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ABSTRACT 

The s tudy o f v i s i o n , in b o t h man and mach ine , 
i s v iewed as t h e d i s c o v e r y o f c o n s t r a i n t s . Comput­
a t i o n a l c o n s t r a i n t s o f t e n i m p l y assumpt ions neces ­
sa ry f o r a c h i e v i n g a p r o b l e m ' s s o l u t i o n , w h i l e 
p s y c h o l o g i c a l and n e u r o p h y s i o l o g i c a l ones r e s t r i c t 
the manner in wh ich such s o l u t i o n s can be a c h i e v e d . 
These ideas are i l l u s t r a t e d by s e v e r a l examples o f 
r esea rch r e l a t e d t o the e a r l y p r o c e s s i n g o f v i s u a l 
i n f o r m a t i o n . The development o f the paper t akes 
p l a c e h i s t o r i c a l l y , s t a r t i n g w i t h He lmho l t z and 
Mach, as w e l l as c o m c e p t u a l l y , f rom the c o n c r e t e to 
the a b s t r a c t , and a n a t o m i c a l l y , f rom the eye to the 
b r a i n . 

I INTRODUCTION 

Computer v i s i o n and human p e r c e p t i o n — two 
r e a l i z a t i o n s o f t he p rocess o f s e e i n g , one embedded 
i n computers and t h e o t h e r i n p e o p l e . C l e a r l y 
t h e r e i s a m e t a p h o r i c a l l e v e l i n wh i ch these two 
a c t i v i t i e s have much i n common. But i s i t o n l y a 
m e t a p h o r i c a l l e v e l , w i t h fundamenta l d i f f e r e n c e s 
a lways keep ing them separa te? Or i s t h e r e r e a l 
subs tance t o t he metaphor , so t h a t each s i d e c o u l d 
b e n e f i t f rom i n t e r a c t i n g w i t h t h e o t h e r . W e s h a l l 
a r g u e , i n t h i s p a p e r , f o r the l a t t e r . Our p o s i ­
t i o n i s t h a t , s i n c e the p rocess o f v i s i o n i s a n im­
mensely complex one , t h e o r i e s a t many d i f f e r e n t 
l e v e l s o f a b s t r a c t i o n must be u t i l i z e d . As Marr 
and Poggio (40) have s t a t e d : "The CNS needs to be 
u n d e r s t o o d a t f o u r n e a r l y independent l e v e l s o f 
d e s c r i p t i o n : (1) t h a t a t wh ich the n a t u r e o f the 
compu ta t i on i s e x p r e s s e d ; (2) t h a t a t wh i ch t h e 
a l g o r i t h m s t h a t implement a compu ta t i on are c h a r ­
a c t e r i z e d ; (3) t h a t a t wh ich an a l g o r i t h m i s com­
m i t t e d t o p a r t i c u l a r mechanisms; and (4) t h a t a t 
wh ich the mechanisms are r e a l i z e d i n h a r d w a r e . " 
T r a d i t i o n a l l y , computer v i s i o n o p e r a t e s a t t h e 
c o m p u t a t i o n a l l e v e l o f d e s c r i p t i o n , w h i l e t h e s tudy 
of human p e r c e p t i o n has been more concerned w i t h 
i n p u t / o u t p u t o r n e u r o p h y s i o l o g i c a l d e s c r i p t i o n s . 

I n v e s t i g a t i o n s o f the p rob lems o f v i s i o n r a r e ­
l y y i e l d complete t h e o r i e s . R a t h e r , t h e i r c o n t r i ­
b u t i o n r e s u l t s i n t he f o r m u l a t i o n o f c o n s t r a i n t s 
f o r shap ing any t h e o r y . Such c o n s t r a i n t s s tand 
whether o r n o t t h e p a r e n t t h e o r e t i c a l f ramework 

The p r e p a r a t i o n o f t h i s paper was s u p p o r t e d by t h e 
N a t i o n a l Sc iences and E n g i n e e r i n g Research C o u n c i l . 
H a r o l d Hubschman, P e t e r Sander , and Demet r i 
Te rzopou los p r o v i d e d c o n s t r u c t i v e , c r i t i c a l , and 
o c a s s i o n a l l y comp l imenta ry comments. 

changes. The e v o l u t i o n o f our u n d e r s t a n d i n g o f 
these c o n s t r a i n t s i s the p r i n c i p l e theme r u n n i n g 
t h r o u g h t h i s pape r ; t h i s i s what we take to be 
p r o g r e s s i n u n d e r s t a n d i n g v i s i o n . A s w e s h a l l i l ­
l u s t r a t e , c o n s t r a i n t s have been d i s c o v e r e d t h a t 
f a l l i n t o t h r e e main c a t e g o r i e s : c o m p u t a t i o n a l , 
b e h a v i o u r a l , and i m p l e m e n t a t i o n a l . 

Compu ta t i ona l c o n s t r a i n t s are the most a b ­
s t r a c t . Given a s ta temen t o f a v i s u a l p r o b l e m , 
these are the c o n s t r a i n t s t h a t must b e i n e f f e c t 
f o r a p a r t i c u l a r s o l u t i o n o f t h a t p rob lem t o b e 
c o r r e c t . M a t h e m a t i c a l l y t h e y are r e q u i r e d t o 
t r a n s f o r m underde te rm ined s i t u a t i o n s i n t o d e t e r ­
mined onec/. In t h e b roades t sense , t h e need f o r 
c o n s t r a i n t s can be seen f rom the image f o r m a t i o n 
p r o c e s s . A v iew of a t h r e e - d i m e n s i o n a l scene is 
p r o j e c t e d o n t o our t w o - d i m e n s i o n a l r e t i n a s ; t o r e ­
cover a d e s c r i p t i o n o f t h e scene , somehow t h e l o s s 
in t h i s degree o f f reedom must be overcome. T h i s 
r e q u i r e s t he i n t r o d u c t i o n o f c o n s t r a i n t s . D i s c o v ­
e r i n g what these c o n s t r a i n t s c a n , and s h o u l d / b e , 
i s a s u b t l e p r o c e s s ; i n s t a n c e s o f i t w i l l occupy 
much o f t h i s essay . For examp le , each ray o f l i g h t 
i m p i n g i n g on our r e t i n a s i s o b t a i n e d f rom a c e r t a i n 
p r o d u c t o f i l l u m i n a t i o n and s u r f a c e r e f l e c t a n c e . 
When t h i s r e l a t i o n s h i p i s exp ressed m a t h e m a t i c a l l y , 
t h e r e are c l e a r l y i n f i n i t e comb ina t i ons t h a t c o u l d 
s a t i s f y i t . B u t , i f i l l u m i n a t i o n i s assumed t o b e 
c o n s t a n t and d i s t a n t , t h e n t h e p a t t e r n o f p e r c e i v e d 
i l l u m i n a t i o n becomes p r o p o r t i o n a l t o s u r f a c e r e ­
f l e c t a n c e . And, i f t he s u r f a c e i s f u r t h e r assumed 
t o b e u n i f o r m l y r e f l e c t i v e , t h e n i t becomes p r o ­
p o r t i o n a l t o s u r f a c e o r i e n t a t i o n . As each o f these 
assumpt ions is unde rs tood as a c o n s t r a i n t on the 
s o l u t i o n , a u n i t o f p r o g r e s s i s made toward unde r ­
s t a n d i n g wh ich c o n s t r a i n t s c o u l d b e a c t i v e f o r 
the g e n e r a l v i s i o n p r o b l e m . 

The o t h e r two c l a s s e s o f c o n s t r a i n t s m a n i f e s t 
themse lves l e s s as assumpt ions and more as r e ­
s t r i c t i o n s . They s p e c i f y what t h e v i s u a l system 
has a v a i l a b l e f o r imp lemen t i ng s o l u t i o n s , a s w e l l 
a s i n t e r m e d i a t e s t a t e s encoun te red w h i l e a c h i e v i n g 
them. They may be c h a r a c t e r i z e d in terms of t he 
a v a i l a b l e " m a c h i n e r y " , a s i n t h e case o f n e u r o ­
p h y s i o l o g y , o r t hey may be c h a r a c t e r i z e d b e h a v i o u r -
l y , a s i n t h e case o f p s y c h o l o g y . 

