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A C o m p u t e r  M o d e l  o f  2 D V i s u a l  A t t e n t i o n * 

Mark Wiesmeyer and John Laird 

Artificia l  Intelligenc e Laborator y 

Th e Universit y o f  Michiga n 

In this paper we present a model of human visual attention that is an extension of a preexisting cognitive 

theory ,  th e Mode l  Huma n Processo r  (MHP )  [Car d e t  al. ,  1983] .  Th e typ e o f  visua l  attentio n tha t  w e mode l 

i s independen t  o f  ey e movement s an d serve s a s a  for m o f  stimulu s selectio n withi n th e visua l  field.  Ou r  goa l 

i s  t o provid e a  finer  grai n o f  reactio n tim e predictio n fo r  visua l  task s requirin g attentio n tha n i s provide d 

by th e M H P.  W e hav e develope d algorithm s base d o n ou r  mode l  t o accoun t  fo r  respons e time s o f  objec t 

identificatio n experiment s o f  Colegate ,  Hoffma n an d Erikse n (1973 )  (hereafte r  C H E ) .  W e hav e implemente d 

thes e algorithm s i n Soa r  [Leiir d e t  al. ,  1987 ;  Lair d e t  al ,  1990] ,  whic h i s a  reificatio n o f  som e o f  th e basi c 

principle s o f  th e M H P,  an d ha s bee n propose d a s a  unifie d theor y o f  cognitio n [Newell ,  1990] .  Ou r  syste m 

model s th e sequencin g o f  deliberat e controllabl e visua l  act s o f  cognitio n tha t  tak e o n th e orde r  o f  5 0 msec . 

The result s o f  ou r  wor k sugges t  tha t  a  varian t  o f  th e "Zoo m Len s Model "  [Erikse n an d Yeh ,  1985 ;  Erikse n 

and St .  James ,  1986 ]  o f  visua l  attentio n couple d wit h Soar' s theor y o f  deliberat e behavio r  i s sufficien t  fo r 

modelin g thes e phenomena ,  thus ,  extendin g th e predictiv e powe r  o f  th e Mode l  Huma n Processor . 

1 The Model Human Processor 

The MHP is a cognitive model of human behavior that has been most successfully applied to modeling the 

timin g o f  ma n an d machin e interaction s [John ,  1988 ;  Joh n an d Newell ,  1989] .  Th e goa l  o f  th e M H P i s t o 

serv e a s a n engineerin g too l  fo r  estimatin g huma n performance .  Figur e 1  show s a  simplifie d representatio n 

of  th e M H P fro m Car d e t  al .  (1983) .  O n th e to p left-han d sid e o f  th e figure  i s th e Perceptua J Processo r 

or  Perception ,  whic h consist s o f  sensor y modalities ,  suc h a s visio n an d audition .  (Fo r  econom y o f  space , 

th e figure  onl y show s vision. )  Eac h modalit y deliver s a  limite d amoun t  o f  informatio n a t  a  particula r  rat e 

t o Workin g Memory .  O n th e botto m left-han d sid e o f  th e figure  i s th e Moto r  Processo r  o r  Motor ,  whil e 

on th e right-han d sid e o f  th e figure  i s Cognition ,  whic h consist s o f  Workin g Memory ,  Long-Ter m Memory , 

and th e Cognitiv e Processor .  I n th e M H P,  task s ar e decomposabl e int o deliberat e action s tha t  tak e plac e i n 

th e for m o f  discret e sequentia l  operato r  application s i n Cognition .  Some operator s ma y requir e inpu t  fro m 

th e Perception ,  other s ma y initiat e externa l  act s usin g Motor ,  an d finally,  som e ma y us e existin g dat a i n 

Workin g Memor y fo r  interna l  calculation s tha t  ar e independen t  o f  Perceptio n an d Motor . 

