le l  productio n system .  Instea d o f  deliberatio n throug h 
conflic t  resolutio n a t  th e leve l  o f  productions ,  delib -
eratel y selecte d operator s provid e th e basi s o f  action . 
T h u s ,  operator s i n ou r  mode l  m a p directl y ont o oper -
ator s i n Soar .  Bot h th e selectio n an d applicatio n o f 
operator s i s  controlle d b y production s i n Long-ter m 
M e m o ry matchin g agains t  Work in g M e m o r y an d sug -
gestin g change s t o it .  I n Soar ,  specifi c  operator s (tha t 
is ,  instantiation s o f  operato r  types )  ar e create d m soo n 
as th e dat a neede d t o instantiat e t he m ar e available . 
I n general ,  thi s m e a n s tha t  severa l  n e w operator s wil l 
be create d an d read y fo r  selection ,  durin g th e applica -
tio n o f  th e currentl y selecte d operator ;  however ,  onl y 
on e operato r  i s applie d a t  a  time .  Perceptio n i s imple -
mente d a s Lis p function s tha t  transduc e environmen -
ta l  stimul i  an d sen d inpu t  t o Work in g M e m o r y ,  whil e 
Moto r  i s  implemente d a s Lis p function s tha t  receiv e 
outpu t  fro m Work in g M e m o r y an d the n ac t  o n th e 
environment .  Low-leve l  Perceptio n occur s i n paralle l 
wit h th e firing  o f  productions ,  a s doe s Motor . 

Attentional Model 

The M H P i s a  muc h mor e complet e theor y tha n ha s 
been presente d i n th e previou s section ,  howeve r  ou r 
model  i s onl y dependen t  upo n thos e aspect s alread y 
discussed .  W e capitaliz e o n th e genera l  organizatio n 
and timin g o f  th e M H P an d see k t o furthe r  defin e as -
pect s suc h a s timing ,  operators ,  memories ,  an d infor -
matio n flow  tha t  suppor t  cover t  visua l  attention . 

We us e th e averag e cycl e time s o f  bot h Perceptio n 
(10 0 msec )  an d Moto r  (7 0 msec )  i n ou r  modeling ,  an d 
usuall y emplo y a  s o m e w h a t  faste r  valu e o f  abou t  5 0 
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^I n addition .  Soa r  ha s capabilitie s fo r  plannin g an d 
learnin g tha t  ar e no t  neede d fo r  th e task s describe d i n thi s 
paper . 

Figur e 2 :  Informatio n flow  an d operator s i n th e Ex -
tende d Mode l  H u m a n Processo r 

msec fo r  Cognition .  Neithe r  operato r  creatio n no r  op -
erato r  selectio n pla y an y par t  i n th e M H P ,  it s empha -
si s bein g wholl y o n operato r  application .  T h e con -
cept s o f  creatio n an d selectio n i n ou r  mode l  ar e de -
rive d fro m Soa r  whic h ha s bee n propose d a s a  unifie d 
theor y o f  cognitio n [Newell ,  1990] .  Extendin g bot h th e 
M HP an d Soar ,  w e propos e tha t  operato r  creatio n i s 
independen t  o f  operato r  applicatio n an d require s time . 
However ,  sinc e nex t  operato r  creatio n mos t  ofte n take s 
plac e durin g curren t  operato r  application ,  thes e func -
tion s ofte n overla p i n a  pipeline d manner .  Thus ,  cre -
atio n time s ar e ofte n eliminate d fro m th e operato r 
trac e timin g calculations .  Operato r  selectio n tim e i s 
assume d t o b e min ima l  an d no t  t o affec t  timing . 

Visua l  attentio n i s controlle d b y Cognition ,  a s show n 
i n Figur e 1 .  A  singl e ovoi d regio n o f  attentiona l  focu s 
separate s th e visua l  field  int o attende d an d unattende d 
stimuli .  Feature s deposite d b y Perceptio n i n Work -
in g M e m o r y m a y hav e bot h identit y an d locationa l  in -
formatio n [Mishki n an d Appenzeller ,  1987] .  Feature s 
derive d fro m attende d stimul i  ar e guarantee d t o hav e 
goo d identit y an d locationa l  information ,  whil e thos e 
fro m unattende d stimul i  ar e likel y t o hav e poo r  identit y 
an d locationa l  information .  Diff'erence s i n th e qualit y 
of  attende d an d unattende d featura l  informatio n cre -
at e th e nee d fo r  attentio n i n bot h recognitio n task s (a s 
i n Treisman' s "Featur e Integratio n Theory "  [Treisma n 
an d Gelade ,  1980] )  an d i n th e countin g tas k describe d 
late r  i n thi s paper . 

