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Abstract 

A handful of prominent theories have been proposed to explain a 
larg e quantit y o f  experimenta l  dat a o n visua l  attention .  W e ar e 
developin g a  connectionis t  networ k mode l  o f  visua l  attentio n whic h 
provide s a n alternativ e theor y o f  attentio n base d o n computationa l 
principles .  I n thi s paper ,  w e describ e aspect s o f  th e mode l  relevan t  t o 
th e dependenc e o f  visua l  searc h time s o n displa y siz e (numbe r  o f 
object s i n th e stimulu s image) .  Duncan' s stimulu s similarit y theor y 
provide s th e characterizatio n o f  th e experimenta l  dat a whic h w e us e i n 
simulatin g an d evaluatin g ou r  model .  Th e characteristic s o f  th e networ k 
model  tha t  suppor t  th e continuousl y varyin g dependenc e o f  searc h tim e 
on displa y siz e ar e th e constrain t  propagatio n searc h implemente d b y a 
winner-take-al l  mechanis m i n th e attentio n layer ,  an d th e latera l 
inhibitio n networ k withi n eac h primitiv e featur e map ,  whic h provide s 
th e featur e contras t  neede d t o filte r  ou t  backgroun d textures .  W e repor t 
th e result s o f  simulation s o f  th e model ,  whic h agre e wit h experimenta l 
dat a o n visua l  attentio n i n huma n subjects . 

Introduction 

Visual attention refers to the phenomenon of perceiving relevant parts of a 
visua l  stimulus ,  whil e ignorin g irrelevan t  parts .  Treisman' s featur e integratio n 
theor y [Treisma n &  Gelad e 1980 ]  provide s on e explanatio n o f  attentiona l  phenomen a 
i n term s o f  primitiv e featur e map s an d ho w the y ar e combine d i n recognizin g 
comple x patterns .  Duncan' s stimulu s similarit y theor y [Dunca n &  Humphrey s 1989 ]  i s 
an alternativ e explanatio n whic h i s base d o n tw o similarit y measure s applie d t o 
relevan t  an d irrelevan t  part s o f  th e stimulus .  W e hav e propose d a  networ k base d 
theor y o f  thes e sam e phenomen a [Sando n 1989,1990] ,  whic h combine s aspect s o f  bot h 
featur e integratio n an d stimulu s similarity ,  whil e providin g a  framewor k fo r 
achievin g computationa l  efficiency . 

In this paper, we discuss a particular aspect of our theory, which is most 
relevan t  t o Duncan' s similarit y base d theory .  I n particular ,  whil e Treisman' s theor y 
involve s discret e distinction s betwee n paralle l  an d seria l  visua l  search ,  Duncan' s 
theor y involve s a  continuousl y varyin g dependenc e o f  searc h time s o n displa y size . 
I n ou r  networ k mode l  o f  attention ,  thi s dependenc e i s explaine d i n term s o f  featur e 
maps wit h mutuall y inhibitin g activation s an d th e tim e cours e o f  th e winner-take-al l 
( W T A)  mechanis m responsibl e fo r  selectin g th e attentiona l  focus . 

In the next section we review the details of the feature integration and 
stimulu s similarit y theories ,  an d mentio n relate d networ k model s o f  attention .  Th e 
followin g section s describ e ou r  ow n networ k mode l  an d th e result s o f  som e relevan t 
compute r  simulations . 
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B a c k g r o u n d 

Feature integration theory. Treisman and her colleagues [Treisman & Gelade 

1980 ;  Treisma n &  Schmid t  1982 ]  hav e collecte d dat a o n huma n visua l  performanc e fo r 

a variet y o f  task s wher e attentio n i s implicated .  I n particular ,  he r  dat a sugges t  tha t 

i n a  visua l  searc h task ,  whe n th e targe t  t o b e detecte d differ s fro m non-targe t 

distractor s alon g a  singl e primitiv e featur e dimension ,  th e targe t  ca n b e detecte d i n 

an amoun t  o f  tim e tha t  doe s no t  depen d o n th e numbe r  o f  distractors .  Thus ,  i t  appear s 

tha t  th e searc h fo r  th e targe t  proceed s i n parallel ,  wit h al l  objects ,  targe t  an d non -

targe t  alik e bein g processe d simultaneously .  Thi s i s referre d t o a s featur e search .  O n 

th e othe r  hand ,  whe n th e targe t  i s distinguishe d fro m th e distractor s b y a 

combinatio n o f  value s i n tw o featur e dimensions ,  th e amoun t  o f  tim e require d t o 

detec t  th e targe t  increase s linearl y wit h th e numbe r  o f  distractor s i n th e input .  Thus , 

i t  appear s tha t  th e searc h fo r  th e targe t  proceed s serially ,  wit h al l  object s bein g 

processe d i n sequence .  Thi s i s referre d t o a s conjunctio n search . 