Each subsyste m i n th e M H P ha s a  rang e o f  nomina l  cycl e times .  Th e cycl e time s tha t  w e us e i n ou r 

model  fo r  Perceptio n an d Moto r  ar e M H P media n figures.  Th e cycl e tim e w e us e fo r  Cognitio n i s take n fro m 

Joh n (1988 )  an d i s 2 0 mse c faste r  tha n th e M H P media n figure  fo r  Cognition ,  bu t  wel l  withi n th e rang e o f 

nomina l  cycl e time s fo r  Cognitio n i n th e M H P 

Perceptual (vision) cycle time (r^) = 100 msec (Range: 50-200 msec) 

Cognitiv e cycl e tim e (r̂ )  = 5 0 mse c (Range :  25-17 0 msec ) 

Moto r  cycl e tim e (r^ )  =  7 0 mse c (Range :  30-10 0 msec ) 
The tota l  tim e require d t o perfor m a  tas k i s calculate d b y first  creatin g a n algorith m fo r  performin g th e 

tas k usin g operators .  Usin g th e cycl e time s o f  eac h processo r  t o comput e th e duratio n o f  eac h operator ,  th e 

tota l  tim e t o complet e th e algorith m ca n b e calculated .  Th e thre e processor s ca n ru n i n parallel ,  so ,  fo r 

instance ,  onc e a  moto r  comman d ha s bee n initiated ,  othe r  cognitiv e operator s ca n b e applie d a t  th e sam e 

time ,  a s lon g a s the y ar e no t  dependen t  o n th e resul t  o f  th e moto r  operator . 

•Thi s researc h wa s sponsore d b y gran t  NCC2-51 7 fro m NASA Ames . 
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Figur e 1 :  Th e Mode l  H u m a n Processo r 

We are using Soar [Laird ei o/., 1987] as the underlying architecture for implementing our operator 
sequences .  Soa r  ha s al l  o f  th e basi c subsystem s o f  th e M H P ,  includin g Perception ,  Cognition ,  an d Motor. ^ 

I n Soa r  ther e i s a  Workin g M e m o r y an d a  Long-ter m Memory ,  an d deliberatel y selecte d operator s provid e 

th e basi s o f  action .  Soar' s Long-ter m Memor y i s a  paralle l  productio n system .  Perceptio n i s implemente d 

i n Soa r  a s Lis p function s tha t  transduc e environmenta l  stimul i  an d sen d inpu t  t o workin g memory ,  whil e 

Moto r  i s  implemente d i n Soa r  a s Lis p function s tha t  receiv e outpu t  fro m Workin g M e m o r y an d the n ac t 

on th e environment .  I n Soar ,  low-leve l  Perceptio n occur s i n paralle l  wit h th e firing  o f  productions ,  a s doe s 

Motor ,  onc e i t  ha s bee n initiate d throug h a n operato r  application . 
Th e basi c deliberativ e ac t  i n Soa r  i s th e selectio n o f  a n operato r  t o apply .  Thu s th e operator s i n th e 

M HP m a p directl y ont o operator s i n Soar .  Bot h th e selectio n an d applicatio n o f  operator s ar e performe d 
by production s matchin g agjiins t  Workin g Memor y an d suggestin g change s t o it .  Thus ,  production s con -
tro l  whic h operator s ar e selected ,  an d onc e selected ,  ho w the y apply .  I n Soar ,  specifi c  operator s (tha t  is , 
instantiation s o f  operato r  types )  ar e create d a s soo n a s th e dat a neede d t o instantiat e the m ar e available .  I n 

general ,  thi s mean s tha t  ne w operator s wil l  b e created ,  an d read y fo r  selection ,  durin g th e applicatio n o f  th e 

currentl y selecte d operator .  However ,  onl y on e operato r  ca n b e applie d o n an y give n cycle .  Althoug h Soa r 

i s programme d a t  th e leve l  o f  productions ,  operator s ar e th e appropriat e leve l  fo r  describin g algorithm s tha t 

correspon d t o processin g i n th e M H P . 

2 A Model of Visual Attention 

The goal of our work is to develop a complete, computational model of visual attention. Unfortunately, 

ther e i s n o existin g computationa l  theor y whic h cover s al l  visua l  attentio n phenomena .  Ther e ar e m a n y 
experimenta l  paradigm s wit h accompanyin g dat a tha t  provid e constraint s fo r  a  complet e model .  I n thi s 
pape r  w e wil l  mode l  thre e genera l  phenomena :  human s ar e abl e t o contro l  th e portio n o f  th e visua l  field  tha t 

the y atten d t o [Sperling ,  I960] ;  attentio n i s require d fo r  objec t  identificatio n [Treisma n an d Gelade ,  1980 ; 
Treisma n an d Schmidt ,  1982] ;  an d precuin g facilitate s objec t  identificatio n [Colegat e e t  ai ,  1973] .  Thes e 

ar e critica l  visua l  attentio n phenomen a whic h ar e al l  observe d i n letter-whee l  tas k o f  C H E .  W e wil l  us e thi s 
tas k t o demonstrat e th e detail s o f  th e model .  Ou r  implementatio n i n Soa r  ha s als o bee n use d t o simulat e 

othe r  phenomen a tha t  hav e bee n attribute d t o visua l  attention ,  includin g illusor y conjunction s an d variou s 
reactio n tim e behavior s associate d wit h searc h [Wiesmeye r  an d Laird ,  1990] ,  tha t  ar e beyon d th e scop e o f 
thi s paper . 

