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Abstrac t 

Visual attention requires the selection of salient re-

gion s an d thei r  remappin g int o a  position-invarian t 

format .  W e propos e th e dynamic-gatin g mode l  ca -

pabl e o f  autonomou s remapping .  I t  combine s th e lo -

calizatio n networ k o f  Koc h an d U U m an (1985 )  wit h 

a modifie d shifter-circui t  networ k (Anderso n L  Va n 

Es.sen ,  1987) .  Autonomou s selectio n an d remappin g 

of  salien t  region s resul t  fro m loca l  gatin g dynamic s 

and loca l  connectivity ,  implyingtha t  scalin g t o larg e 

proble m size s i s straightforward . 

1. Introduction 

The visual system is equipped with a highly flex-

ibl e proces s tha t  enable s th e allocatio n o f  compu -

tationa l  resource s t o a  restricte d par t  o f  th e reti -

nal  image .  W h e n operatin g independentl y o f  ey e 

movements ,  thi s proces s i s  calle d cover t  attentio n 

(Posne r  an d Presti ,  1987) .  Thi s contributio n pro -

pose s a  neura l  mode l  o f  cover t  attention .  I n orde r 

t o allo w scalin g t o larg e proble m size s (e.g. ,  vision) , 

wp impos e th e implementationa l  restriction s o f  lo -

cal  pmresstn g an d loca l  connectivity .  B y distribut -

in g tas k loa d an d executin g computation s i n par -

all H w e ai m a t  achievin g a  performanc e matchin g 

tha t  o f  th e h u m a n visua l  syste m (Nelso n k  Bower , 

1990) .  Sectio n 2  discusse s behaviora l  findings  o n 

cover t  attention .  I n Sectio n 3 ,  dynami c remappin g 

i s suggeste d t o pla y a n importan t  rol e i n th e vi -

sua l  system .  Sectio n 4  present s th e dynamic-gatin g 

model  an d Sectio n •' )  give s som e simulatio n results . 

Finall y Sectio n 6  evaluate s th e model . 

*IB M i s acknowledge d fo r  ihei r  hardwar e suppor t  unde r 
th e Join t  Stud y Agreemen t  D.AEDALOS (#289651) . 

2 .  C o v e r t  a t t en t i o n 

A common metaphor for covert attention is of a 

spotligh t  illuminatin g par t  o f  th e retina l  image .  Th e 

processin g o f  stimul i  capture d b y th e spotlights ' 

bea m i s  enhance d a t  th e cos t  o f  th e processin g o f 

stimul i  lyin g outsid e th e beam .  Behaviora l  studie s 

reveale d tha t  cover t  attentio n indee d behave s muc h 

lik e a  spotlight .  Sag i  an d Jules z (1986) ,  fo r  instance , 

foun d performanc e o n th e detectio n o f  a  tes t  flash  t o 

be enhance d whe n attentio n wa s directe d o n a  to-be -

identifie d stimulu s i n it s vicinity .  Th e enhancemen t 

was stronges t  a t  th e stimulu s locatio n an d droppe d 

graduall y a t  increasin g eccentricity .  Othe r  findings 

indicat e tha t  th e attentiona l  bea m ca n b e expande d 

t o cove r  large r  retina l  region s (Eriksen ,  1990) ,  co -

incide d b y a n enhancemen t  tha t  i s  inversel y pro -

portiona l  t o th e siz e o f  th e attende d area .  Appar -

ently ,  then ,  th e computationa l  resource s invoke d i n 

cover t  attentio n ar e limite d causin g a  trade-of f  be -

twee n resolutio n an d viewin g angle . 

Th e spee d o f  movin g th e spotligh t  t o ne w loca -

tion s ha s bee n reporte d t o excee d th e spee d o f  ey e 

movement s (eve n 4  t o 5  times ,  Saarine n k  Julesz , 

1991) .  Othe r  findings  (Remingto n &  Pierce ,  1984 ; 

Kwak,  Dagenbach ,  k  Egeth ,  1991 )  sho w tha t  atten -

tio n jump s i n a  tim e invarian t  fashio n (i.e. ,  wit h a 

spee d proportiona l  t o distance )  suggestin g a n un -

derlyin g mechanis m reminiscen t  o f  th e saccade s as -

sociate d wit h over t  attentio n (Posner ,  1980) . 