Stimulus similarity theory. Duncan provides an alternative theory to explain the 

reactio n tim e dependencie s o f  visua l  searc h [Dunca n 1985 ;  Dunca n &  Humphrey s 

1989] .  Settin g asid e th e paralle l  versu s seria l  distinction ,  Dunca n claim s tha t  th e 

searc h time s depen d onl y o n tw o measures :  th e similarit y betwee n th e targe t  an d th e 

nontarge t  distractor s (T- N similarity) ,  an d th e similarit y amon g th e noniarget s (N- N 

similarity) .  Highe r  T- N similarit y increase s th e searc h tim e fo r  th e target ,  whil e 

lowe r  N- N similarit y ha s a n eve n mor e pronounce d effec t  i n increasin g th e searc h 

time .  Thi s i s referre d t o a s th e stimulu s similarit y theory .  Dunca n als o emphasize s th e 

importanc e o f  objec t  siz e i n obtainin g th e reporte d attentiona l  effects .  I n particular , 

th e searc h tim e dependenc e o n numbe r  o f  object s i s itsel f  dependen t  o n th e rati o o f 

objec t  siz e t o retina l  eccentricit y o f  th e objec t  withi n th e image . 

Previous connectionist models. Prior to this work, a handful of network models 

hav e bee n propose d t o explai n individua l  piece s o f  th e attentiona l  data .  Hinto n an d 

Lan g [1985 ]  use d a  networ k simila r  t o Hinton' s [1981 ]  mappin g networ k t o simulat e 

illusor y conjunctions .  Usin g a  winner-take-al l  ( W T A )  arra y o f  processin g element s 

t o represen t  th e attentiona l  focus ,  the y foun d tha t  illusor y conjunction s coul d b e 

made t o occu r  i f  a  rando m inpu t  patter n wa s presente d prio r  t o settlin g o f  th e W T A 

proces s i n th e attentio n array .  Moze r  [1988 ]  use d a  simila r  networ k structur e t o 
simulat e a  probabilisti c  attentiona l  mechanis m havin g variabl e focu s siz e i n hi s 

M O R S EL system .  Sando n &  Uh r  [1988 ]  use d a  networ k simila r  t o Hinton' s mappin g 

network ,  bu t  implemente d th e representatio n o f  locatio n hierarchically ,  a s a  mean s 

of  mor e efficientl y representin g an d learnin g translatio n invarian t  objec t 

recognition .  Thi s hierarchica l  representatio n o f  locatio n lead s naturall y t o th e ide a 

of  representin g th e attentiona l  focu s i n a  hierarchy . 

The network model 

We have designed a network model of visual attention based on constraints 
draw n fro m thre e fields :  computationa l  principle s develope d i n th e machin e visio n 

literature ,  knowledg e o f  th e neurophysiolog y o f  vision ,  an d behaviora l  data .  I n thi s 

section ,  w e summariz e th e overal l  model .  Sando n [1990 ]  discusse s th e consideration s 

motivatin g th e networ k design ,  an d present s th e result s o f  othe r  simulatio n 

experiments . 

The underlying structure of the network is based on the original network used 

by Hinto n [1981 ]  t o mode l  translatio n (a s wel l  a s rotation )  invarian t  objec t 

recognition .  Th e ide a i s t o represen t  bot h shap e feature s an d spatia l  locatio n o f 

575 



object s i n separat e arrays ,  an d t o combin e thes e tw o source s o f  informatio n 

multiplicativel y (usin g so-calle d conjunctiv e connections )  i n recognizin g objects . 

Thi s desig n provide s a  computationa l  structur e tha t  allow s fo r  th e representatio n o f 

multipl e competin g hypothese s abou t  th e locatio n an d identit y o f  objects ,  an d 
produce s a n interpretatio n o f  th e imag e whic h i s mos t  consisten t  wit h th e dua l  se t  o f 
constraint s (locatio n feature s an d shap e features) . 