Because o f the c o m p l e x i t y o f v i s i o n , i t i s 
ou r p o s i t i o n t h a t each o f these d i f f e r e n t k i n d s o f 
c o n s t r a i n t s i s needed, o r t h e l i k e l i h o o d o f d i s ­
c o v e r i n g t h e c o r r e c t e x p l a n a t i o n i s s e r i o u s l y 
d i m i n i s h e d . W i t h o u t the c o m p u t a t i o n a l t h e o r i e s 
and c o n s t r a i n t s , one i s f aced w i t h t h e p rob lem o f 
i n f e r r i n g what s t a g g e r i n g numbers o f neurons are 
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d o i n g , w i t h o u t a s u i t a b l e language f o r d e s c r i b i n g 
e i t h e r them o r t h e i r scope . The p rob lem i s perhaps 
even more d i f f i c u l t t h a n i n f e r r i n g what a d i g i t a l 
computer i s d o i n g i n te rms o f t h e e l e c t r o n i c s . 
Imag ine , f o r example , t r y i n g t o i n f e r t he s c h e d u l ­
i n g a l g o r i t h m , o r even t h e need f o r a schedu le r o r 
o p e r a t i n g sys tem, w i t h o u t our p r e s e n t c o m p u t a t i o n a l 
backg round . As ano the r example , r e c a l l Chomsky's 
c l a s s i c a l c r i t i q u e o f S k i n n e r ' s b e h a v i o u r i s m : t r y 
t o express t h e n o t i o n o f a t t a c k u n d e r l y i n g a p a r t ­
i c u l a r chess s t r a t e g e m i n te rms o f c o n d i t i o n e d 
c o l l e c t i o n s o f neurones . To a p p r e c i a t e t h e need 
f o r t h e o t h e r , b e h a v i o u r a l c o n s t r a i n t s , j u s t r e ­
c a l l how many d i f f e r e n t t e c h n i q u e s t h e r e are f o r 
s o l v i n g systems o f p a r t i a l d i f f e r e n t i a l e q u a t i o n s , 
o r o p t i m i z a t i o n p rob lems . Such c o n s t r a i n t s c o u l d 
p a r t i c i p a t e i n the d e c i s i o n t o use a s imp lex o r 
a g r a d i e n t a l g o r i t h m , r u n n i n g on a p a r a l l e l or a 
s e q u e n t i a l mach ine . 

Wh i le c o n s t r a i n t s shape t h e o r i e s , t hey r a r e l y 
do so to the p o i n t o f un iqueness . Such u n d e r d e t e r -
mined t h e o r i e s s p e c i f y competency [8 ] o r s u f f i c e n c y 
of a sys tem; they s t a t e what c o u l d be happen ing,  
n o t n e c e s s a r i l y what i s happen ing . As a d d i t i o n a l 
c o n s t r a i n t s a re added, however, t he t h e o r i e s b e ­
come sharper and more f o c u s e d , p a r t i c u l a r l y when 
the c o n s t r a i n t s span s e v e r a l d e s c r i p t i v e l e v e l s . 
I n t h e l i m i t , w e b e l i e v e , enough c o n s t r a i n t s w i l l 
become known at each l e v e l so t h a t a complex of 
s u f f i c e n t t h e o r i e s w i l l become, o r i n s p i r e , t he 
c o r r e c t one . 

I n summary, the o t h e r g e n e r a l p o i n t s o f t he 
paper are t h a t 

1 . Computer v i s i o n can p r o v i d e a language f o r 
p o s i n g t h e o r i e s o f v i s u a l i n f o r m a t i o n p r o c e s s i n g , 
and such languages are e s s e n t i a l ; 

2 . computer v i s i o n can p r o v i d e a c a p a b i l i t y 
f o r c a r r y i n g ou t exper imen ts t h a t are e s s e n t i a l l y 
i m p o s s i b l e t o p e r f o r m w i t h o u t con found ing w i t h i n 
t he human v i s u a l sys tem; 

3. ev idence about human p e r c e p t i o n can p r o v i d e 
c l u e s f o r computer v i s i o n t h a t wou ld n o t b e obv ious 
o t h e r w i s e , and v i c e v e r s a ; 

4 . t h e o r i e s a t d i f f e r e n t d e s c r i p t i v e l e v e l s 
are i n s t r u c t i v e , i f n o t necessa ry , t o r e s t r i c t e x ­
p e r i m e n t a l and t h e o r e t i c a l scope a t a l l l e v e l s o f 
e x p l a n a t i o n , whether one i s concerned w i t h computer 
o r human p e r c e p t i o n o r b o t h . I n t h i s p a p e r , how­
e v e r , we s h a l l p r i m a r i l y be concerned w i t h human 
p e r c e p t i o n . 

Wh i le some of the above p o i n t s have taken on 
new impor tance g i v e n t h e c u r r e n t development o f 
c o m p u t a t i o n , the most b a s i c theme - - the n e c e s s i t y 
f o r m u l t i p l e - l e v e l s o f d e s c r i p t i o n — i s a c l a s s ­
i c a l one . T h i s theme i s e v i d e n t when one l ooks 
ac ross t h e w r i t i n g s o f the g r e a t v i s i o n s c i e n t i s t s , 
and w e s h a l l i l l u s t r a t e i t w i t h b r i e f (and perhaps 
o v e r l y s i m p l i f i e d ) v iews o f Hermann von He lmho l t z 
and E r n s t Mach. The p r o g r e s s i o n t h a t we s h a l l f o l ­
low w i l l b e b o t h h i s t o r i c a l and c o n c e p t u a l , w i t h 
He lmho l t z p o r t r a y e d as a p h y s i c i s t and Mach as a 
n e u r a l mode le r . We s h a l l t h e n r e t u r n to H e l m o l t z , 
because o f h i s s t r o n g p o s i t i o n o n the r o l e o f 
"unconsc ious i n f e r e n c i n g " i n p e r c e p t u a l p r o c e s s i n g . 
C o n c e p t u a l l y we s h a l l p rog ress f rom the eye to t h e 

b r a i n , and t h e conc re te t o t h e a b s t r a c t . The e x i 
amples w i l l b e chosen f rom e a r l y v i s u a l i n f o r m a ­
t i o n p r o c e s s i n g . The c u r r e n t parad igm f o r v i s i o n 
we take to be a l o o s e , bu t l o g i c a l , development 
f rom the e a r l i e r p o s i t i o n s , a l t h o u g h i t does sub ­
s t a n t i a l r e f i n e m e n t o f them. He lmho l t z and Mach 
were b o t h s e r i o u s p h i l o s o p h e r s , p h y s i c i s t s , and 
m a t h e m a t i c i a n s , as w e l l as p s y c h o l o g i s t s . Thus 
t h e i r v iews about v i s i o n spanned many o f t h e d e ­
s c r i p t i v e l e v e l s t o wh ich we have r e f e r r e d . 

2._ THE EARLIEST CONSTRAINT 

PHYSICAL IMPERFECTIONS IN THE EYE 

Parmenides ( ca . 500 B.C.) e x p l a i n e d t h e e x i s t ­
ence o f v i s u a l i l l u s i o n s by o b s e r v i n g ; "The 
eyes and ea rs a re bad w i t nesses when they are at 
t he s e r v i c e o f minds t h a t do n o t unders tand t h e i r 
l anguage" . We s h a l l beg in our d i s c u s s i o n o f v i s i o n 
w i t h a d i s c u s s i o n o f the e a r l i e s t p o s s i b l e 
" l anguage " i n the v i s u a l unde rs tand ing p rocess — 
the o p t i c s of t he eye . As a medium, we s h a l l use 
the M u e l l e r - L y e r i l l u s i o n , one o f t he most 
e x t e n s i v e l y - s t u d i e d (but s t i l l no t c o m p l e t e l y 
unders tood) geomet r i c i l l u s i o n s . And H. von 
He lmho l t z w i l l p r o v i d e the concep tua l v i e w p o i n t 
f o r ou r i n v e s t i g a t i o n . 