Cover t  attentio n i s  her e assume d t o b e base d 

on tw o processes :  localizatio n an d identification . 

I n localization ,  a  conspicuou s are a i s selecte d ver y 

rapidl y i n orde r  t o alig n th e attentiona l  bea m wit h 

it .  I n identification ,  th e content s a t  th e attende d 

regio n ar e matche d agains t  interna l  objec t  represen -

tations .  Suc h a  matchin g require s th e computatio n 

of  a n object-centere d fram e o f  reference .  W e wil l 

focu s o n ho w localizatio n an d th e constructio n o f 

an object-centere d fram e o f  referenc e ca n b e mod -

ele d give n ou r  implementationa l  restriction s o f  loca l 

processin g an d loca l  connectivity . 
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3.  Dynami c remappin g 

Detailed visual analysis of complex patterns re-

quire s th e allocatio n o f  larg e computationa l  re -

sources .  I t  i s  no t  feasibl e t o allocat e multipl e rec -

ognizer s fo r  al l  position s i n th e visua l  fieKI.  Rathe r 

a singl e dedicate d recognitio n module ,  dynamicall y 

linke d t o a  (spatiall y  contiguous )  par t  o f  th e reti -

nal  inpu t  (cf .  th e attentiona l  spotlight) ,  i s  a  muc h 

more parsimoniou s solutio n (cf .  Va n Essen ,  An -

derson ,  k .  Felleman ,  1992) .  Recen t  neurophysio -

logica l  finding s sugges t  suc h a  proces s t o operat e 

i n concer t  wit h visua l  attention .  Duhamel ,  Colb y 

and Goldber g (1992 )  foun d receptiv e fields  o f  neu -

ron s i n th e parieta l  corte x t o shif t  i n anticipatio n 

of  ey e movements .  A s a  result ,  th e interna l  repre -

sentatio n o f  th e visua l  scen e i s remappe d t o matc h 

th e retina l  patter n afte r  saccad e completion .  Des -

imone ,  Mora n an d Spitze r  (1989 )  foun d attention -

all y modulate d receptive-fiel d shift s i n inferio r  tem -

pora l  cortex .  Considerin g th e common functiona l 

distinctio n o f  a  "where "  (occipitoparietal )  pathwa y 

dealin g wit h th e tas k o f  encodin g spatia l  relation s 

and a  "what "  (occipitotemporal )  pathwa y involve d 

i n th e tas k o f  objec t  recognitio n (e.g. ,  Mishki n k 

Appenzeller ,  1987 ;  Goodal e &  Milner ,  1992) ,  a  ten -

tativ e vie w hold s tha t  dynami c remappin g account s 
fo r  maintainin g constancie s appropriat e fo r  th e tas k 

at  hand . 

Con.structio n o f  perceptua l  referenc e frame s (e.g. , 

object-centere d o r  viewer-centered )  ma y procee d b y 

appropriat e samplin g o f  retinall y contiguou s spa -

tia l  (an d feature )  patterns .  Suc h selectiv e samplin g 
can effectivel y b e realize d b y dynami c remapping . 

Two complementar y neura l  model s usin g dynami c 

remappin g hav e bee n propose d i n th e literature . 

One mode l  deal s wit h th e localizatio n o f  conspicu -

ous patterns ,  th e othe r  account s fo r  th e remappin g 
of  pattern s int o a n appropriat e referenc e frame .  Be -

low ,  w e briefl y discus s thes e model s integrate d i n 

th e dynamic-gatin g mode l  presente d i n Sectio n 4 . 

The shifter-circuit network 

The remapping of patterns has been hypothesized 

t o occu r  throug h dynami c routin g b y Anderso n 

and Va n Esse n (1987) .  Th e shifter-circui t  net -

wor k show n i n Figur e l a consist s o f  a  hierarch y 
of  thre e concatenate d shifte r  circuit s accommodat -

in g th e routin g o f  a  contiguou s patter n i n th e in -

put  toward s th e output .  Eac h shifte r  circui t  shift s 

incomin g pattern s t o th e lef t  o r  t o th e righ t  b y se -

lectivel y enablin g th e transmissio n line s pointin g i n 
one directio n whil e disablin g th e line s pointin g i n 

th e othe r  direction .  Pattern s presente d a t  th e bot -

to m o f  a  shifte r  circui t  are ,  therefore ,  remappe d 

withou t  distortin g th e interna l  patter n structure . 