In previous work [Sandon & Uhr 1988), we augmented a pyramid structured 

shap e networ k wit h a  locatio n subnetwor k t o efficientl y perfor m translation -

invarian t  objec t  recognition .  W e use d a  tw o layere d hierarchica l  representatio n fo r 

th e locatio n subnetwork ,  whic h reduce d th e require d connectivity ,  allowin g u s t o 

trai n th e networ k t o recogniz e object s i n give n position s an d the n generaliz e t o 

nove l  positions .  Th e mode l  propose d her e use s a  hierarchica l  representatio n o f 

spatia l  locatio n a s th e basi s fo r  a n attentiona l  mechanism .  Thi s structur e 

automaticall y provide s translation-invarian t  recognitio n o f  objects ,  sinc e it s 

underlyin g structur e i s tha t  o f  th e translation-invarian t  network .  T o thi s basi c 

structure ,  w e ad d a  capabilit y  fo r  multipl e scal e analysis ,  b y providin g separat e 

pathway s fo r  processin g th e imag e a t  differen t  level s o f  resolution . 

For the purpose of recognizing relatively simple geometric shapes, as are 

generall y use d a s stimul i  fo r  psychologica l  an d neurophysiologica l  studies ,  a  shap e 

featur e hierarch y suc h a s tha t  use d b y Uh r  [1978 ]  o r  Sabba h [1985 ]  i s appropriate . 

Sinc e th e evidenc e fo r  variou s shap e featur e detector s i n th e huma n visua l  syste m i s 

stil l  a  matte r  o f  debat e [Treisma n & .  Gelad e 1980 ;  Sag i  1988 ;  McLeod .  et .  al .  1988 ;  Dunca n 

& Humphrey s 1989] .  thi s mode l  make s n o a  prior i  commitmen t  t o a  particula r  se t  o f 

features .  Instead ,  w e develo p ou r  featur e se t  incrementall y a s w e simulat e mor e o f 

th e behaviora l  data . 

We must also specify the set of features used to activate the attention layers. 

Ther e ar e tw o aspect s t o b e considere d i n addressin g thi s problem .  First ,  wha t  ar e th e 

attentiona l  feature s themselves ,  an d second ,  h o w d o thes e feature s interac t  t o 

produc e th e attentiona l  activation ? Regardin g th e feature s themselves ,  w e agai n 

choos e thos e tha t  produc e simulatio n result s i n agreemen t  wit h th e behaviora l  data . 

At  th e lowes t  laye r  o f  attention ,  oriente d edge s an d line s ar e used .  A t  th e highe r 

layer ,  perceptua l  groupin g features ,  suc h a s paralle l  an d collinea r  lines ,  symmetry , 

and adjacen t  lin e termination s ar e appropriat e [Low e 1987 ;  Witki n &  Tenenbau m 

1983] .  T o combin e feature s fo r  attentiona l  input ,  w e implemen t  a n interactio n amon g 

lik e feature s prio r  t o thei r  introductio n t o th e attentio n array .  I n particular ,  a 

central-excitatory ,  peripheral-inhibitor y interactio n i s applie d t o eac h o f  th e 

featur e map s use d a s inpu t  t o th e attentio n array .  Thi s contras t  enhancemen t  o f 

feature s produce s inpu t  t o th e attentio n arra y onl y whe n a  give n featur e occur s i n 

th e imag e i n relativ e isolatio n fro m othe r  feature s o f  th e sam e type . 

The attentional focus is determined by a WTA competition within the attention 

array .  Th e effec t  o f  th e attentiona l  activit y i s t o gat e th e feature s fro m a  particula r 

regio n o f  th e imag e u p t o highe r  layer s o f  th e network ,  wher e objec t  recognitio n 

occurs .  A s previousl y noted ,  th e feature s comprisin g th e inpu t  t o thi s recognitio n 

proces s ar e locatio n invariant .  Similarly ,  thes e feature s ar e mad e scal e invariant ,  b y 

transformin g eac h possibl e scal e t o a  normalize d size .  Th e individua l  dat a path s 

representin g th e differen t  processin g scale s ar e combine d prio r  t o recognitio n 

processin g usin g a  polic y o f  globa l  precedenc e [Hughe s et .  al .  1990] .  Thi s polic y 

assure s that ,  i n th e absenc e o f  othe r  information ,  th e lowes t  resolutio n dat a pat h tha t 

exhibit s significan t  attentiona l  activit y i s gate d t o th e highe r  processin g levels . 
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Figur e l a s u m m a r i z e s th e aiientiona l  m o d e l  describe d i n thi s section .  T h e 

leftmos t  dat a pat h i s fo r  fin e scal e processin g an d include s t w o level s o f  attention . 