Figur e 2  show s ho w w e hav e extende d th e M H P t o includ e visua l  attention .  O n th e to p left-han d sid e o f 
th e figure  agai n i s Perception ,  bu t  i t  ha s no w bee n expande d t o sho w detail s o f  ho w i t  deliver s visua l  dat a 

t o Workin g Memory .  A  singl e ovoi d regio n o f  attentio n controlle d b y Cognition ,  a s i n Eriksen' s "Zoo m Len s 

^Soai has additional capabilities for plemning and learning that ejre not needed for the tasks described in this paper. 
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Figur e 2 :  T h e mode l  h u m a n processo r  wit h visua l  attentio n extensio n 

Theory" [Eriksen and Yeh, 1985; Eriksen and St. James, 1986], separates the visual field in Perception into 
tw o regions :  attende d an d unattended .  T h e regio n o f  attentio n i s unde r  contro l  o f  Cognitio n an d ca n b e 

m o v ed aroun d th e visua l  field.  Perception ,  a s i n th e M H P ,  convert s stimul i  fro m thes e region s int o symbol s 

tha t  ar e delivere d t o Work in g M e m o r y ;  w e cal l  thes e symbol s feature s afte r  Treisma n [Tteisma n an d Gelade , 

1980 ;  Treisman ,  1987] .  T h u s ,  inpu t  t o th e Visua l  Imag e Stor e i n Work in g M e m o r y i s separate d int o tw o 

sets :  attende d feature s fro m th e attende d regio n an d unattende d feature s fro m th e unattende d region . 

I n ou r  mode l ,  feature s ar e o f  tw o types :  shap e an d color ,  althoug h colo r  i s no t  neede d t o mode l  th e lette r 

wheel  task .  Mot io n (change )  informatio n i s associate d wit h features ,  w h e n appropriate ,  an d feature s ca n 

b e marke d b y productions .  Mark in g allow s fo r  a  simpl e m e m o r y o f  whethe r  a  featur e ha s bee n attended . 

Excep t  fo r  mot io n informatio n an d marks ,  feature s hav e n o othe r  explici t  propertie s beside s thei r  identities . 

Attentio n i s controlle d throug h th e Feature-Shi l t  operator .  A  separat e operato r  i s create d fo r  eac h 

u n m a r k e d featur e i n th e visua l  field  an d applicatio n shift s th e regio n o f  attentio n t o tha t  feature .  I n shiftin g 
attention ,  th e n e w regio n o f  attentio n m a y als o includ e othe r  feature s tha t  ar e nea r  th e selecte d feature . 

T h e Featiire-Shi f  t  operato r  ca n b e furthe r  specialize d t o shif t  t o th e neares t  featur e o f  a  give n type .  Fo r 

example ,  Fea tu re -Sh i f t  ca n b e use d t o shif t  t o th e neares t  n e w shap e feature . 

A n importan t  propert y o f  ou r  mode l  i s tha t  attentio n improve s th e resolutio n o f  shap e features .  W e hav e 

adopte d a  simplifie d versio n o f  Eriksen' s " Z o o m Len s Mode l "  o f  attention ,  whic h theorize s tha t  unattende d 

stimu H ar e zilway s lowe r  i n resolutio n tha n attende d stimul i  an d tha t  ther e i s a n invers e relationshi p o f  regio n 

exten t  an d attende d featur e resolution .  L o w resolutio n means ,  fo r  instance ,  tha t  a  lette r  stimulu s tha t  doe s 

no t  appea r  i n th e regio n o f  attentio n o r  appear s i n a  relativel y larg e regio n o f  attention ,  migh t  appea r  a s a 

unidentifiabl e "blob "  i n Work in g M e m o r y . 