Critica l  fo r  prope r  functionin g o f  a  shifte r  circui t  i s 

th e requiremen t  t o alig n enable d (disabled )  trans -

missio n lines .  T o fulfi l  thi s requiremen t  Anderso n 

and Va n Esse n (1987 )  introduce d on e shift-contro l 

modul e fo r  eac h shifte r  circuit .  A  shift-contro l  mod -

ul e contain s tw o neurons ,  on e contactin g al l  trans -

missio n line s pointin g leftward s an d on e contactm g 

al l  transmissio n line s pointin g rightwards .  A t  amy 

tim e onl y on e o f  th e shift-contro l  neuron s i s active , 

effectivel y disablin g signa l  flow  throug h al l  th e line s 

i t  contacts .  A  shifter-circui t  architectur e wit h L 

layer s (i.e. ,  shifte r  circuits )  an d k  shiftin g direction s 

(i t  =  2  i n Figur e la )  i s  capabl e o f  remappin g a  sub -

patter n o f  lengt h »  fro m an y positio n i n a n inpu t 

laye r  o f  lengt h i  -I -  Jfc ^  -  1  toward s th e outpu t  layer . 

The localization network 

Koch and Ullman (1985) proposed a hierarchical 

networ k tha t  enable s localizatio n an d detectio n o f 

conspicuou s features .  Th e structur e o f  thei r  mode l 

i s depicte d i n Figur e lb .  I t  consist s o f  L  layer s 
wit h ib '  link s i n laye r  /  ( /  =  1  i s th e to p layer , 

it  =  2  i n Figur e lb) .  A  Winner-Take-Al l  (WTA , 

Feldma n k ,  Ballard ,  1982 )  competitio n amon g i t 

adjacen t  transmissio n line s (neurons )  withi n a  sub -

tre e result s i n th e selectio n o f  a  loca l  maximu m in -

put  value .  Afte r  selection ,  th e "winning "  valu e i s 

propagate d (remapped )  t o th e nex t  laye r  upwards . 

The meiximu m valu e i s availabl e a t  th e to p layer . 

Figur e l b (bottom )  show s th e localizatio n o f  th e 

maximu m b y a  concatenate d sequenc e o f  "winning " 

transmissio n line s (arrows) .  A  feedbac k networ k o f 

auxiliar y unit s (eac h associate d wit h a  singl e up -

war d transmissio n line )  determine s th e positio n o f 

th e maximum .  Afte r  th e maximu m ha s reache d th e 

to p layer ,  auxiliar y element s compar e th e stat e o f 
thei r  associat e transmissio n lin e wit h th e stat e o f 

th e on e directl y above .  A  uni t  become s activ e i f 

bot h line s ar e winners ,  otherwis e i t  remain s inac -

tive .  Consequently ,  activate d auxiliar y unit s trac e 

th e concatenate d winning-lin e sequenc e i n th e re -

vers e direction . 

4.  Th e dynamic-gatin g mode l 

The localization and shifter-circuit networks can be 

combine d t o for m a n autonomou s "spotlight "  tha t 

orient s toward s conspicuou s regions .  A  salien t  pat -

ter n detecte d b y th e localizatio n networ k ca n stee r 
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Figur e 1 :  (a )  Th e shtfler-circui t  networ k propose d b y Anderso n an d Va n Esse n (1987 ,  top )  an d it s selec -

tion/remappin g o f  a  patter n o f  lengt h 4  (bottom) ,  (b )  Th e localizatio n networ k propose d b y Koc h an d Ullma n 

(19S5 ,  top )  an d ti s localizatio n o f  th e maTimu m inpu t  value . 

th e shifter-circui t  networ k s o tha t  th e patter n i s 
route d toward s it s to p laye r  wher e i t  ca n b e matche d 

agains t  prototypica l  objec t  representations .  Ou r 

implementationa l  constraint s o f  localit y o f  process -

in g an d connectivit y guid e th e successiv e modifica -

tion s necessar y fo r  ful l  integration .  Thi s approac h 

manages t o retai n th e neurophysiologica l  plausibil -

it y  o f  it s  componen t  networks .  I n particula r  th e 

combinatio n provide s a  mode l  fo r  dynami c remap -

pin g withi n th e occipitotempora l  pathway . 

