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A M o d e l  o f  Visua l  Perceptio n a n d Recognit io n Base d o n Separate d 

Representat io n o f  " W h a t "  a n d " W h e r e "  Objec t  Feature s 

Ily a A .  Ryba k 
Universit y o f  Pennsylvania ,  Philadelphia ,  P A 1910 4 

il y  a @ sh i  va .  seas ,  upenn.ed u 

Abstrac t 

In the processes of visual perception and 
recognitio n huma n eye s activel y selec t 
essentia l  informatio n b y wa y o f  successiv e 
fixation s a t  th e mos t  informativ e point s o f  th e 
image .  So ,  perceptio n an d recognitio n ar e no t 
onl y result s o r  neura l  computations ,  bu t  ar e 
als o behaviora l  processes .  A  behaviora l 
progra m definin g a  scanpat h o f  th e imag e i s 
forme d a t  th e stag e o f  learnin g (objec t 
memorizing )  an d consist s o f  sequentia l  moto r 
actions ,  whic h ar e shift s o f  attentio n from 
one t o anothe r  poin t  o f  fixation ,  an d sensor y 
signal s expecte d t o arriv e i n respons e t o eac h 
shif t  o f  attention . 

I n th e m o d e m vie w o f  th e problem , 
invarian t  objec t  recognitio n i s provide d b y th e 
foUowing :  (i )  separate d processin g o f  "what " 
(objec t  features )  an d "where "  (spatia l 
features )  informatio n a t  hig h level s o f  th e 
visua l  system ;  (ii )  mechanism s o f  visua l 
attentio n usin g "where "  information ; 
(iii)representatio n o f  "what "  informatio n i n a n 
object-base d frame  o f  referenc e (OFR) . 

However ,  mos t  recen t  model s o f 
visio n base d o n O F R hav e demonstrate d th e 
abilit y  o f  invarian t  recognitio n o f  onl y simpl e 
object s lik e letter s o r  binar y object s withou t 
background ,  i.e .  object s t o whic h a  frame  o f 
referenc e i s easil y attached .  I n contrast ,  w e 
use no t  OFR ,  bu t  a  feature-base d fram e of 
referenc e (FFR) ,  connecte d wit h th e basi c 
featur e (edge )  a t  th e fixatio n point .  Thi s ha s 
provide d fo r  ou r  model ,  th e abilit y  fo r 
invarian t  representatio n o f  comple x object s i n 
gray-leve l  images ,  bu t  demand s realizatio n o f 
behaviora l  aspect s o f  visio n describe d above . 

The develope d mode l  contain s a 
neura l  networ k subsyste m o f  low-leve l  visio n 
whic h extract s a  se t  o f  primar y feature s 
(edges )  i n eac h fixation ,  an d high-leve l 
subsyste m consistin g o f  "what "  (Sensor y 

Memory)  an d "where "  (Moto r  Memory ) 
modules .  Th e resolutio n o f  primar y feature s 
extractio n decrease s wit h distance s from  th e 
poin t  o f  fixation .  FF R provide s bot h th e 
invarian t  representatio n o f  objec t  feature s i n 
Sensor y Memor y an d shift s o f  attentio n i n 
Moto r  Memory .  Objec t  recognitio n consist s 
i n successiv e recal l  (fro m Moto r  Memory ) 
and executio n o f  shift s o f  attentio n an d 
successiv e verificatio n o f  th e expecte d set s o f 
feature s (store d i n Sensor y Memory) .  Th e 
model  show s th e abilit y  o f  recognitio n o f 
comple x object s (suc h a s faces )  i n gray-leve l 
image s invarian t  wit h respec t  t o shift , 
rotation ,  an d scale . 

Introductio n 

It is known that in the processes of visual 
perceptio n an d recognition ,  huma n eye s 
move an d successivel y fixat e a t  th e mos t 
informativ e point s o f  th e imag e (Noto n & 
Stark ,  1971 ;  Yarbus ,  1967) .  Durin g thes e 
processes ,  th e eye s activel y perfor m 
problem-oriente d selectio n o f  informatio n 
fro m th e visibl e worl d unde r  th e contro l  o f 
mechanism s o f  visua l  attentio n (Burt ,  1988 ; 
Julesz ,  1975 ;  Neisser ,  1967 ;  Shiffri n & 
Schneider ,  1977 ;  Triesma n &  Gedal ,  1980 ; 
Yarbus ,  1967) .  Thus ,  visua l  perceptio n an d 
recognitio n ar e no t  onl y a  resul t  of 
computation s tha t  ar e performe d b y neura l 
network s o f  th e visua l  syste m bu t  ar e als o 
behaviora l  processes . 