3 The Letter Wheel Experiment 

We are using Colegate, Hoffman and Eriksen (1973) as a prototypical example of an object identification task 

tha t  involve s precuing .  Othe r  experiment s hav e simila r  result s unde r  slightl y differen t  condition s [Erikse n 

an d Hof fman ,  1972 ;  Erikse n an d Hof fman ,  1973] .  I n C H E ,  subject s wer e presente d wit h display s simila r  t o 
thos e s h o w n i n Figur e 3 .  T h e tas k wa s t o identif y th e cue d letter .  Subject s responde d vocally .  Letter s fro m 

th e se t  A,H,M, U wer e systematicall y distribute d ove r  th e variou s location s i n 8  an d 1 2 lette r  display s s o tha t 

th e effect s o f  letter s neighborin g th e targe t  o n reactio n tim e coul d b e studied .  Display s wer e 2  degree s i n 

visua l  angl e an d presente d wit h a  tachistoscope— 2 degree s i s th e exten t  o f  th e fove a an d approximatel y th e 

diaimete r  o f  th e entir e lette r  whee l  o n th e righ t  o f  th e figure  i f  thi s pape r  i s hel d a t  arm' s length . 

Ther e wer e tw o basi c m o d e s o f  stimulu s delivery ,  simultaneou s presentatio n an d precue d presentation . 

I n bot h m o d e s subject s wer e tol d t o fixate  o n a  fixation  poin t  unti l  a  cu e fo r  th e locatio n o f  a  lette r  t o b e 

identifie d wa s presented .  I n simultaneou s presentatio n th e cu e an d th e lette r  arrive d a t  th e sam e time ,  whil e 
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Figur e 3 :  Exampl e lette r  whee l  stimul i 

in precued presentation the cue preceded the letter wheel by an interval of up to 350 msec. In both modes, 

subject s wer e require d t o identif y th e cue d letter .  CHE' s dat a showe d tha t  reactio n time s improv e a t  a 

constan t  rat e a s th e precu e perio d increase s u p t o 25 0 msec .  Wit h a  25 0 mse c precu e ther e wa s a  10 0 mse c 
improvemen t  i n reactio n tim e wit h respec t  t o th e simultaneou s presentatio n condition .  Respons e time s fo r 
8-lette r  display s wer e alway s slightl y faste r  tha n fo r  12-lette r  displays .  W e d o no t  accoun t  fo r  th e difference s 

betwee n th e 8  an d 1 2 lette r  display s i n thi s paper ,  bu t  hav e concentrate d o n gettin g th e respons e time s o f 

our  simulation s withi n th e rang e o f  observe d data . 

4 Modeling the Letter Wheel Experiment 

To model these experiments requires three operators in addition to Feature-Shift: 

Identify : Identifies an attended object based on the shape feature (cue and target in our simulations). 

Verif y :  Verifie s tha t  a n objec t  identifie d (th e cu e i n ou r  simulations )  wa s th e on e expected . 

Respon d :  Perform s th e appropriat e moto r  action . 

These operators form the minimal set we could find to perform the task given the level of computation 

assumed t o b e possibl e i n th e supportin g productions .  Th e onl y questionabl e on e migh t  b e Verify .  Thi s i s 

used t o ensur e tha t  th e resul t  o f  a  Feature-Shif t  an d subsequen t  Identif y wa s correct .  Withou t  it ,  th e 

syste m woul d b e mor e pron e t o errors . 
We assum e tha t  t ^  i s th e tim e require d fo r  a n averag e cognitiv e operato r  t o b e create d o r  selecte d an d 

applied—creatio n bein g separat e fro m selectio n an d application ;  T p i s th e tim e require d fo r  a  stimulu s t o 
get  from  th e retin a t o workin g memory ;  an d r ^  i s th e tim e require d fo r  a  ne w Workin g M e m o r y elemen t  t o 

effec t  a  moto r  command .  Thu s Identif y an d Verif y tjik e 10 0 mse c fo r  creation ,  selection ,  an d application , 
whil e Respon d take s a n additiona l  7 0 mse c (17 0 mse c total )  becaus e o f  th e moto r  cycl e time . 