I n h i s t r e a t i s e on P h y s i o l o g i c a l O p t i c s [20] , 
He lmho l t z ske tched a t h e o r y o f v i s i o n i n wh ich t h e 
eye ac ted as a t r ansduce r o f l i g h t i n t o t h e n e r v ­
ous sys tem, wh ich then per fo rmed "unconsc ious 
i n f e r e n c e s " i n o r d e r t o compose i n t e r n a l v e r s i o n s 
o f p e r c e p t s . Such unconsc ious i n f e r e n c e s we s h a l l 
t a k e to mean compu ta t i ons , a n o t i o n t h a t He lmho l t z 
was ( u n f o r t u n a t e l y ) r a t h e r vague abou t . The o n l y 
language t h a t he had f o r t a l k i n g about them was 
t h a t o f " consc ious i n f e r e n c e s " , o r t he l o g i c o f 
p remises and c o n c l u s i o n s . Other p o r t i o n s o f h i s 
i n v e s t i g a t i o n s were i n c r e d i b l y conc re te and c l e a r , 
however , such as h i s s tudy o f the t r a n s d u c t i o n 
p r o p e r t i e s o f t he e y e , and i t i s t h i s w i t h wh i ch 
we s h a l l now be concerned. Perhaps i n s p i r e d by 
h i s work in p h y s i c s , he coun te red a r a t h e r w i d e ­
spread b e l i e f t h a t the eye was a " p e r f e c t " o p t i c a l 
i n s t r u m e n t b y a c t u a l l y measur ing i t s o p t i c a l p r o ­
p e r t i e s . He obse rved , as is commonly known t o d a y , 
t h a t t h e eye i s f a r f rom p e r f e c t . I t e x h i b i t s t h e 
many d i f f e r e n t forms o f s p h e r i c a l a b e r r a t i o n and 
d i s t o r t i o n t o wh ich p h y s i c a l l y - r e a l i z e d systems 
are s u s c e p t a b l e . 

The r e s u l t o f such o p t i c a l i m p e r f e c t i o n s i n 
the eye i s t h a t images d o n o t f a l l o n the r e t i n a 
i n p e r f e c t f o c u s , bu t are b l u r r e d , r e g a r d l e s s o f 
how w e l l the l ens i s f u n c t i o n i n g . He lmho l t z 
looked f o r p e r c e p t u a l consequences o f such b l u r r ­
i n g , and found many, one o f wh ich he b e l i e v e d to 
b e the M u e l l e r - L y e r i l l u s i o n ; see F i g . 1 . H is 
reason ing was as f o l l o w s . On a f i g u r e such as t h e 
M u e l l e r - L y e r , t h e areas between the l i n e s f o rm ing 
the acute ang les w i l l b e f i l l e d i n ( i . e . , b l u r r e d ) 
more t h a n t h e areas w i t h i n t h e obtuse ones , t h e r e ­
by s t r e t c h i n g the l i n e s i n t o t he acute ang les more 
than the obtuse ones. Such a d i s t o r t i o n i s p r e ­
c i s e l y i n the d i r e c t i o n o f the i l l u s i o n , and was, 
f o r H e l m h o l t z , i t s causa l e x p l a n a t i o n . 
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Such i s v i s u a l t h e o r i z i n g o f t h e b e s t s o r t . 
A p rob lem i s posed (what are t h e o p t i c a l p r o p e r t i e s 
o f t h e eye?) and s o l v e d i n a t h e o r e t i c a l f a s h i o n 
t h a t i s c o n s i s t e n t w i t h e m p i r i c a l d a t a ( t he s p h e r i ­
c a l a b b e r a t i o n was a c t u a l l y measured) . F i n a l l y , 
t h e t h e o r y was a p p l i e d t o e x p l a i n observed phenom­
ena (such as t h e M u e l l e r - L y e r i s s u s i o n ) . 

He lmho l t z was c o r r e c t i n o b s e r v i n g t h a t t h e 
eye i s an i m p e r f e c t o p t i c a l i n s t r u m e n t . But he was 
w rong , i n p a r t , i n t h a t h i s e x p l a n a t i o n o f t h e 
M u e l l e r - L y e r i l l u s i o n cannot accoun t f o r t h e e n t i r e 
e f f e c t . T h i s has been d e t e r m i n e d v e r y r e c e n t l y u s ­
i n g a n e l a b o r a t e o p t i c a l t e c h n i q u e , a n a r t i f i c i a l 
p u p i l , t o p r o j e c t a h i g h l y focused image o n t o t he 
r e t i n a ( 1 0 ] . Such t e c h n i q u e s i n d i c a t e t h a t o p t i c a l 
b l u r r i n g accounts f o r r o u g h l y 15% o f the i l l u s o r y 
e f f e c t . N o n e t h e l e s s , t h e c o n s t r a i n t s s tand a s c o n ­
t r i b u t o r s . (We s h a l l d i s c u s s o t h e r c o n t r i b u t i o n s 
t o the M u e l l e r - L y e r l a t e r i n t he p a p e r . ) 

3. LATERAL INHIBITION AND NEURAL MODELS 

We now t u r n f rom a phenomenon of b l u r r i n g to 
one o f s h a r p e n i n g , f rom e x p l a n a t i o n s i n te rms o f 
o p t i c a l mechanisms t o ones embodied i n n e u r a l n e t ­
w o r k s , and f rom He lmho l t z to E r n s t Mach. The phen ­
omenon o f s h a r p e n i n g t h a t we s h a l l d i s c u s s i s com­
monly known as Mach bands — i t i s t h e a d d i t i o n o f 
s u b j e c t i v e b r i g h t and dark l i n e s (bands) o n e i t h e r 
s i d e o f an i n t e n s i t y edge (see F i g . 2 ) . Such bands 
i n d i c a t e t h a t t h e eye responds no t o n l y t o image 
i n t e n s i t i e s , b u t a l s o t o t h e i r ( f i r s t and second) 
d e r i v a t i v e s . 

Mach bands g i v e a c l e a r i n d i c a t i o n t h a t t h e 
s u b j e c t i v e i m p r e s s i o n o f b r i g h t n e s s and o f c o n t r a s t 
i s h i g h l y dependent o n s p a t i a l c o n t e x t . Tha t i s , 
ou r i m p r e s s i o n s o f b r i g h t n e s s and o f c o n t r a s t are 
no t i s o m o r p h i c w i t h t h e i n t e n s i t y o f l i g h t i m p i n g ­
i n g on our r e t i n a s , b u t r a t h e r a re d e r i v e d — o r 
computed — f rom i t . 

Mach's t h e o r e t i c a l p o s i t i o n was based on a 
b e l i e f t h a t p s y c h o p h y s i c a l l a w s , such as t h e ones 
u n d e r l y i n g b r i g h t n e s s and c o n t r a s t phenomena, had 
t h e i r p r o p e r e x p l a n a t i o n i n te rms o f p r o p e r t i e s o f 
n e u r a l n e t w o r k s , n o t i n te rms o f pu re p h y s i c s o r 
p u r e l y ' p s y c h i c a l e v e n t s ' . "The p s y c h o p h y s i c a l law 
h o l d s . . . f o r t h e r e l a t i o n o f t h e p r i m a r y s t i m u l u s 
and t h e l a s t ne rve e x c i t a t i o n w i t h wh ich t h e c o n ­
s c i o u s s e n s a t i o n goes . I n d e e d , t h i s i s p r e c i s e l y 
because t h e e x c i t a t i o n s i n t h e sense organs are 
f i l t e r e d t h r o u g h a c o m p l i c a t e d web o f n e r v e s . " 
[ 45 ,299 -300 ] 

The p a r t i c u l a r s o f Mach 's e x p l a n a t i o n were 
posed m a t h e m a t i c a l l y i n t e rms o f " a r e c i p r o c a l i n ­
t e r a c t i o n o f n e i g h b o r i n g areas o f the r e t i n a " 
( 4 5 , 2 6 7 ] . He c i t e d ( then) c u r r e n t n e u r o - a n a t o m i c a l 
d a t a b y R i t t e r t h a t p o s t u l a t e d a r e g u l a r a r r a n g e ­
ment o f c e l l s o n t h e r e t i n a , and c h a r a c t e r i z e d t h e 
f u n c t i o n o f these c e l l s m a t h e m a t i c a l l y . Thus h e 
was concerned w i t h p o s s i b l e c o n s t r a i n t s f r om t h e 
• w e t w a r e * . And h e p o s t u l a t e d t h a t t he r e s u l t o f 
t h e n e u r a l i n t e r a c t i o n s between t hese c e l l s was a 
" s e n s a t i o n s u r f a c e " o n w h i c h t h e b r i g h t n e s s e f f e c t s 
were p r e s e n t . Thus Mach, i n d i s c u s s i n g such s u r ­
f a c e s , was t a l k i n g d i r e c t l y about r e p r e s e n t a t i o n s . 