N e t w o r k structur e 

Although the network structures shown in Figure 1 

hav e simila r  characteristic s the y ar e stil l  incompat -

ibl e sinc e th e magnitud e o f  shift s i n localizatio n 

network s increas e (whe n goin g upward )  wherea s i n 

shifter-circui t  network s the y decrease .  T o maintai n 

loca l  connectivity ,  simila r  function s (i.e. ,  localizin g 

and remapping )  mus t  b e execute d i n adjacen t  area s 

(e.g. ,  Nelso n &  Bower ,  1990) .  Therefor e w e hav e 

modifie d th e shifter-circui t  networ k int o a  struc -

tur e tha t  matche s th e localizatio n networ k b y re -

versin g th e orde r  o f  shifte r  circuit s (th e reverse d 

shifter-circui t  network) .  A s show n i n Figur e 2 a 

and b ,  th e reverse d shifter-circui t  networ k matche s 

th e structur e o f  th e localizatio n network .  Althoug h 

th e reverse d networ k employ s a  large r  numbe r  o f 

transmissio n line s i n compariso n t o th e original , 

i t  achieve s th e sam e remappin g capacit y give n a n 

equal  numbe r  o f  layers .  (Bot h th e standar d an d 

reverse d networ k show n i n Figur e l a an d 2 a ca n 
remap a  patter n o f  lengt h 4  ou t  o f  a n inpu t  o f  lengt h 

II. )  Bot h network s sampl e th e sam e input ,  bu t  th e 

localizatio n networ k sample s a t  a  lowe r  resolutio n 

(se e below) . 

Gating dynamics 

The elements of both networks have a combined gat-

in g an d competitio n (selection )  function .  Th e gat -

in g elemen t  (o r  gate ,  represente d b y a  circl e i n Fig -

ur e 2 )  propose d herei n perform s bot h function s si -

multaneously .  I t  compete s wit h th e link s i n it s iocj J 

neighborhoo d and ,  i f  i t  win s th e WTA-competition , 

gate s a  loca l  inpu t  valu e t o it s  output .  Th e dynam -

ic s o f  th e attentiona l  spotligh t  require s considerabl e 

and rapi d flexibility.  Man y WTA-scheme s reac t  rel -

ativel y slowl y t o an y chang e i n th e input .  Fo r  thi s 

reaso n w e propose d loca l  stochasti c gatin g dynam -

ic s base d o n th e neuro n mode l  o f  Littl e (e.g. .  Littl e 

k Shaw ,  1975 ;  Postma ,  va n de n Herik ,  k ,  Hudson , 

1992) .  Th e intrinsi c nois e o f  a  gat e i s exploite d t o 

enabl e i t  t o respon d rapidl y t o changin g input .  A t 

th e sam e tim e ther e i s a  limit ;  to o muc h flexibility 

cause s inheren t  instabilit y  (se e below) . 

Horizontal connectivity 

The nature of a gate's horizontal interactions (i.e., 

it s  loca l  neighborhood )  differ s fo r  th e tw o networks . 

I n th e localizatio n networ k winner s ar e determine d 
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Figur e 2 :  (a )  Reverse d shifter-circui t  network ,  (b )  Localizatio n network ,  (c )  Integrate d dynamtc-gatin g 

network .  Th e circle s represen t  ope n (black )  o r  close d (white )  gates . 

locally ,  wherea s i n th e remappin g networ k winner s 

ar e determine d ove r  th e lengt h o f  th e outpu t  pat -

tern .  Thes e opposin g characteristic s ar e directl y re -

late d t o th e distinc t  function s o f  bot h network s an d 

shoul d b e reflecte d i n th e definitio n o f  th e neigh -

borhoo d o f  th e gates .  Th e horizonta l  line s i n Fig -

ur e 2  illustrat e th e appropriat e connectivit y patter n 

of  bot h networks .  I n th e localizatio n network ,  con -

nectivit y i s restricte d t o non-overlappin g loca l  clus -

ter s o f  2  gate s (fo r  th e one-dimensiona l  networ k an d 

*̂  =  2) ,  i.e. ,  eac h gat e i s inhibite d b y a  singl e neigh -

bor  (cf .  Koc h &  Ullman ,  1985) .  I n th e remappin g 

networ k eac h gat e i s inhibite d b y 2  neighbors ,  i.e. , 

neighborhood s overlap .  I n tw o dimensions ,  horizon -

ta l  interaction s withi n a  laye r  for m a  field  o f  inde -
penden t  cluster s i n th e localizatio n networ k an d a 