Dat a path s ar e bidirectional ,  providin g a  p a t h w a y fo r  attentiona l  p r iming ,  a n d othe r 

task-directe d responses .  T h e m idd l e dat a pat h i s similar ,  bu t  start s wit h a  l owe r 

resolutio n intensit y i m a g e ,  an d require s onl y o n e attentio n laye r  t o selec t  feature s 

fo r  processin g b y th e recognitio n processor .  T h e rightmos t  dat a pat h involve s th e 

coarses t  resolutio n intensit y i m a g e ,  w h o s e feature s ar e passe d directl y t o th e 

recognitio n processor .  T h e s e thre e dat a path s provid e processin g a t  thre e scales .  T h e 

choic e o f  w h i c h scal e t o proces s i s m a d e b y th e scal e arbitrator ,  w h i c h i m p l e m e n t s 

th e globa l  p recedenc e policy . 
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Simulation results 

We have simulated a number of the experiments described by Duncan and 
H u m p h r e y s [1989 ]  usin g a  subne twor k o f  th e m o d e l  jus t  described .  T h e simulate d 

networ k use s a  6 4 x  6 4 pixe l  intensit y arra y t o represen t  th e inpu t  stimulus .  W e us e 

onl y a  singl e laye r  attentio n m e c h a n i s m ,  bu t  a t  t w o differen t  scales .  T h e primitiv e 

featur e m a p s i m p l e m e n t e d i n th e simulatio n ar e fou r  orientation s o f  lines ,  an d fou r 

orientation s o f  'L '  corners .  E a c h primitiv e featur e m a p ha s a n associate d contras t 

featur e m a p ,  w h i c h i s c o m p u t e d b y apply in g a n on-center ,  of f -surroun d latera l 

inhibitio n operato r  t o th e featur e m a p .  T h e activation s o f  al l  contras t  feature s ar e 

s u m m ed t o prov id e th e b o t t o m - u p initia l  activatio n o f  th e attentio n arrays .  T o 

simulat e th e task-directe d c o m p o n e n t  o f  attentiona l  activation ,  w e w e i g h t  th e 

contribution s o f  featur e array s associate d wit h th e k n o w n targe t  objec t  m o r e tha n 

th e remainin g featur e array s w h e n s u m m i n g them .  A  W T A operatio n i s applie d t o th e 
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initia l  aitentiona l  activation ,  base d o n th e followin g inhibitio n rul e [Koc h &  Ullma n 

1985] : 

dy i  /d t  =  y i  (x j  -  I  X j  y j  ) 

yi  (0 )  =  (1/N )  +  T\  ;  Ti  i s  zer o mea n nois e 

In this rule, the xj are the attention layer activations, while the yi are the 

activation s o f  a  se t  o f  auxiliar y nodes .  Th e rul e constrain s th e y i  alway s t o su m t o 1 . 

We hav e use d a  terminatio n criterio n tha t  require s on e o f  th e y j  t o excee d a  valu e o f 

0.6 ,  whic h i s sufficien t  t o guarante e tha t  th e correspondin g regio n wil l  wi n th e 

competition .  W e repor t  th e numbe r  o f  W T A iteration s require d t o reac h criterion ,  a s 

an indicato r  o f  th e respons e tim e o f  th e network .  W c d o no t  includ e th e recognitio n 

subnetwor k i n th e simulation . 