Wh i l e Mach was a b l e t o i n f e r t h e n a t u r e o f 
p r o c e s s i n g t a k i n g p l a c e i m m e d i a t e l y a f t e r t h e 
r e t i n a , i t was n o t u n t i l a r e v o l u t i o n a r y i n n o v a t i o n 
i n n e u r o p h y s i o l o g y — t h e development o f m i c r o -
e l e c t r o d e s f o r s i n g l e c e l l r e c o r d i n g — t h a t h i s 
i n f e r e n c e s c o u l d b e v e r i f i e d e x p e r i m e n t a l l y . T h i s 
was f i r s t done i n t he eye o f t h e horseshoe c r a b 
' l i m u l u s ' , and has l e d to much more accurate m a t h ­
e m a t i c a l mode ls . Such models a re s a i d t o e x h i b i t 
l a t e r a l i n h i b i t i o n , o r a r e g u l a r s t r u c t u r e i n wh i ch 
t h e response a t a p a r t i c u l a r r e t i n a l p o i n t i s d e ­
r i v e d f rom e x c i t a t o r y c o n t r i b u t i o n s a t t h a t p o i n t 
t o g e t h e r w i t h i n h i b i t o r y i n t e r a c t i o n s f rom n e i g h ­
b o r i n g p o i n t s [ 1 1 ] — see F i g . 3 . N o t i c e , i n p a r t ­
i c u l a r , t h e r e g u l a r n e u r a l a r c h i t e c t u r e f o r i m ­
p l e m e n t i n g l a t e r a l i n h i b i t i o n , i n wh ich t h e same 
' l o c a l ' s t r u c t u r e i s r epea ted ac ross t h e s p a t i a l 
a r r a y . Viewed s p a t i a l l y , t h e l a t e r a l i n h i b i t o r y 
s t u r c t u r e l o o k s c i r c u l a r l y s y m m e t r i c , w i t h a n e x ­
c i t a t o r y c e n t r a l a rea su r rounded by a n e g a t i v e , o r 
i n h i b i t o r y , a r e a . Or , i n o t h e r wo rds , t h e response 
a t a r e t i n a l p o i n t i s a f u n c t i o n o f t h e c o n t e x t a -
round t h a t p o i n t . 

A n e s s e n t i a l aspec t o f t h i s c o n t e x t i s t h e 
presence o f i n t e n s i t y changes i n the v i s u a l a r r a y . 
Such changes a re i m p o r t a n t because they o f t e n i n ­
d i c a t e t he presence o f p h y s i c a l o b j e c t c o n t o u r s , 
one o f the most fundamenta l c o n s t r a i n i n g r e l a t i o n ­
s h i p s between t h e p h y s i c a l and t h e v i s u a l w o r l d s . 
I n f a c t , the f u n c t i o n a l s i g n i f i c a n c e o f Mach bands 
has o f t e n been a t t r i b u t e d t o t h e i r edge-enhancement 
e f f e c t - - i f w e a re t o n a v i g a t e t h r o u g h the p h y s i ­
c a l w o r l d on the b a s i s o f sensory i n f o r m a t i o n , we 
c e r t a i n l y need t o l o c a t e o b j e c t c o n t o u r s . But t h i s 
k i n d o f e x p l a n a t i o n i s pu re t e l e o l o g y . I t a lmos t 
i m p l i e s t h a t t h e r e shou ld b e a l i t t l e "homoncu lus" 
i n s i d e our heads whose j o b was t o l ook a t the v i s ­
u a l ( r e t i n a l ) image t o l o c a t e edges. Enhancement 
wou ld t h e n make h i s j o b e a s i e r . 

L a t e r a l i n h i b i t i o n may be one o f the most u b i ­
q u i t o u s mechanisms i n b i o l o g i c a l v i s i o n sys tems. 
I t p l a y s a c l e a r r o l e i n r e g u l a t i n g the dynamic 
range of the eye [52 ] and o t h e r w i s e p e r f o r m i n g a 
s o r t o f l o c a l s h a r p e n i n g , o r maxima s e l e c t i o n , a t 
t h e n e u r a l l e v e l [ 1 1 ] . But these a re a l l ve ry l o w -
l e v e l f u n c t i o n s ; whether i t a c t u a l l y h e l p s t h e 
human v i s u a l system t o f i n d edges s t i l l remains a n 
open q u e s t i o n . 

4. EDGES AND FEATURES: CAN THEY BE DETECTED? 

N e u r o p h y s i o l o g y , i n a d d i t i o n t o v e r i f y i n g 
l a t e r a l i n h i b i t i o n i n c e r t a i n a n i m a l s , a l s o i n ­
s p i r e d a r e v o l u t i o n a r y t h e o r y o f how t h e e a r l y v i ­
s u a l system f u n c t i o n s . I n a s t r i k i n g s e r i e s o f o b ­
s e r v a t i o n s , Hubel and W i e s e l [27] measured the r e ­
c e p t i v e f i e l d s o f d i f f e r e n t c e l l s i n t he l a t e r a l 
g e n i c u l a t e n u c l e u s and t h e v i s u a l c o r t e x o f t h e c a t 
and monkey. (The r e c e p t i v e f i e l d i s t h e a r r a n g e ­
ment o f r e t i n a l c e l l s — rods and cones — w h i c h , 
when s t i m u l a t e d w i t h a p a t t e r n o f l i g h t , i n f l u e n c e 
the a c t i v i t y o f t h e c e l l under measurement. The 
l a t e r a l g e n i c u l a t e n u c l e u s i s t h e f i r s t ma jo r p r o c ­
e s s i n g s t a t i o n between t h e r e t i n a l g a n g l i a and t h e 
v i s u a l c o r t e x . ) The s t r u c t u r e o f these r e c e p t i v e 
f i e l d s ( w i t h r e s p e c t t o c e r t a i n o f t h e i r d e f i n i n g 
c h a r a c t e r i s t i c s ) was s t r i k i n g ; "Rough ly f o u r 
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c l a s s e s o f c e l l s can be d i s t i n g u i s h e d , i n a s e r i e s 
o f ascend ing c o m p l e x i t y . . . These are te rmed ' c i r ­
c u l a r l y s y m m e t r i c ' , ' s i m p l e ' , ' c o m p l e x ' , and 
' h y p e r c o m p l e x * . We assume t h a t c e l l s at each s tage 
r e c e i v e t h e i r ma jo r i n p u t f rom c e l l s a t t he p r e v ­
i o u s s t a g e , w i t h t he c i r c u l a r l y symmetr ic c e l l s r e ­
c e i v i n g t h e i r i n p u t s p r e d o m i n a n t l y f rom g e n i c u l a t e 
c e l l s . C i r c u l a r l y symmet r i c c e l l s , a s t h e i r name 
i m p l i e s , show no p r e f e r e n c e t o any o r i e n t a t i o n o f 
l i n e s , and i n d e e d , seem s i m i l a r i n t h e i r p r o p e r ­
t i e s t o g e n i c u l a t e c e l l s . S imple c e l l s are the 
f i r s t i n t h e h i e r a r c h y t o show o r i e n t a t i o n s p e c i f i c ­
i t y , s o t h a t t h e rea r rangements r e s p o n s i b l e f o r 
o r i e n t a t i o n s p e c i f i c i t y are presumed t o t ake p l a c e 
between t h e c i r c u l a r l y symmet r i c and t h e s imp le 
c e l l s . A s i m p l e c e l l responds t o a n o p t i m a l l y o r ­
i e n t a t e d l i n e i n some n a r r o w l y d e f i n e d p o s i t i o n : 
even a s l i g h t d i sp l acemen t o f t h e l i n e to a new p o ­
s i t i o n , w i t h o u t change i n o r i e n t a t i o n , r e n d e r s t h e 
l i n e i n e f f e c t i v e . A complex c e l l , o n t h e c o n t r a r y , 
i s p r o b a b l y j u s t a s s p e c i f i c i n i t s o r i e n t a t i o n r e ­
qu i r emen ts a s t h e s imp le c e l l , bu t i s f a r l e s s p a r ­
t i c u l a r about the e x a c t p o s i t i o n i n g o f t he l i n e 
Hypercomplex c e l l s , f i n a l l y , resemble complex c e l l s 
i n a l l r e s p e c t s bu t one : e x t e n d i n g the l i n e beyond 
the r e g i o n f rom wh ich responses are envoked p r o d ­
uces a marked r e d u c t i o n or complete a b o l i t i o n o f 
the r e s p o n s e . " [ 24 , p . 8 ) . The s t r u c t u r e o f these 
r e c e p t i v e f i e l d s i s as shown in F i g . 3 , and t h e 
i n t e r p r e t a t i o n o f t he s imp le c e l l s b y t h e p s y c h o l o ­
g i c a l community was immed ia te : " I t t a k e s l i t t l e 
i m a g i n a t i o n t o d e s c r i b e these s imp le c o r t i c a l 
f i e l d s a s edge d e t e c t o r s and l i n e d e t e c t o r s . " 
H B , p . 5 4 ) . 