The applicatio n o f  Feature-Shif t  involve s interactio n betwee n Cognitio n an d Perception ,  whic h make s 

determinin g it s tim e cours e problematic .  W e decompos e it s tim e cours e int o th e thre e stage s require d fo r 

Cognitio n t o (1 )  reac t  t o a  ne w stimulus ,  (2 )  shif t  visua l  attentio n t o tha t  ne w stimulus ,  an d (3 )  the n receiv e 

new feature s i n Workin g Memor y tha t  reflec t  th e chang e i n visua l  attention .  Th e onl y unknow n componen t 

of  thi s serie s o f  event s i s th e tim e require d fo r  a  visua l  stimulu s t o trave l  fro m th e locu s o f  actio n o f  attentio n 
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t o Workin g Memory ;  i t  ca n b e estimate d fro m brai n data :  Visua l  attentio n ha s bee n show n t o ac t  a t  a 

locatio n i n th e brai n calle d V 4 [Mora n an d Desimone ,  1985] .  Fro m V 4 attende d stimul i  g o t o th e inferio r 

tempora l  corte x an d the n t o th e amygdal a an d th e hippocampu s [Mishki n an d Appenzeller ,  1987] .  Th e 

amygdal a an d hippocampu s ai e know n t o b e involve d i n visua l  memor y an d ar e thu s assume d t o b e th e 

beginning s o f  Cognitio n (Workin g Memory ) .  Sinc e V 4 i s physicall y locate d abou t  hal f  wa y betwee n th e 

retin a cin d th e amygdal a an d hippocampus ,  w e estimat e tha t  i t  shoul d tak e abou t  1/ 2 o f  T p (o r  5 0 msec ) 

fo r  th e effect s o f  visua l  attentio n t o b e reflecte d i n th e content s o f  Workin g Memory .  Thus ,  w e estimat e th e 

amount  o f  tim e require d fo r  th e entir e proces s as : 

100 msec Tp for propagation of data from the retina to working memory 

50 mse c T c fo r  Feature-Shil t  creatio n 

50 mse c r ^  fo r  Feature-Shil t  selectio n an d applicatio n 

50 mse c T;T p fo r  propagatio n o f  attende d dat a fro m V 4 t o workin g memor y 

25 0 mse c tota l 

For features already in Working Memory, the time required to shift attention to them and then receive 

ne w dat a reflectin g th e chang e i n attentio n i s th e su m o f  th e las t  thre e step s abov e o r  15 0 msec .  Admittedly , 

i t  woul d b e preferabl e t o us e a n empiricall y derive d tim e i n ou r  mode l  rathe r  tha n thes e estimates ,  bu t  w e 

hav e no t  bee n abl e t o locat e a  suitabl e on e i n th e literatur e an d hav e foun d thi s tim e t o wor k wel l  i n ou r 

algorithms . 

Bearin g thes e figures  i n min d an d th e fac t  tha t  nex t  operato r  creatio n ca n overla p wit h curren t  operato r 

application ,  th e jo b a t  han d i n creatin g a n algorithmi c cognitiv e mode l  i s t o fit  operator s togethe r  s o tha t 

th e requisit e tas k m a y b e don e an d know n tim e constraint s ma y b e satisfied . 

We hav e develope d algorithm s fo r  bot h th e simultaneou s presentatio n an d 25 0 mse c precu e conditions . 

Observe d mea n respons e time s fro m C H E ar e 57 4 mse c (48 3 -  63 5 msec )  fo r  th e simultaneou s presentatio n 

conditio n an d 49 1 mse c (42 7 -  56 9 msec )  fo r  th e 25 0 mse c precue d presentatio n condition .  Ou r  algorithm s 

predic t  57 0 mse c an d 47 0 msec ,  respectively ,  an d ar e thu s bot h withi n th e rang e o f  time s obtaine d fro m 

experimenta l  subjects .  Additionally ,  th e improvement s du e t o precuin g predicte d b y ou r  mode l  (10 0 msec ) 

correlat e closel y wit h thos e o f  actua l  subject s (mea n 8 3 msec) ^ 

Detaiil s  o f  th e bot h algorithm s follow .  Bot h ar e implemente d i n Soa r  usin g a  singl e se t  o f  production s tha t 

control s th e selectio n o f  operator s base d o n th e content s o f  Workin g Memory—ther e i s n o explici t  selectio n 

strateg y programme d fo r  th e tw o tasks .  I n tiies e traces ,  th e selectio n o f  operator s i s implie d an d occur s fo r 

eac h operato r  immediatel y precedin g it s application . 