An importan t  componen t  o f  behavio r 
i s th e behaviora l  "program "  whic h i s forme d 
fo r  eac h ne w situatio n durin g learning .  A 
behaviora l  progra m consist s o f  sequentia l 
moto r  action s an d th e sensor y signal s whic h 
ar e expecte d t o arriv e i n respons e t o 
executio n o f  eac h moto r  action .  Behavio r 
may b e subdivide d int o tw o basi c stages :  th e 
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stag e o f  selectio n o f  th e appropriat e 
behaviora l  progra m (makin g a  hypothesi s 
about  th e situation) ,  an d th e stag e o f  it s 
execution .  Th e successiv e matchin g o f 
expecte d sensor y signal s wit h curren t  one s 
afte r  eac h moto r  actio n play s a  majo r  rol e i n 
th e executio n stage . 

The ide a tha t  perceptio n an d 
recognitio n o f  visua l  image s ar e behaviora l 
processe s an d posses s thes e propertie s wa s 
propose d b y Noto n an d Star k (1971) .  The y 
carrie d ou t  researc h devote d t o comparin g 
individua l  scanpath s o f  huma n ey e 
movement s i n tw o phases :  whe n a n objec t 
was bein g memorize d an d whe n i t  wa s bein g 
recognized .  The y hav e foun d tha t  thes e 
scanpath s ar e topologicall y simila r  an d hav e 
suggeste d tha t  eac h objec t  i s memorize d an d 
store d i n memor y a s a  sequenc e o f  objec t 
feature s an d ey e movement s require d t o reac h 
th e nex t  featur e alon g th e correspondin g 
scanpath .  Base d o n thi s idea ,  i t  i s  possibl e t o 
conside r  a  scanpat h o f  a n image ,  consistin g 
of  sequentia l  ey e movements ,  t o b e a 
behaviora l  program .  Th e whol e imag e i n thi s 
cas e mus t  b e represente d an d store d i n 
memory a s a  sequenc e of  imag e fragment s 
processe d a t  th e fixation  point s alon g a 
scanpath .  Th e proces s of  recognitio n consist s 
of  successiv e ey e movement s recalle d fro m 
moto r  memor y an d successiv e verificatio n o f 
th e expecte d imag e fragments . 

Ther e i s neuro-anatomica l  an d 
psychologica l  evidenc e tha t  hig h level s o f  th e 
visua l  syste m contai n tw o majo r  pathway s 
fo r  visua l  processing .  On e pathway ,  calle d 
th e "where "  pathway ,  lead s dorsall y t o th e 
parieta l  cortex ,  an d i s involve d i n processin g 
and representatio n o f  spatia l  informatio n 
(spatia l  location s an d relationships) .  Th e 
othe r  pathway ,  calle d th e "what "  pathway , 
lead s ventrall y  t o th e inferio r  tempora l  corte x 
and deal s wit h processin g an d representatio n 
of  objec t  feature s (Kossly n e t  al. ,  1990 ; 
Underleide r  &  Mishkin ,  1982 ;  Va n Essen , 
1985) .  Man y researcher s believ e tha t 
invarian t  objec t  recognitio n i n huma n visio n 
i s provide d b y th e following :  1 )  separate d 
processin g o f  "what "  (objec t  features )  an d 
"where "  (spatia l  features )  informatio n a t  hig h 
level s o f  th e visua l  system ;  2 )  mechanisms  o f 
visua l  attentio n usin g "where "  information ; 
3)representatio n o f  "what "  informatio n i n a n 

object-base d fram e o f  referenc e (Hinto n & 
Lang ,  1985 ;  Marr ,  1982 ;  Palmer ,  1983) . 