Wh i l e such n e u r o p h y s i o l o g i c a l o b s e r v a t i o n i s 
s t r i k i n g , and c e r t a i n l y i n t r o d u c e s s t r o n g c o n ­
s t r a i n t s on what t h e v i s u a l system i s d o i n g , as 
w e l l a s how i t i s do ing i t , i s t h e jump from o b ­
s e r v a t i o n to a t h e o r y o f edge and l i n e d e t e c t i o n 
c o r r e c t ? Tha t i s , d o t h e s imp le c e l l s d e t e c t l i n e s 
and edges? We pose t h i s c o n j e c t u r e to h i g h l i g h t 
one o f t he main c o n t r i b u t i o n s o f computer v i s i o n t o 
the u n d e r s t a n d i n g o f human p e r c e p t i o n — in a d d i ­
t i o n t o p r o v i d i n g c o n s t r a i n t s , i t p r o v i d e s u s w i t h 
a means o f t e s t i n g them. In t h i s case , computer 
v i s i o n can t e s t a v e r s i o n o f the above c o n j e c t u r e : 
Are s imp le c e l l s a s u f f i c i e n t mechanism f o r d e t e c t ­
i n g l i n e s and edges? The answer, i t t u r n s o u t , i s 
n o , a t l e a s t f o r t he manner i n wh ich our i n t u i t i o n s 
f i r s t i n d i c a t e d . Wh i le s imp le c e l l s can d e t e c t 
l i n e s and edges i n c e r t a i n c l e a r c u t s i t u a t i o n s , 
t hey a re no t s u f f i c e n t t o accomp l i sh t h e t ask i n 
a r b i t r a r y ones . See F i g . 5 . Such c o m p u t a t i o n a l 
e x p e r i m e n t s a l s o r e v e a l t h e p rob lem w i t h s imp le 
c e l l s and o t h e r such " f e a t u r e - d e t e c t o r " t h e o r i e s — 
t h e i r response i s ambiguous. They respond n o t o n l y 
t o l i n e s and edges , bu t t o o t h e r ' n o i s e ' p a t t e r n s 
as w e l l . As we s h a l l show, however , i t does l ook 
a s i f t h e y a re i n v o l v e d i n t h e edge f i n d i n g p r o ­
cess , bu t are n o t the whole s t o r y . 

1L INTENSITY EDGES AND PHYSICAL CONTOURS 

To more p r o p e r l y a p p r e c i a t e the c o m p l e x i t y o f 
t he e d g e - f i n d i n g p r o b l e m , c o n s i d e r how t h e unde r ­
l y i n g p h y s i c a l even ts c o n s t r a i n t he image i n t e n s i ­
t i e s . A p h y s i c a l edge can b e s a i d t o e x i s t i f 
t h e r e i s a change i n s u r f a c e r e f l e c t a n c e , 

o r i e n t a t i o n , o r i l l u m i n a t i o n . The r e s u l t a n t image 
p r o f i l e s have been examined by B i n f o r d [ 2 1 ] , who 
f o u n d , f o r e d g e - l i k e p a t t e r n s , t h a t t h e r e are t h r e e 
p r i m a r y c l a s s e s : s t e p , r o o f , and s p i k e . Thus 
edges come in many d i f f e r e n t g u i s e s , o r f u n c t i o n a l 
f o rms , c e r t a i n p r o p e r t i e s o f wh ich can b e r e l a t e d 
back t o p h y s i c a l c o n f i g u r a t i o n s . Horn [22] f o u n d , 
e . g . , t h a t s tep edges are l i k e l y t o co r respond t o 
o c c l u d i n g su r f ace b o u n d a r i e s , b u t t h a t these i n ­
verse c o n s t r a i n t s are r a t h e r weak ones . Thus t h e 
search f o r a s i n g l e , p e r f e c t , o n e - s t e p edge d e t e c t ­
o r , l i k e the s imp le c e l l s , beg ins t o f e e l e l u s i v e . 
F u r t h e r m o r e , edge " e v e n t s " , such as s u r f a c e r e ­
f l e c t a n c e o r o r i e n t a t i o n changes, can t ake p l a c e a t 
many d i f f e r e n t sca les [ 3 9 ] . H i g h l i g h t s a re u s u a l l y 
s h a r p , and shadows b l u r r y . An i n t e n s i t y g r a d i e n t 
a r i s i n g f rom a curved s u r f a c e and a s i n g l e l i g h t 
source w i l l span a much w ide r p h y s i c a l d i s t a n c e 
than the a b r u p t s h i f t caused when one s u r f a c e o c ­
c ludes a n o t h e r . Any g e n e r a l purpose e d g e - f i n d i n g 
scheme must t a k e such f u n c t i o n a l and s c a l e depend­
ence i n t o accoun t . 

To make m a t t e r s worse , t h e r e a re s t i l l o t h e r 
con found ing c o n s t r a i n t s . I f w e v iew t h e c i r c u l a r l y -
symmetr ic c e n t e r su r round c e l l as a d i s c r e t e ap ­
p r o x i m a t i o n t o a L a p l a c i a n ( i . e . , second s p a t i a l 
d e r i v a t i v e ) o p e r a t o r , then n u m e r i c a l a n a l y s i s t e l l s 
us t h a t the more smoothing i n c o r p o r a t e d i n t o the 
o p e r a t o r , the more s t a b l e i t s pe r f o r manc e . Such 
smooth ing i s necessary t o c o u n t e r a c t many fo rms o f 
' n o i s e ' , such a s t h a t wh ich i s i n t r o d u c e d b y t h e 
samp l ing p r o c e s s . But as more smooth ing i s i n c o r ­
p o r a t e d , t h e l i k e l i h o o d o f e v a l u a t i n g t h e o p e r a t o r 
ac ross a n image o f d i s t i n c t , bu t s m a l l , p h y s i c a l 
edges i n c r e a s e s . Such even ts make the response 
o f the o p e r a t o r even l e s s r e l i a b l e . 