I n th e simultaneou s presentatio n trac e i n Figur e 4 ,  a  singl e Feature-Shii t  i s performe d t o th e cue .  Bot h 

th e cu e an d th e lette r  ar e i n th e regio n o f  attentio n an d thei r  feature s ar e i n th e ne w attentiona l  regio n a t 

200 msec .  Th e algorith m nex t  identifie s an d verifie s tha t  th e cu e i s i n th e attentiona l  regio n (25 0 -  40 0 

msec)  an d the n identifie s th e lette r  (40 0 -  45 0 msec )  an d the n respond s (45 0 -  57 0 msec) . 

I n th e 25 0 mse c precu e csis e show n i n Figur e 5 ,  a  Feature-Shif t  i s  applie d t o shif t  t o th e cue .  Fro m 

star t  t o finish,  thi s take s 25 0 mse c (-25 0 -  0  msec) .  Followin g th e shift ,  th e cu e i s identifie d an d verifie d ( 0 

-  10 0 msec) .  A t  th e sam e time ,  th e lette r  whee l  i s  bein g processe d b y perceptio n an d become s availabl e i n 

Workin g M e m o r y a t  10 0 msec .  A t  thi s point ,  a  secon d shif t  i s  performe d t o th e neares t  lette r  (15 0 -  25 0 

msec)  followe d b y it s identificatio n (25 0 -  30 0 msec )  an d finally  th e respons e (35 0 -  47 0 msec) . 

I n th e simultaneou s presentatio n condition ,  onl y on e shif t  o f  attentio n i s required ,  whil e i n th e precue d 

conditio n tw o shift s ar e required .  I n spit e o f  this ,  th e precue d conditio n i s stil l  faster .  Ther e ar e tw o reason s 

fo r  this :  (1 )  Th e first  shif t  o f  attentio n fo r  th e precue d conditio n finishes  befor e th e whee l  L s presente d an d 

timin g starts .  (2 )  T h e Identif y an d Veril y  operator s fo r  th e cu e occu r  durin g th e perio d i n whic h th e 

wheel  stimulu s i s travelin g fro m th e retin a t o workin g memor y (labele d "overlap "  i n th e secon d algorithm) . 

T h e C H E result s sho w tha t  ther e i s n o improvemen t  i n reactio n tim e whe n precuin g exceed s 25 0 msec . 

T h e respons e tim e o f  ou r  implementatio n doe s no t  improv e either ,  sinc e th e shif t  t o th e targe t  lette r  i s 

contingen t  upo n it s shap e featur e appearin g i n Workin g Memory ,  whic h tim e wil l  neve r  chang e fro m 10 0 

msec afte r  th e stimulu s i s presented . 

^Ther e i s a  grea t  dea l  o f  veuiatio n i n experimenta l  result s fo r  precuin g i n objec t  identificatio n experiments .  Th e C H E 
experimen t  wa s chose n simpl y o n th e basi s o f  it s typicality . 
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Time Operato r  Even t Event/Commen t 

0 mse c 

50 msec 

100 msec 

150 msec 

200 msec 

250 msec 

300 msec 

350 msec 

400 msec 

450 msec 

500 msec 

570 msec 

None 

None 

Feature-ShiJt created 

Feature-Shilt applies 

Feature-Shift completed 

Identify (cue) created 

Identif y (letter )  create d 

Identify (cue) applies 

Verif y (cue )  create d 

Verify (cue) applies 

Identif y (letter )  applie s Lette r  identifie d 
Respon d create d 

Attentio n centere d o n 

fixatio n poin t 

Wheel and cue at retina 

Wheel 2Lnd cue in P 

Wheel and cue in WM 

Shift to cue and letter 

Attentions^ message at V4 

Cue and letter attended in WM 

Respon d applie s 

Respond completed Moto r  outpu t  begin s 

Motor command completed 

Figur e 4 :  Operato r  trac e o f  th e simultaneou s presentatio n o f  th e lette r  whee l  an d cu e 

The results of the model for precuing between 0 and 250 msec are less clear. The CHE results show there 

i s incrementa l  improvemen t  a s th e precu e goe s fro m 0  t o 25 0 mse c (i n 5 0 mse c increments) .  Betwee n 0  an d 

150 mse c th e prediction s o f  ou r  mode l  ar e unclea r  becaus e th e lette r  whee l  i s  bein g processe d b y Perceptio n 
whil e attentio n i s bein g shifted .  I f  w e assum e tha t  th e tim e i t  take s Perceptio n t o proces s dat a i s stochastic , 

the n th e increas e i n precu e woul d increas e th e probabilit y  tha t  th e precu e woul d b e availabl e soo n enoug h 

t o allo w th e extr a shift . 