We posi t  tha t  applicatio n o f  a n attentio n shif t  op -
erator ,  whic h w e cal l  ATTEND,  cause s activit y a t  a  sit e 
i n th e visua l  corte x calle d V 4 ,  whic h ha s bee n show n 
t o b e a  sor t  o f  attentiona l  gat e tha t  split s th e visua l 
field  int o attende d an d unattende d region s [Mora n an d 
Desimone ,  1985] .  Exac t  timin g fo r  activit y relate d t o 
V 4 ha s no t  bee n determine d experimentally ,  bu t  a n 
estimat e o f  5 0 mse c fo r  deliberatel y changin g th e gat e 
(applyin g th e operator )  an d anothe r  5 0 mse c fo r  re -
ceivin g n e w visua l  feature s i n Work in g M e m o r y ha s 

554 



seemed t o wor k wel l  i n ou r  simulations .  A n exampl e 
of  usin g thes e time s appear s i n th e first  five  step s o f 
Figur e 4 ,  whic h show s th e sequenc e o f  action s tha t  oc -
cur s whe n Cognitio n shift s visua l  attentio n t o a  ne w 
stimulus .  I t  mus t  ge t  feature s fro m Perceptio n tha t 
signa l  tha t  a  ne w stimulu s i s presen t  (10 0 msec) ;  reac t 
t o th e ne w stimulu s b y creatin g a n operato r  (5 0 msec) ; 
shif t  attentio n t o tha t  ne w stimulu s b y selectin g an d 
applyin g th e operato r  (5 0 msec) ;  an d receiv e ne w fea -
ture s fro m Perceptio n i n Workin g Memor y tha t  reflec t 
a chang e i n visua l  attentio n (5 0 msec) ,  requirin g a  to -
ta l  o f  25 0 msec .  A n exampl e o f  shiftin g attentio n t o 
feature s alread y i n Workin g Memor y i s show n i n th e 
same figure  usin g time s a t  50 0 an d 55 0 mse c a s mark -
ers .  Th e tota l  tim e require d t o shif t  i s 10 0 msec ,  sinc e 
th e ne w informatio n appear s i n Workin g Memor y a t 
600 msec .  Anothe r  suc h exampl e occur s betwee n 70 0 
and 80 0 msec .  Not e tha t  th e ATTEND operato r  tha t  i s 
applie d i n thes e latte r  episode s i s create d a t  som e poin t 
earlie r  i n th e trac e an d i s no t  show n i n orde r  t o kee p 
th e trac e simple . 

Figur e 2  show s ou r  mode l  fro m th e perspectiv e o f 
informatio n flow  an d operators .  Th e colum n marke d 
"Description "  i s intende d t o elaborat e eithe r  th e pro -
cess tha t  i s  occurrin g o r  th e typ e o f  informatio n tha t  i s 
availabl e i n eac h stag e o f  th e "Informatio n Flow "  col -
umn.  T o star t  ou t  th e informatio n flow,  ligh t  fro m th e 
environmen t  stimulate s th e retin a an d cause s Percep -
tio n t o deposi t  feature s i n immediat e visua l  memory . 
Bot h immediat e visua l  memor y an d integrativ e visua l 
memory,  th e nex t  memor y stage ,  ar e par t  o f  iconi c 
(i.e. ,  pre-symbolic )  Workin g Memory .  Immediat e vi -
sual  memor y i s compose d o f  al l  currentl y attende d an d 
unattende d features .  Eac h unattende d featur e i n im -
mediat e visua l  memor y cause s a  ATTEMD operato r  t o 
be created ,  whic h represent s th e possibilit y  o f  deliber -
atel y shiftin g attentio n t o tha t  feature .  Attende d fea -
ture s fro m immediat e visua l  memor y ar e automaticall y 
copie d int o integrativ e visua l  memory .  Thus ,  integra -
tiv e visua l  memor y i s compose d o f  feature s tha t  ar e 
currentl y o r  hav e previousl y bee n attended .  Integra -
tiv e visua l  memor y allow s iconi c visua l  memorie s t o 
linge r  afte r  a  shif t  o f  attentio n o r  chang e o f  stimulu s 
withou t  deliberat e recognitio n a s discusse d belo w [in -
traub ,  1985] .  Althoug h ou t  o f  th e scop e o f  thi s paper , 
th e fac t  tha t  locationa l  informatio n i s missin g i n in -
tegrativ e visua l  memor y i s posite d t o b e th e caus e o f 
"illusor y conjunctions "  [Treisma n an d Schmidt ,  1982] . 