One s o l u t i o n t o these c o n f l i c t i n g c o n s t r a i n t s , 
deve loped f o r computer v i s i o n sys tems, i s t h e use 
o f h i e r a r c h i e s o f o p e r a t o r s a t d i f f e r e n t s i z e s 
[ 3 2 ] , I n c r e d i b l y , i t now seems t h a t a fo rm o f 
t h i s s o l u t i o n i s used by the human v i s u a l system 
as w e l l . A r a t h e r l a r g e body o f p s y c h o p h y s i c a l 
e v i d e n c e , b e g i n n i n g w i t h the work o f Campbel l and 
Robson [ 6 ] , and summarized i n t o a c l e a n d e s c r i p t ­
i v e t h e o r y r e c e n t l y b y Wi l sen and Bergen [ 53 ]1 i n ­
d i c a t e s t h a t v i s u a l i n f o r m a t i o n i s decomposed, 
v e r y e a r l y , i n t o a number (perhaps 4 or 5) of 
separa te c h a n n e l s , each o f a d i f f e r e n t s p a t i a l r e ­
s o l u t i o n . The f i n e s t such channe l c a r r i e s i n f o r m ­
a t i o n l i m i t e d b y the a c t u a l p lacement o f r e c e p t o r 
c e l l s i n t h e f o v e a , w h i l e t he b roades t c a r r i e s 
h i g h l y smoothed i n f o r m a t i o n . Marr and H i l d r e t h 
[39] have used t h i s o b s e r v a t i o n , t o g e t h e r w i t h t h e 
observed p r o p e r t i e s o f the f i r s t o f the H u b e l / 
W iese l c e l l s ( the c i r c u l a r y symmetr ic o n e s ) , t o 
propose a new t h e o r y of how t h e human v i s u a l s y s ­
tem a c t u a l l y beg ins to f i n d edges. Based on the 
assumpt ion t h a t the f i r s t s tage o f edge f i n d i n g 
shou ld b e d i r e c t i o n a l l y i n s e n s i t i v e , t hey p roposed 
a f i r s t s tage o f the edge f i n d i n g p rocess based on 
o p e r a t o r s t h a t model the channe l b l u r r i n g f o l l o w e d 
by t h e L a p l a c i a n ; an image o f such an o p e r a t o r i s 
shown i n F i g . 6 . Note t h a t t h e r e i s a h i e r a r c h y 
o f f i v e such o p e r a t o r s . The response o f these o p ­
e r a t o r s ( s i nce they co r respond t o second d e r i v a ­
t i v e s , the responses ac ross edges are z e r o c r o s s ­
i n g s ) i s shown i n F i g . 7 . 
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i i . FURTHER CONSEQUENCES OF "NEURAL" BLURRING 

The M a r r / H i l d r e t h z e r o - c r o s s i n g scheme makes 
e x p l i c i t assumpt ions about the e x i s t e n c e o f d i s -
t i n c t c h a n n e l s , each o f wh ich implements a c e r t a i n 
degree o f b l u r r i n g . Our b e l i e f i n t h e e x i s t e n c e o f 
these channe ls wou ld c e r t a i n l y b e s t r e n g h t e n e d i f 
w e c o u l d f i n d o t h e r p e r c e p t u a l e f f e c t s t h a t were 
a l s o c o n s i s t e n t w i t h such b l u r r i n g . The o r i g i n a l 
c o n j e c t u r e was in f a c t based on a w e a l t h o f such 
e f f e c t s — c o n t r a s t s e n s i t i v i t y i n t h e p e r c e p t i o n 
o f g r a t i n g s . These , however , are h i g h l y t e c h n i c a l , 
and our p r e s e n t g o a l i s t o search f o r more r e a d i l y 
o b s e r v a b l e ones . 

The f i r s t example i s one t h a t we are a l r e a d y 
f a m i l i a r w i t h — t h e M u e l l e r - L y e r i l l u s i o n . We 
have d i s c u s s e d H e l m h o l t z ' s o b s e r v a t i o n s about b l u r r ­
i n g and have n o t e d t h a t t hey can o n l y account f o r a 
s m a l l f r a c t i o n o f t h e i l l u s o r y e f f e c t . We now have 
ano the r p o s s i b l e source o f b l u r r i n g — the s p a t i a l -
f r equency l i m i t e d channe ls i n the e a r l y v i s u a l s y s ­
t em. Exper imen ts i n our l a b o r a t o r y i n d i c a t e t h a t 
t he s m a l l e s t amount o f channe l b l u r r i n g p o s s i b l e , 
t h a t f rom a h y p o t h e t i c a l channe l f o r h i g h v i s u a l 
a c q u i t y , wou ld co r respond to a p p r o x i m a t e l y 13% o f 
an i l l u s o r y e f f e c t f o r a p e r f e c t image [55] — see 
F i g . 8 . The l a r g e r channe ls w o u l d , o f c o u r s e , 
i m p l y more o f a d i s t o r t i o n i n the d i r e c t i o n o f the 
i l l u s i o n . D u r i n g no rma l v i e w i n g o f the i l l u s i o n , 
i t seems c l e a r t h a t t h e o p t i c a l and channe l b l u r r -
i n g s s h o u l d b e a d d i t i v e . 

The n e x t example i s a l s o v i s u a l l y s t r i k i n g . 
I t can be o b t a i n e d by t a k i n g a norma l checke rboard 
p a t t e r n and s h i f t i n g e v e r y o t h e r row a f r a c t i o n o f 
a c y c l e — see F i g . 9 . Note t h a t t h e l i n e s o f the 
checkerboard n o l o n g e r appear s t r a i g h t ; r a t h e r , 
t h e y are skewed s l i g h t l y o f f t h e h o r i z o n t a l . T h i s 
phenomenon was f i r s t s t u d i e d by Muns te rburg [ 4 3 ] , 
a f t e r i t was b r o u g h t t o h i s a t t e n t i o n b y a weav ing 
i n s t r u c t o r who c o u l d n o t u n d e r s t a n d why h i s s t u d ­
e n t s c o u l d n o t weave a s t r a i g h t l i n e I More r e c e n t ­
l y , a v a r i a n t was d i s c o v e r e d by Gregory [ 1 6 ) . 

R e l a t e d phenomena were known to H e l m h o l t z , who 
r e f e r r e d t o t h e i r cause w i t h the t e r m " i r r a d i a t i o n " . 
Can our smooth ing and d i f f e r e n t i a t i o n c o n s t r a i n t s 
be h e l d accoun tab le aga in? The answer is yes — 
see F i g . 10. The z e r o - c r o s s i n g c o n t o u r s d e s c r i b e 
t r a p e z o i d s , n o t r e c t a n g l e s ; smooth ing f o l l o w e d b y 
d i f f e r e n t i a t i o n does i n t r o d u c e d i s t o r t i o n o f the 
r i g h t k i n d . C o n v e r s e l y , i f w e were t o a v o i d t he 
smooth ing and d i f f e r e n t i a t i o n c o n s t r a i n t s , e . g . , 
by p r e s e n t i n g t h e ca fe w a l l image as a random d o t 
s te reogram [ 2 7 ) , t h e n we wou ld e x p e c t the i l l u s i o n 
n o t t o b e p r e s e n t . Expe r imen ts i n our l a b o r a t o r y , 
w i t h a (512 x 512) d i g i t a l s t e r e o g r a m , do i n d i c a t e 
t h i s t o b e the case . 

As a f i n a l examp le , we can pose a converse 
c o n j e c t u r e . I f edge e v e n t s a re s i g n a l e d b y i n ­
t e n s i t y a r r a y s whose p r o f i l e changes, t h e n , i f the 
p r o f i l e were chang ing s l o w l y enough, t h e d i f f e r e n ­
t i a l o p e r a t o r s h o u l d miss i t . I n p a r t i c u l a r , t he 
channe l t h e o r y a l l o w s a n e s t i m a t e o f t h e l a r g e s t 
o p e r a t o r s , so t h a t we can d e r i v e a lower bound f o r 
p e r c e i v a b l e edge p r o f i l e s . The c o n s t r a i n t t h a t 
edge p r o f i l e s change more s l o w l y t h a n t h i s may 
u n d e r l i e some o f t h e c l a s s i c a l l i g h t n e s s i l l u s i o n s , 

such as the C o r n s w e e t - 0 * B r i e n [11] . We have begun 
t o i n v e s t i g a t e t h i s c o n j e c t u r e i n our l a b o r a t o r y , 
and p r e l i m i n a r y t e s t s seem t o h o l d . I n any c a s e , 
ev idence seems to be a c c u m u l a t i n g i n the r i g h t 
d i r e c t i o n . 