lattic e structur e i n th e remappin g network .  Withi n 

eac h cluster ,  ther e i s a  singl e ope n gate .  I n th e lat -

tice ,  a  regula r  spatia l  patter n o f  ope n gate s (eac h 

surrounde d b y a  circula r  neighborhoo d o f  close d 
gates )  reflect s aligne d gatin g withi n a  singl e layer . 

T h e latte r  represent s a  specia l  cas e o f  th e Isin g Lat -

tic e o f  statistica l  mechanic s an d exhibit s globa l  gat -

in g behavio r  o n th e basi s o f  loca l  interaction s (se e 

Postma ,  va n de n Herik ,  &  Hudson ,  1992 ,  fo r  a  mor e 

detaile d treatmen t  o f  thes e issues) . 

Integration 

In the integrated dynamic-gating model, the auxil-

iar y unit s clam p a  smal l  subse t  o f  gate s withi n a 
laye r  o f  th e remappin g network .  A  singl e activ e 
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auxiliar y uni t  effect s th e prope r  gatin g ove r  a  larg e 

rang e (o f  orde r  i )  i n th e lattice .  Figur e 2 c illustrate s 

this :  th e commo n inpu t  a t  th e botto m i s sample d 

at  a  cours e resolutio n b y th e localizatio n networ k 

and sample d a t  a  hig h resolutio n b y th e remap -

pin g network .  Th e winnin g chun k (th e gre y bo x a t 

th e botto m o f  Figur e 2c )  i s foun d b y th e localiza -

tio n networ k i n th e inpu t  patter n I .  Th e sequenc e 

of  concatenate d upwar d pointin g arrow s ar e paire d 

wit h activ e auxiliar y unit s (no t  shown) .  Thes e unit s 

sparsel y clam p th e appropriat e gate s i n th e remap) -

pin g networ k s o tha t  th e content s o f  th e selecte d 

patter n i s remappe d int o th e outpu t  patter n O . 

5. Simulations 

The integrated dynamic-gating model has been 

teste d b y simulations .  Her e w e confin e ourselve s 

t o illu.stratin g th e localizatio n performanc e o f  th e 

network .  On e inpu t  i n a  1 6 x  1 6 two-dimensiona l 

inpu t  field  i s assigne d a  valu e o f  1. 0 (target )  an d 

th e res t  randoml y distribute d value s o n th e interva l 

[0.0,0.9 ]  (distractors) .  Figur e 3  show s th e localiza -

tio n performanc e (numbe r  o f  localization s pe r  100 0 

iterations )  fo r  al l  position s i n th e inpu t  field.  Th e 

number  o f  target-localization s i s specifie d nea r  th e 

targe t  bar .  Th e thre e graph s sho w localizatio n per -

formanc e fo r  differen t  magnitude s o f  th e intrinsi c 

noise :  lo w nois e (left) ,  mediu m nois e (middle) ,  an d 

hig h nois e (right) .  Althoug h targe t  localizatio n oc -

cur s mos t  frequentl y i n al l  thre e cases ,  performanc e 

i s bes t  a t  a  mediu m nois e level .  A t  low-nois e levels , 

localizatio n tend s t o "stick "  t o loca l  maxim a (dis -

tractors )  wherea s a t  high-nois e level s i t  become s un -

stable .  Th e optima l  (intermediate )  nois e leve l  com -

bine s stabilit y  agains t  inpu t  nois e wit h vigilanc e fo r 

inpu t  change . 

6. Evaluation 

In conclusion we may state that we have succeeded 

i n formulatin g a  neura l  mode l  o f  th e attentiona l 

spotlight .  B y obeyin g th e implementationa l  re -
quirement s o f  localit y o f  processin g an d connec -

tivity ,  w e arrive d a t  a n architectur e tha t  ca n b e 

scale d t o larg e visua l  inputs .  A s a  direc t  contin -

uatio n w e ar e currentl y studyin g th e performanc e 

of  th e dynamic-gatin g mode l  o n a  rang e o f  covert -

attentio n tasks . 
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