Arrow s pointin g t o operator s indicat e th e memorie s 
tha t  the y ar e dependen t  upon ,  whil e arrow s pointin g 
fro m operator s indicat e wher e thei r  effect s ar e felt .  Op -
erator s fal l  int o tw o classes :  visua l  operators ,  suc h a s 
ATTEKD,  RECOGHIZE,  an d COUNT,  an d semanti c opera -
tors ,  suc h a s RESPOND.  I t  i s  assume d tha t  al l  opera -
tor s (excep t  RESPOND)  functio n identicall y i n th e task s 
i n whic h the y apply ,  excep t  fo r  minima l  timin g varia -
tion s t o accoun t  fo r  individua l  differences .  Visua l  oper -
ator s ke y of f  o f  iconi c informatio n t o eithe r  affec t  futur e 

iconi c inpu t  t o Workin g Memory ,  thoug h th e ATTEND 
operator ,  o r  transfor m iconi c memorie s int o symboli c 
memorie s through ,  fo r  instance ,  th e RECOGNIZE opera -
tor .  Onc e i n semanti c memory ,  symboli c stimul i  ma y 
influenc e futur e operato r  selection ,  thu s affectin g be -
havior ,  o r  b e reporte d throug h operator s lik e RESPOND. 

Chi's Experiment and Simulation 

Twelv e adult s observe d rando m do t  pattern s o f  fro m 
one t o te n dot s displaye d o n a  standar d vide o monito r 
tha t  wa s controlle d b y a  computer .  The y responde d 
by sayin g th e numbe r  o f  dot s tha t  the y saw .  A  voice -
activate d rela y allowe d th e compute r  t o measur e la -
tencie s t o th e neares t  msec .  Latencie s wer e measure d 
as th e amoun t  o f  tim e fro m whe n th e do t  patter n first 
appeare d o n th e displa y unti l  th e rela y wa s activated . 

Subject s wer e tol d t o determin e ho w ma y dot s wer e 
presen t  i n eac h tria l  a s quickl y an d accuratel y a s pos -
sible .  A t  th e star t  o f  eac h tria l  th e wor d "READY"  wa s 
displaye d i n th e cente r  o f  th e monitor .  Subject s fixated 
on th e centra l  "A "  an d presse d a  butto n whe n the y fel t 
read y fo r  th e tes t  stimulu s t o appear .  Afte r  1. 5 sec ,  th e 
stimulu s appeare d an d th e subjec t  responde d vocall y 
and respons e tim e wa s recorde d b y th e computer .  Im -
mediatel y afterward s (thi s par t  o f  th e tria l  wa s no t 
timed) ,  th e wor d "ENTE R # "  appeare d o n th e monito r 
and th e subjec t  type d th e numbe r  o f  dot s seen .  Stimul i 
wer e centere d an d a t  al l  time s les s tha n 1. 8 degree s o f 
visua l  angle ,  s o the y alway s fel l  entirel y withi n fovea . 
Thus ,  ey e movement s durin g counting ,  althoug h no t 
teste d for ,  wer e no t  likel y an d explanatio n o f  reactio n 
time s usin g a  mode l  o f  cover t  visua l  attentio n i s ap -
propriate . 

Figur e 3  show s a  plo t  o f  th e bes t  straigh t  lin e fits  fo r 
Chi' s results :  ther e i s a  shallo w slop e o f  4 6 mse c wit h 
an intercep t  o f  49 5 mse c fo r  th e first  thre e items ,  an d a 
steepe r  slop e o f  30 7 mse c wit h a n intercep t  of-44 2 mse c 
fo r  subsequen t  items .  Sinc e ther e ar e tw o majo r  slopes , 
ther e mus t  b e tw o majo r  type s o f  processe s employed . 
We assum e tha t  th e first  process ,  a s wit h mos t  theo -
rie s o f  rapi d counting ,  i s  subitizing .  I n ou r  mode l  o f 
subitizing ,  a  countin g operato r  iterate s ove r  attende d 
item s (a t  abou t  5 0 mse c pe r  iteration) ,  thu s generat -
in g a  shallo w slope .  W e furthe r  assum e tha t  countin g 
a larg e numbe r  o f  item s i s accomplishe d b y a n initia l 
subitizin g stag e followe d b y a n item-by-ite m countin g 
stage .  I n ou r  mode l  o f  item-by-ite m counting ,  atten -
tio n shift s t o eac h individual ,  uncounte d ite m whic h 
i s the n counte d usin g a  countin g operator .  Althoug h 
ther e i s n o definitiv e evidenc e fro m th e literature ,  w e 
assume tha t  a t  leas t  par t  o f  th e nee d fo r  individua l 
shift s o f  attentio n i s du e t o th e inaccurac y o f  th e shift -
in g process .  Inaccurat e shift s o f  attentio n migh t  resul t 
i n item s bein g counte d mor e tha n onc e o r  no t  a t  all . 