However ,  mos t  recen t  model s o f 
visio n base d o n th e object-base d fram e o f 
referenc e hav e demonstrate d th e abilit y  o f 
invarian t  recognitio n o f  onl y simpl e object s 
lik e letter s o r  binar y object s withou t 
background ,  i.e .  object s t o whic h a  fram e o f 
referenc e i s easil y attache d (Ahmad ,  1992 ; 
Carpenter ,  Grossberg ,  &  Lesher ,  1992 ; 
Olshausen ,  Anderson ,  &  Va n Essen ,  1992 ; 
Ott o e t  al. ,  1992 ;  Rueckl ,  Cave ,  &  Kosslyn , 
1989) .  I n contrast ,  w e believ e tha t  th e huma n 
visua l  syste m use s no t  a n object-based ,  bu t 
rathe r  a  feature-base d fram e o f  reference , 
connecte d wit h th e basi c featur e (loca l  edge ) 
at  th e fixatio n point .  However ,  th e realizatio n 
of  thi s ide a demand s takin g int o accoun t  th e 
dat a o n high-leve l  visua l  processin g an d 
behaviora l  aspect s describe d above . 

The Model 

A functional diagram of the model is shown 
i n Fig .  1 .  Th e attentio n windo w provide s a 
primar y transfor m o f  th e processe d imag e 
int o a  "retina l  image "  a t  som e poin t  o f 
fixation .  Thi s primar y transfor m i s a 
nonlinea r  transformatio n o f  th e imag e tha t 
provide s decreasin g resolutio n fro m th e 
cente r  o f  th e attentio n windo w t o it s 
periphery .  I t  simulate s th e decreas e o f 
resolutio n fro m th e fove a t o th e retina l 
peripher y i n th e cortica l  ma p o f  th e retina l 
image . 

The "retina l  image "  extracte d fro m th e 
attentio n windo w goe s t o a  modul e fo r 
primar y featur e extractio n tha t  perform s th e 
functio n o f  th e primar y visua l  cortex .  Thi s 
modul e consist s of  neuron s wit h 
orientationall y selectiv e receptiv e fields  tune d 
t o differen t  orientation s o f  loca l  edg e 
segments .  Neuron s wit h overlappin g 
receptiv e fields  bu t  wit h differen t  orientatio n 
tunin g interac t  competitivel y owin g t o stron g 
reciproca l  inhibitor y interconnections .  Th e 
orientatio n tunin g o f  th e winnin g neuro n a t 
eac h locatio n define s th e orientatio n o f  th e 
edge a t  tha t  point . 

I n eac h fixatio n (positio n o f  th e 
attentio n window) ,  oriente d edg e segment s 
ar e extracte d a t  th e fixation  poin t  (cente r  o f 
th e attentio n window )  an d a t  a  numbe r  o f 
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othe r  point s locate d a t  speciA c position s i n 
th e retina l  image .  Le t  u s cal l  th e centra l  poin t 
th e "basic "  poin t  an d th e othe r  one s "context " 
points .  Als o le t  u s cal l  th e edg e segment s a t 
th e basi c an d contex t  point s "basi c edg e 
segment "  an d "contex t  edg e segments" , 
respectively .  Th e position s o f  th e contex t 
point s ar e fixed  wit h respec t  t o th e fove a an d 
have a  constan t  angl e step ,  bu t  thei r  distance s 
fro m th e center ,  depen d o n th e resolutio n i n 
th e centra l  are a o f  th e attentio n window . 
Thus ,  i n th e outpu t  o f  th e subsyste m fo r 
primar y featur e extraction ,  ther e i s a  se t  o f 
oriente d edg e segment s (th e basi c an d severa l 
contex t  ones )  tiiiat  characteriz e th e imag e 
fragmen t  a t  th e give n poin t  o f  fixation  wit h 
decrease d resolutio n towar d th e peripher y o f 
th e attentio n window . 

The module s describe d abov e for m a 
low-leve l  subsyste m o f  th e model .  Th e nex t 
modul e ma y b e considere d t o b e a  middl e 
leve l  o f  processing .  I t  transform s th e se t  o f 
primar y features ,  oriente d edg e segments , 
int o invarian t  second-orde r  features .  Th e 
metho d o f  thi s transformatio n i s base d o n th e 
ide a tha t  th e coordinat e syste m (fram e o f 
reference )  i s attache d i n eac h fixation  t o th e 
basi c edg e segmen t  i n th e cente r  o f  th e retina l 
imag e (attentio n window) . 

The relativ e orientation s of  contex t 
edges an d thei r  relativ e angl e position s wit h 
respec t  t o th e coordinat e syste m connecte d 
witi i  th e basi c edg e segmen t  ar e considere d t o 
be second-orde r  features . 