But a l l i s no t done . Wh i l e the ze ro c r o s s i n g s 
g i v e a s t r o n g i n d i c a t i o n o f where some edges l i e , 
and sepa ra te some s c a l e e f f e c t s , t hey do n o t r e ­
spond a l w a y s , and o n l y , t o edges . And the r e ­
sponses f rom t h e d i f f e r e n t s i z e o p e r a t o r s have t o 
be u n i f i e d i n t o a s i n g l e cohe ren t edge d e s c r i p t i o n , 
r a t h e r t h a n t h e s e r i e s o f decomposed e s t i m a t e s . 
(Th i s i s n o t t o say t h a t t h e r e i s n o i n f o r m a t i o n i n 
the d i f f e r e n t c h a n n e l s , o r t h a t t h i s decomposed i n ­
f o r m a t i o n i s n o t u s e f u l . I n f a c t , w e s h a l l see e x ­
amples o f where t h i s i s p r e c i s e l y t he case . ) T o 
s t a t e m a t t e r s ano the r way, we cannot t a k e the r e ­
sponse o f t h e l o c a l o p e r a t o r s a s d e f i n i t i v e ; the 
responses s t i l l need t o b e i n t e r p r e t e d . F u r t h e r ­
more, even i f w e c o u l d f i n d p e r f e c t l o c a l i n d i c a ­
t i o n s o f where edges l i e , t h e y s t i l l have t o b e 
grouped ( i . e . , j o i n e d up) i n t o l onge r c o n t o u r s . I n 
the case o f t h e ca fe w a l l i l l u s i o n , f o r example , 
the s i d e s o f the t r a p e z o i d s have to be grouped i n t o 
l ong l i n e s . We s h a l l examine p o s s i b l e approaches 
t o g r o u p i n g f o l l o w i n g a d i s c u s s i o n o f m t e r p r e t a -
t i o n . 

7. INTERPRETING THE ZERO CROSSINGS 

Wh i l e t he M a r r / H i l d r e t h o p e r a t o r s answer some 
o f t h e p rob lems a s s o c i a t e d w i t h the l o c a t i o n o f 
i n t e n s i t y changes, t h e y are o n l y a f i r s t s t e p t o ­
ward t he s o l u t i o n - They do c a r r y i n f o r m a t i o n use ­
f u l i n t h i s t a s k , b u t o n l y i n t he fo rm o f a s i g n a l 
o r measurement — t h e y must s t i l l be i n t e r p r e t e d 
j u s t l i k e t he s imp le c e l l s d i s c u s s e d p r e v i o u s l y . 
Computer v i s i o n has deve loped a wide range of such 
i n t e r p r e t a t i o n schemes, two of wh ich we s h a l l now 
c o n s i d e r t h r o u g h t h e use o f s imp le c e l l s . The d i f ­
f e r e n c e w i t h t h e e a r l i e r d i s c u s s i o n o f s imp le c e l l s 
i s t h a t now they w i l l b e used t o i n t e r p r e t the 
z e r o - c r o s s i n g s , r a t h e r t han i n t e r p r e t i n g t h e raw 
i n t e n s i t i e s . I n a sense , t h e n , t he edge f i n d i n g 
p rob lem has become one o f l i n e f i n d i n g . 

We s h a l l t a k e the p rob lem o f i n t e r p r e t i n g t he 
z e r o - c r o s s i n g s to be one o f a s s e r t i n g the under ­
l y i n g edge segment s i g n a l e d by t h e ze ro c r o s s i n g s . 
There may, o f c o u r s e , a c t u a l l y be none. Perhaps 
t h e s i m p l e s t such i n t e r p r e t a t i o n scheme beg ins 
w i t h t h e e v a l u a t i o n o f t h e responses o f a number 
o f s imp le c e l l s a t d i f f e r e n t o r i e n t a t i o n s c e n t e r e d 
on a g i v e n image p o i n t , and s e l e c t s t he l o c a l 
o r i e n t a t i o n a t t h a t p o i n t t o b e the one d i f i n e d b y 
the s imp le c e l l w i t h the s t r o n g e s t r esponse . Such 
a n i n t e r p r e t a t i o n scheme i s p u r e l y l o c a l , and a -
mounts t o t h r e s h o l d i n g , o r maxima s e l e c t i o n . I t 
i s t h e k i n d o f compu ta t i on t h a t can be accomp l i shed , 
e . g . , b y a l a t e r a l i n h i b i t o r y n e t w o r k . Because t h e 
a v a i l a b l e i n f o r m a t i o n i s l i m i t e d i n scope , however, 
i f t h e s t r o n g e s t response i s u n c e r t a i n , t hen i t i s 
n o t c l e a r how much f a i t h we shou ld p l a c e in the 
r e s u l t o f l o c a l maxima s e l e c t i o n . 

A s t r o n g e r i n t e r p r e t a t i o n s t r a t e g y wou ld be 
one in wh ich an e x t e r n a l c r i t e r i o n were imposed 
o n t o t h e p r o c e s s : s e l e c t , f o r examp le , t h e i n t e r ­
p r e t a t i o n t h a t y i e l d s t he m i n i m a l t o t a l c u r v a t u r e 
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f o r t h e edge segments . Except f o r u n i v e r s e s such 
as bubb le chamber p h o t o g r a p h s , however , t h i s c o n ­
s t r a i n t i s t o o a r t i f i c i a l . Human, and most machine, 
p e r c e p t i o n must be much more g e n e r a l purpose [ 1 , 6 0 ] . 
Ano ther c r i t e r i o n can be o b t a i n e d by examin ing the 
manner i n wh i ch z e r o - c r o s s i n g s are imaged t h r o u g h 
t h e s imp le c e l l s . Sma l l ones g i v e a response t h a t 
i s i n d i c a t i v e o f t h e p resence o f l i n e s , bu t n o t 
d e f i n i t i v e , because t h e i r s p a t i a l e x t e n t i s t o o 
l i m i t e d . The l a r g e r c h a n n e l s , o n t h e o t h e r hand , 
have more c o n t e x t b u t a re a b i t t o o coarse f o r a c ­
c u r a t e f i n e measurements. P u t t i n g these two sources 
o f i n f o r m a t i o n t o g e t h e r , however , y i e l d s t h e c a p a b i l ­
i t y f o r s p e c i f y i n g c o n t e x t , w i t h t he l a r g e r masks, 
and d e t a i l s , w i t h t he s m a l l e r ones . I t g i v e s r i s e , 
i n o p t i m i z a t i o n t e r m s , t o a c r i t e r i o n i n wh i ch the 
s m a l l mask responses are i n t e r p r e t e d to make them 
as c o n s i s t e n t as p o s s i b l e w i t h t h e responses o f the 
l a r g e r masks. Or , more p r e c i s e l y , t he g o a l o f t he 
o p t i m i z a t i o n p rocess can be s t a t e d as f o l l o w s : 
f i n d t h e u n d e r l y i n g p a t t e r n wh i ch i s most l i k e l y t o 
g i v e t h e measured responses , b o t h s m a l l and l a r g e 
[ 5 9 ] . I t i s i n t e r e s t i n g t o no te t h a t t h e d e v e l o p ­