We presen t  tw o attempt s a t  fitting  Chi' s dat a tha t 
hav e bee n implemente d i n Soar .  Th e initia l  attemp t 
employ s a  singl e famil y o f  operato r  trace s wit h defaul t 
operato r  applicatio n time s an d show s tha t  thes e trace s 
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Figur e 3 :  Compariso n o f  Chi' s dat a t o modelin g at -
tempt s 

can generat e a  reactio n tim e profil e tha t  i s  simila r  t o 
th e experimenta l  data .  ( A famil y o f  operato r  trace s i s 
required ,  becaus e countin g differen t  number s o f  item s 
require s operato r  trace s wit h differen t  number s o f  op -
erato r  applications. )  Th e secon d attemp t  combine s th e 
weighte d prediction s o f  tw o differen t  familie s  o f  opera -
to r  traces ,  whic h ar e simila r  t o thos e use d i n th e initia l 
attempt ,  bu t  emplo y systematicall y adjuste d operato r 
applicatio n times . 

I n th e initia l  attemp t  t o fit  t o th e data ,  w e zissum e 
tha t  countin g operator s fo r  bot h subitizin g an d item -
by-ite m countin g ar e identical .  Further ,  w e plac e th e 
subitizin g limi t  a t  four ,  rathe r  tha n th e thre e item s im -
plie d b y th e bes t  straigh t  lin e fits  fo r  Chi' s data .  Thi s 
i s t o limi t  ou r  error ,  sinc e th e first  reall y bi g ski p i n 
Chi' s time s tha t  need s t o b e accounte d fo r  b y a  shif t  o f 
attentio n (par t  o f  th e item-by-ite m stage )  occur s a t  five 
items .  Figur e 4  show s a n operato r  trac e fo r  countin g 
si x item s tha t  incorporate s subitizin g betwee n 25 0 an d 
500 mse c an d item-by-ite m countin g betwee n 50 0 an d 
900 msec .  (Pleas e rea d COUHT*  a s COUI T fo r  thi s initia l 
attempt. )  Du e t o spac e limitations ,  i t  wa s impractica l 
t o presen t  th e complet e famil y o f  operato r  trace s fo r 
countin g differen t  number s o f  items .  However ,  subitiz -
in g trace s ca n b e produce d fro m Figur e 4  b y removin g 
th e item-by-ite m stag e an d trace s fo r  large r  number s 
number s o f  item s ca n b e create d b y addin g shift s o f 
attentio n wit h countin g operations .  Figur e 3  show s a 
plo t  o f  reactio n time s predicte d b y suc h trace s fo r  thi s 
initia l  attempt . 

The initia l  attemp t  doe s no t  fit  Chi' s dat a wel l  fo r 
tw o reasons .  First ,  i f  deliberat e act s employe d var y 
betwee n identica l  tas k instances ,  a  singl e famil y  o f  op -
erato r  trace s i s usuall y insufficien t  t o predic t  reactio n 
times .  Th e initia l  fit  ha s a  singl e discontinuit y a t 
fou r  items ,  whil e Chi' s bes t  fit  dat a ha s discontinu -
itie s a t  bot h thre e an d fou r  items .  Thus ,  Chi' s dat a 
i s likel y th e resul t  o f  sometime s subitizin g thre e item s 
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Figur e 4 :  Operato r  trac e fo r  rapi d countin g o f  si x item s 