The functionin g o f  th e high-leve l 
subsyste m an d th e whol e mode l  ma y b e 
considere d i n thre e differen t  modes :  th e mod e 
of  imag e memorizing ,  th e mod e o f  imag e 
search ,  an d th e mod e o f  imag e recognition . 

I n th e mod e o f  imag e memorizing ,  th e 
imag e i s processe d a t  successivel y selecte d 
fixation  point s o f  attention .  A t  eac h fixation 
point ,  th e se t  o f  oriente d edg e segment s (th e 
basi c an d severa l  contex t  ones )  i s extracte d 
fro m th e retina l  imag e (attentio n window) . 
Then,  thi s se t  i s transforme d int o vector s o f 
invarian t  second-orde r  features .  Thes e 
vector s ar e memorize d i n th e neura l  networ k 
whic h play s th e rol e o f  long-ter m Sensor y 
Memory ("what" -  system) .  Th e positio n o f 
th e nex t  fixation  o f  attentio n i s selecte d fro m 
th e se t  o f  contex t  point s an d i s represente d 
wit h respec t  t o a  coordinat e syste m define d 
by th e basi c edg e segmen t  Eac h relativ e shif t 

of  attentio n i s  memorize d (a s a n invarian t 
spatia l  feature )  i n Moto r  Memor y ("where" -
system) .  A  specia l  modul e the n compute s th e 
ne w fixatio n poin t  positio n i n absolut e 
coordinates ,  thereb y controllin g th e shif t  o f 
attentio n t o a  ne w fixatio n poin t  vi a th e 
attentio n windo w controller ,  whic h play s th e 
rol e o f  th e oculomoto r  system .  A s a  resul t  o f 
th e memorizin g mode ,  a  sequenc e o f  imag e 
fragment s wil l  b e memorize d i n th e "what" -
syste m (Sensor y Memory) ,  bu t  a  sequenc e o f 
shift s o f  attentio n wil l  b e memorize d i n th e 
"where"-syste m (Moto r  Memory) .  Thes e tw o 
sequence s o f  tw o type s o f  memor y alternat e 
i n a  chai n o f  element s tha t  for m th e 
behaviora l  progra m o f  viewin g ( a progra m o f 
recognition )  fo r  th e memorize d image . 

I n th e mod e o f  imag e search ,  th e 
imag e i s  scanne d b y th e attentio n windo w 
unde r  th e supervisio n o f  a  searc h algorithm . 
I n eac h positio n o f  th e attentio n window ,  th e 
curren t  fragmen t  fro m th e attentio n windo w 
i s compare d wit h al l  fragment s o f  al l  object s 
memorize d i n Sensor y Memory .  Scannin g o f 
th e imag e i n th e mod e o f  imag e searc h 
continue s unti l  a  fragmen t  simila r  t o som e 
memorize d fragmen t  i s  foun d a t  som e 
fixatio n point .  W h e n suc h a  fragmen t  i s 
found ,  a  hypothesi s o f  th e imag e i s generate d 
and th e mode l  turn s t o th e recognitio n mode . 

I n th e mod e o f  recognition ,  th e 
progra m i s execute d b y th e wa y o f 
consecutiv e shift s o f  th e attentio n windo w 
(controlle d fro m Moto r  M e m o r y )  an d 
consecutiv e verificatio n o f  similarit y o f  th e 
curren t  imag e fragment s wit h fragment s 
store d i n Sensor y Memory .  A  scanpat h o f 
viewin g i n th e recognitio n mod e sequentiall y 
reproduce s th e scanpat h o f  viewin g i n th e 
memorizin g mode .  I f  a  serie s o f  successfu l 
matche s occurs ,  a  decisio n i s mad e tha t  th e 
objec t  i s  recognized .  I f  i t  doe s not ,  th e mode l 
return s t o th e mod e o f  imag e search . 

The tes t  experiment s hav e show n tha t 
th e develope d mode l  i s  abl e t o recogniz e 
comple x gray-leve l  image s invarian t  wit h 
respec t  t o shift ,  rotation ,  an d scale .  A n 
exampl e i s show n i n Fig .  2 .  I n Figur e 2a ,  th e 
scanpat h show n wa s forme d i n th e 
memorizin g mode .  Figur e 2  b  an d c  show s 
th e scanpath s tha t  too k plac e durin g th e 
proces s o f  successfu l  recognitio n o f  th e tes t 
image s whic h wer e rotate d (b )  o r  reduce d i n 
scal e (c) . 
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