Duncan describes four extreme cases with respect to his similarity measures: 

Case 

A 
B 
C 
D 

T- N 
similari t 

lo w 
h i g h 

lo w 
h i g h 

Y 

N- N 
similarit y 

h i g h 

h i g h 

lo w 
lo w 

dependenc e o n 

displa y siz e 

lo w 
intermediat e 

lo w 
h i g h 

We hav e simulate d th e experiment s reporte d i n [Dunca n &  Humphrey s 1989 ] 

fo r  eac h o f  th e abov e fou r  cases ,  usin g displa y size s o f  4  an d 6 .  I n addition ,  w e hav e 

repeate d thes e experiment s fo r  displa y size s o f  1 5 an d 20 .  Th e display s i n Figur e 2 

sho w th e stimulu s pattern(i )  an d initia l  attentio n activation(ii )  fo r  th e followin g 

experiments :  (a )  Cas e A ,  Siz e 15 ;  (b )  Cas e B ,  Siz e 6 ;  (c )  Cas e C ,  Siz e 4 ;  (d )  Cas e D ,  Siz e 20 . 

I n th e tabl e below ,  w e repor t  th e numbe r  o f  iteration s o f  th e W T A rul e applie d t o th e 

attentio n layer ,  require d fo r  on e o f  th e auxiliar y node s t o excee d th e valu e 0.6 .  Th e 

firs t  valu e correspond s t o th e hig h resolutio n attentio n array ,  th e secon d valu e t o th e 

lo w resolutio n array .  W e tak e th e respons e tim e t o b e th e lowe r  o f  th e tw o values . 

Case 

A 
B 
C 
D 

22 
22 
22 
22 

4 

15 
-  1 7 

-  1 3 

-*1 7 

27 
27 
27 
27 

Displa y Siz e 

6 1 5 

-  1 5 1 2 1 5 

-  1 8 2 4 -  99 + 

-  1 3 1 3 1 5 

-*1 9 3 6 -  99 + 

20 

12 -  1 3 

25 -  8 9 

13 -  1 3 

*15 -  99 + 

D i s c u s s i o n 

Th e simulatio n result s fo r  thi s subnetwor k ar e i n agreemen t  wit h th e 

experimenta l  dat a reporte d b y Dunca n an d Humphreys .  Fo r  Cas e A ,  ou r  mode l 

achieve s a  searc h tim e independen t  o f  displa y siz e du e t o th e stron g respons e i n th e 

'L '  corne r  featur e m a p correspondin g t o th e target ,  whic h i s directl y reflecte d i n th e 

attenliona l  activation ,  an d th e inhibitio n amon g th e nontarget s i n th e othe r  featur e 

maps,  du e t o thei r  hig h similarity .  Cas e C  give s simila r  results ,  thoug h th e inhibitor y 

interaction s amon g nontarget s i s weaker ,  du e t o thei r  distributio n amon g multipl e 

featur e maps .  Thes e tw o case s ar e no t  distinguishe d i n Treisman' s theory ,  bot h 

correspondin g t o th e featur e searc h condition . 

For Case B, we get a moderate dependence of search time on display size. This is 

du e t o th e somewha t  weake r  activatio n o f  th e attentio n arra y correspondin g t o th e 
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targe t  tha t  result s fro m th e inhibitor y interactio n o f  th e targe t  an d nontarget s i n th e 

featur e maps .  Finally ,  fo r  Cas e D .  th e differenc e i n attentiona l  activit y correspondin g 

t o targe t  an d nontarget s i s low ,  a s a  resul t  o f  weake r  inhibitor y interaction s amon g 
nontarget s du e t o thei r  lo w similarity ,  an d o f  stron g interaction s betwee n targe t  an d 

nontarget s du e t o hig h similarity .  Thi s lac k o f  contras t  i n som e case s lead s th e W T A 

procedur e t o choos e a  nontarge t  a s th e selecte d focu s o f  attentio n (a s indicate d b y a n 

asteris k i n th e table) .  Thi s behavio r  would ,  i n a  mor e complet e simulation ,  lea d t o a 

trul y seria l  searc h fo r  th e target ,  mediate d b y multipl e W T A settling s wit h inhibitor y 

taggin g [Klei n 1988 ]  betwee n settlings .  Again ,  Treisman' s theor y doe s no t  distinguis h 

thes e cases ,  bu t  presume s a  mechanis m lik e th e multipl e settling s a s th e sourc e o f  th e 

seria l  searc h times . 