and sometime s fou r  whe n ther e ar e fou r  o r  mor e item s 
t o b e counted .  T o accoun t  fo r  th e intermediat e slop e 
betwee n thre e an d fou r  items ,  th e reactio n tim e pre -
diction s o f  a  famil y o f  operato r  trace s employin g thre e 
COUNT operator s i n th e subitizin g stag e mus t  b e av -
eraged ,  weighte d b y frequenc y o f  occurance ,  wit h th e 
prediction s o f  a  famil y o f  operato r  trace s employin g 
fou r  COUNT operator s i n th e subitizin g stage .  Second , 
a ne w operator ,  COUNT*,  i s require d becaus e th e item -
by-ite m slop e i s abou t  10 0 mse c to o shallow .  Sinc e 
th e 5 0 mse c operato r  applicatio n tim e o f  COUNT create s 
jus t  abou t  th e righ t  slop e fo r  subitizin g w e woul d lik e 
t o kee p it .  I n orde r  t o tailo r  th e mode l  t o th e exper -
imenta l  data ,  w e derive d equation s fo r  reactio n time s 
of  bot h subitizin g an d item-by-ite m countin g base d o n 
new familie s  o f  operato r  trace s tha t  us e th e ne w COUNT* 
operator .  (Th e trace s agai n ar e no t  shown ,  bu t  ca n 
easil y b e derive d fro m Figur e 4. ) 

Tsubitizing = TinitialShiJt + TcreateCOUNT + » * 
TApplyCOUNT +  TAppl y RESPOND +  TMoto r 

Titem-by-item = Tsubitize + ii-NumberSubitized)* 

{TstwSkiJ t  +TcreateCOUNT *  +  TApplyCOUNT* ) 

where i is the number of items to 

be counted ,  TjniUaiShij t  i s  25 0 msec ,  TcreateCOUN T 
and TcreateCOUNT *  ar e bot h 5 0 msec ,  Tffê shi/ t  i s 
100 msec ,  Tuoto r  i s 7 0 msec ,  an d Ts»biUz e i s th e to -
ta l  amoun t  o f  tim e require d t o subitiz e eithe r  thre e o r 
fou r  item s an d respond .  I n orde r  t o ge t  th e bes t  fit 
t o Chi' s data ,  w e systematicall y altere d TAppiyCOUNT , 

TApplyCOUNT* ,  an d TAppiyrespon d i n th e equation s 
and th e weight s b y whic h thre e ite m an d fou r  ite m 
subitizin g version s o f  th e equation s wer e average d un -
ti l  th e minimu m averag e erro r  wa s found .  Time s fo r 
operato r  creation ,  shift s o f  attention .  Perception ,  an d 
Moto r  wer e kep t  constant . 

Operato r  applicatio n time s foun d fo r  th e bes t  fit: 

TApplyCOUNT,  4 6 msec ;  TAppiyCOUNT* ,  15 7 msec ;  an d 
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TApplyRESPOND,  12 5 msec .  Al l  o f  thes e time s ar e 
withi n th e M H P nomina l  range s an d significantl y de -
creas e th e averag e erro r  o f  th e mode l  (fro m 44 6 mse c 
t o 0  mse c pe r  item) .  Thi s fit  require s tha t  fou r  ite m 
subitizin g occur s si x ou t  o f  te n time s (59% )  an d thre e 
ite m subitizin g occur s o n th e res t  o f  th e trials ,  whe n 
ther e ar e fou r  o r  mor e item s t o b e counted .  Th e ad -
juste d fit  i s  no t  show n i n Figur e 3  becaus e i t  i s  identica l 
t o th e experimenta l  data . 

Sinc e th e bes t  applicatio n tim e fo r  COUIT *  (157msec ) 
i s abou t  thre e time s th e usua l  operato r  applicatio n 
tim e use d i n ou r  modelin g (5 0 msec) ,  i t  i s  likel y tha t 
COUIT*  i s a  comple x operato r  compose d o f  simpl e op -
erators .  I t  woul d b e to o speculativ e t o gues s exactl y 
what  thos e operator s migh t  be ,  bu t  i t  i s  likel y tha t 
at  leas t  on e o f  thos e operator s i s a  semanti c operator . 
Some evidenc e tha t  COUNT*  ha s a  semanti c componen t 
derive s fro m th e fac t  tha t  15 7 mse c i s ver y clos e t o 
th e silen t  countin g rate ,  whic h ha s bee n foun d t o b e 
167 mse c [Landauer ,  1962] .  O n th e othe r  hand ,  COUNT 
i s clearl y a  simpl e visua l  operato r  sinc e it s applicatio n 
tim e (4 6 msec )  i s to o shor t  fo r  anythin g othe r  tha n a 
singl e iconi c t o semanti c transformatio n t o tak e place . 

Klah r  an d Wallac e (1976 )  als o use d Landauer' s re -
sult s i n th e analysi s o f  thei r  mode l  an d ha d simila r 
conclusion s abou t  th e memorie s use d i n subitizin g an d 
item-by-ite m counting .  However ,  thei r  timin g explana -
tion s wer e no t  a s accurat e a s our s an d di d no t  predic t 
a rati o o f  thre e ite m t o fou r  ite m subitizing . 
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