5 Discussion 

In this paper, we have developed a computational model of visual attention and algorithms that are sufficient 

fo r  calculatin g th e reactio n time s o f  a  simpl e tas k tha t  require s visua l  attention .  I n th e process ,  w e hav e 
estimate d th e tim e fo r  Cognitio n t o reac t  t o a  ne w stimulus ,  shif t  visua l  attentio n t o tha t  ne w stimulus ,  an d 

receiv e ne w feature s i n Workin g Memor y tha t  reflec t  th e chang e i n visua l  attention . 
The exac t  result s o f  thi s mode l  ar e dependen t  o n man y assumption s includin g th e cycl e time s fo r  Percep -

tion ,  Cognition ,  Motor ,  an d Attention .  However ,  thes e assumption s ar e no t  uniqu e t o thi s model ;  al l  excep t 

th e tim e fo r  change s i n attentio n wer e base d o n previou s research .  Th e se t  o f  operator s tha t  w e hav e chose n 

i s anothe r  ke y assumption .  A  challeng e fo r  ou r  futur e modelin g i s t o se e i f  thes e operator s ar e sufficien t  fo r 

additiona l  task s requirin g visua l  attention . 
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Tim e Operato r  Even t Event/Comfflen t 

-25 0 mse c Non e 

-200 msec None 

-150 msec Feature-Shift created 

-100 msec Feature-Shilt applies 

-60 msec Feature-Shift completed 

0 msec Identify (cue) created 

50 msec Identify (cue) applies 

Verif y (cue )  create d 

100 msec Verify (cue) applies 

Feature-Shift(s )  create d 

150 msec Feature-Shift applies 

200 msec Feature-Shift completed 

250 msec Identify (letter) created 

300 msec Identify (letter) applies 
Respon d create d 

350 msec Respond applies 

400 msec Respond completed 

470 mse c 

Attentio n centere d o n 

fixatio n poin t 

Cue at retina 

Cue in P 

Cue in VM 

Shift to cue 

Attentionail message at V4 

Cue attended in WN I 0 

Wheel  a t  retin a I  v 

I  e 

Wheel  i n P  I  r 

I  1 
Wheel  i n V H l a 

J P 

Shift to neeirest letter 

Attentional message at V4 

Letter attended in WN 

Letter identified 

Moto r  outpu t  begin s 

Motor command completed 

Figur e 5 :  Operato r  trac e o f  th e 25 0 mse c precu e 

A majo r  simplificatio n i n th e curren t  implementatio n i s tha t  i t  i s  unnecessar y t o mode l  th e invers e 

relationshi p betwee n regio n siz e an d shap e stimulu s resolutio n strictly .  Instead ,  w e assume d tha t  unattende d 

shap e feature s wer e simpl y no t  identifiable ,  bu t  the y wer e detectable .  Thi s allowe d the m t o ac t  a s destination s 

i n th e visua l  field  fo r  shift s o f  attention .  Onc e a  featur e wa s attended ,  it s identit y wa s availabl e throug h 

Workin g Memory ;  tha t  is ,  a n Identif y operato r  coul d b e create d fo r  it .  W e ma y nee d t o refin e ou r 

interpretatio n o f  th e "Zoo m Len s Model "  s o tha t  identifiabilit y  take s o n a  mor e stochaisti c qualit y base d 

on proximit y t o th e regio n o f  attentio n instea d o f  th e discret e qualit y i t  no w has .  I t  i s  possibl e tha t  thi s 
stochasti c qualit y coul d hel p t o accoun t  fo r  nois e effects ,  suc h a s thos e foun d i n C H E ,  wher e distractin g 

letter s nea r  th e targe t  slowe d identificatio n respons e time . 

Althoug h extension s ar e necessary ,  th e result s o f  thi s wor k sho w tha t  th e augmente d M H P ca n b e use d 

t o accoun t  fo r  a  limite d grou p o f  visua l  attentiona l  phenomena ,  an d tha t  Soa r  i s a  sufficien t  symboli c 

architectur e fo r  buildin g runnin g M H P models . 
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