The connectionist network described above is intended to provide an 

alternativ e mode l  o f  attentiona l  behavio r  t o tha t  characterize d b y Treisma n o r  b y 

Duncan .  W e no w conside r  th e relation s amon g th e thre e theories .  Treisman' s theor y 

appear s t o b e a  specia l  cas e o f  Duncan's ,  sinc e he r  feature-conjunctio n searc h 

dichotom y i s subsume d b y Duncan' s T- N similarit y measure ,  whil e th e N - N similarit y 

measur e allow s additiona l  dat a t o b e modelled .  O n th e othe r  hand ,  despit e Duncan' s 

insistenc e tha t  visua l  searc h time s depen d no t  o n whic h feature s i n targe t  an d 

nontarge t  object s ar e primitive ,  bu t  onl y o n th e similarit y amon g thes e objects ,  ou r 

model  suggest s tha t  thi s 'similarity '  measur e i s highl y dependen t  o n th e identit y o f 

th e primitiv e features .  Sinc e th e interaction s amon g feature s occu r  withi n th e 

primitiv e featur e maps ,  i t  i s  i n th e primitiv e featur e dimension s tha t  similarit y i s 

determined . 

Treisman identifies two different search complexities, parallel and serial, 

whic h correspon d t o searc h time s tha t  ar e independen t  o f  displa y siz e an d linearl y 

dependen t  o n displa y size ,  respectively .  Dunca n reject s thes e distinctions ,  preferrin g 

t o describ e a  varyin g dependenc e o f  searc h tim e o n displa y size .  I n ou r  model ,  w e 

observ e thre e differen t  searc h modes .  W h e n th e targe t  produce s a  stron g activatio n 

i n th e attentio n layer ,  whil e distractor s produc e wea k o r  n o activation ,  th e W T A 
procedur e converge s t o a n isolate d activatio n correspondin g t o th e targe t  i n a  tim e 

tha t  i s virtuall y independen t  o f  th e numbe r  o f  distractors .  Thi s correspond s t o 

paralle l  search .  W h e n th e targe t  an d nontarget s produc e approximatel y equa l 

attentiona l  activations ,  th e W T A procedur e converge s muc h mor e slowly .  Mor e 

importantly ,  th e regio n selecte d i s a s likel y t o correspon d t o an y imag e objec t  a s an y 

other ,  s o multipl e W T A settling s ma y b e require d t o locat e th e target .  Thi s 

correspond s t o seria l  search .  W h e n th e targe t  produce s a n attentiona l  activatio n tha t 

i s  onl y moderatel y stronge r  tha n tha t  produce d b y distractors ,  th e dependenc e o f 

searc h tim e o n displa y siz e i s determine d b y th e W T A procedure .  Th e resultin g 

constrain t  propagation ,  o r  relaxation ,  searc h i s parallel ,  i n tha t  i t  consider s al l  objec t 

location s simultaneously ,  bu t  i s  dependen t  o n bot h th e numbe r  an d magnitud e o f  th e 

non-maxima l  activations ,  yieldin g a  displa y siz e dependenc y tha t  i s differen t  tha n 

eithe r  o f  th e othe r  tw o cases . 

Finally, we mention some additional experiments reported by Duncan & 

Humphreys .  I n additio n t o th e similarit y measures ,  anothe r  critica l  determinan t  o f 

searc h time s i s th e siz e o f  th e object s i n th e display .  Fo r  a  give n eccentricity ,  large r 

object s reduc e th e displa y siz e dependency .  I n ou r  model ,  thi s resul t  i s  predicte d b y 

th e reduce d interactio n o f  object s withi n th e featur e maps ,  du e t o th e limite d exten t 

of  th e inhibitor y connections .  I n anothe r  experimen t  whic h use d 'L '  corner s o f 

differen t  orientation s fo r  target s an d nontargets ,  a  larg e dependenc e o f  searc h tim e 

on displa y siz e wa s foun d whe n th e nontarget s wer e C W an d C C W 90 °  rotation s o f  th e 

target .  Th e explanatio n give n b y Dunca n i s tha t  th e targe t  i s simila r  t o th e 
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nontargets .  bein g th e sam e objec t  excep t  fo r  a  rotation .  Ou r  curren t  simulation s coul d 
not  produc e thi s result ,  sinc e ther e i s n o representatio n o f  rotation ,  no r  o f  similarit y 
acros s rotation .  Ou r  mode l  woul d hav e t o b e elaborate d t o includ e rotation ,  a s i n 
Hinton' s [1981 ]  origina l  model ,  i n orde r  t o simulat e thi s behavior . 
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