ment o f such a c r i t e r i o n sugges ts t h a t the channe ls 
s h o u l d i n c r e a s e i n s i z e by a f a c t o r o f t w o , wh ich 
i s i n f a c t t he observed r e l a t i o n between them. 
A l s o , t h e development o f such c o m p u t a t i o n a l i n t e r ­
p r e t a t i o n s t r a t e g i e s suggests n o v e l r o l e s f o r the 
s imp le c e l l s . For example , i t has l ong been known 
f rom t h e n e u r o p h y s i o l o g y t h a t t e r m i n a t i o n p o i n t s , 
o f l i n e s and edges , are i m p o r t a n t and p r o b a b l y e x ­
p l i c i t [ 2 4 ] . i f t hey are a l s o t o b e found f rom the 
z e r o - c r o s s i n g s , as wou ld seem l o g i c a l , t hen we 
wou ld l i k e t o suggest t h a t t h i s may b e accompl i shed 
b y u s i n g the "edge" mask, o r d i r e c t i o n a l f i r s t d e ­
r i v a t i v e s imp le c e l l s , t o s i g n a l z e r o - c r o s s i n g s 
t h a t s t o p . W i t h i n t he c o n t e x t o f the above s t r a t ­
egy f o r i n t e r p r e t i n g the z e r o - c r o s s i n g s , t h i s wou ld 
s i m p l y amount to add ing a few more masks to t he 
same p r o c e s s . S tepp ing back , t he r o l e o f t h e masks 
can t hus be s a i d t o add e m p i r i c a l c o n s t r a i n t s t o 
the e d g e - f i n g i n g p r o c e s s , p a r t i c u l a r l y t o the z e r o -
c r o s s i n g i n t e r p r e t a t i o n s . 

8. BACK TO UNCONSCIOUS INFERENCE 

AND HYPOTHESIS FORMATION 

A t t h i s p o i n t i n our d i s c u s s i o n w e wou ld l i k e 
t o s t r e s s a change i n ou r o r i e n t a t i o n . Rather than 
l o o k i n g a t e f f e c t s whose e x p l a n a t i o n l i e s i n a 
c l e a r mechanism, such as t h e o p t i c a l i m p e r f e c t i o n s 
o f t h e eye o r n e u r a l ne tworks imp lemen t i ng l a t e r a l 
i n h i b i t i o n , now we are c o n s i d e r i n g much more ab ­
s t r a c t q u e s t i o n s : how, f o r examp le , can t h e z e r o -
c r o s s i n g s be i n t e r p r e t e d ? I n t e r p r e t a t i o n i s a 
symbo l i c a c t , whos'e e x p l a n a t i o n i s most l i k e l y t o 
be found in c o m p u t a t i o n a l t e r m s . Once these are 
u n d e r s t o o d , t h e n t h e l i k e l i h o o d o f f i n d i n g the u n ­
d e r l y i n g n e u r a l i m p l e m e n t a t i o n wou ld seem much 
h i g h e r . 

Such symbo l i c a c t s o f i n t e r p r e t a t i o n are an e x ­
ample of what we b e l i e v e He lmho l t z had in mind when 
he spoke about unconsc ious i n f e r e n c e , a l t h o u g h t h e y 
are p r o b a b l y a t a much l ower l e v e l t han he b e l i e v e d 
n e c e s s a r y . He was concerned t h a t t h e r e was a 
" f a l s e assumpt ion t h a t t h e men ta l o p e r a t i o n s we are 
d i s c u s s i n g t a k e p l a c e i n a n u n d e f i n e d , o b s c u r e , 

h a l f c o n s c i o u s f a s h i o n ; t h a t t h e y a r e , s o t o speak , 
mechan ica l o p e r a t i o n s , and t hus s u b o r d i n a t e t o c o n ­
sc i ous t h o u g h t , wh ich can be expressed in l anguage . 
I do n o t b e l i e v e t h a t any d i f f e r e n c e i n k i n d b e t ­
ween t h e two f u n c t i o n s can be p r o v e d " [19 , p. 1 8 1 ] . 
A more modern champion o f t h i s p o s i t i o n i s 
R i cha rd Gregory , who has regarded p e r c e p t i o n "as a 
m a t t e r o f b u i l d i n g up and t e s t i n g hypo theses " 
[ 1 5 , p . 1 6 2 ) , o r t he i n d u c t i o n o f hypotheses f rom 
i n f o r m a t i o n t h a t i s o f t e n h i g h l y u n d e r c o n s t r a i n i n g . 

I f we compare He lmho l t z (and Gregory) w i t h Mach, 
the d i f f e r e n c e i n t h e i r p o s i t i o n s ( a t l e a s t s o f a r 
as t hey have been p o r t r a y e d here) becomes a p p a r e n t : 
He lmho l t z was s t r i v i n g towards c o n s t r a i n t s on t h e 
a l g o r i t h m i c s o l u t i o n l e v e l , w h i l e Mach was s t r i v ­
i n g towards c o n s t r a i n t s on the i m p l e m e n t a t i o n l e v -
v e l . T h i s immed ia te l y r a i s e s t h e q u e s t i o n o f r e -
d u c i b i l i t y between l e v e l s : are t h e o r i e s exp ressed 
i n the language o f computa t ion u n i q u e l y e x p r e s s i b l e 
i n the language o f ha rdware , such as t h e p h y s i c s o f 
t r a n s d u c e r s . T h i s i s sometimes p o s s i b l e , a s f o r 
example the r e d u c t i o n o f thermodynamics t o s t a t i s ­
t i c a l mechanics [ 4 4 ] , o r t h e compu ta t i on o f t h e 
smoothing and d i f f e r e n t i a t i o n o p e r a t i o n s d i s c u s s e d 
in Sec. 5 d i r e c t l y in terms o f models f o r the X 
and Y c e l l s [ 4 6 ] . T h i s l a t t e r example i s e x p e c i a l -
l y e x c i t i n g , because i t d i r e c t l y spans the b r i d g e 
between two l e v e l s , one addressed by computer v i s ­
i o n and one addressed by n e u r o p h y s i o l o g y . But in 
g e n e r a l i t i s n o t p o s s i b l e ; a t some p o i n t , i n f o r m ­
a t i o n p r o c e s s i n g becomes i n t e n t i o n a l [ 1 2 ] , Tha t 
i s , i t depends o n the a b s t r a c t s t a t e t h a t the mach­
i n e i s i n . P r e c i s e l y where t h i s occu rs i n p e r c e p ­
t i o n i s s t i l l an open q u e s t i o n , perhaps made more 
d e c i d a b l e b y t h e p o s s i b i l i t y o f c o m p u t a t i o n a l mod­
e l s . 

Compu ta t i ona l models o f p e r c e p t i o n have two 
e s s e n t i a l components — r e p r e s e n t a t i o n a l languages 
f o r d e s c r i b i n g i n f o r m a t i o n , and mechanisms t h a t 
man ipu la te those r e p r e s e n t a t i o n s . One i m p o r t a n t 
mechanism i s c l e a r l y t he c r e a t i o n o f d e s c r i p t i o n s , 
and the i n f e r e n t i a l s i de o f p e r c e p t i o n makes t h e 
need f o r t h i s e x p l i c i t . C o n s t r a i n t s may b e a c t i v e , 
as we s h a l l see , on bo th what is r e p r e s e n t e d , and 
o n how i t i s m a n i p u l a t e d ; i . e . , c o n s t r a i n t s a re 
a c t i v e on bo th r e p r e s e n t a t i o n s and mechanisms. 

One o f t h e s t r o n g e s t arguments f o r hav ing e x ­
p l i c i t a b s t r a c t r e p r e s e n t a t i o n s i s t he f a c t t h a t 
t hey p r o v i d e e x p l a n a t o r y te rms f o r o t h e r w i s e d i f f ­
i c u l t ( i f no t imposs ib l e ) n o t i o n s . Perhaps t h e 
c l e a r e s t example o f t h i s i s a s u b j e c t i v e f i g u r e , 
o r a s t r u c t u r e c o n s t r u c t e d p u r e l y f rom c o n t e x t . 

9. EDGES CAN BE SUBJECTIVE 

The edges t h a t we have been t a l k i n g about up 
to now have a l l had m a n i f e s t a t i o n s in t he image 
i n t e n s i t i e s . I t i s p o s s i b l e , however , t o c r e a t e 
the imp ress ion o f edges i n c o n t e x t s where t h e r e a re 
n o a c t u a l i n t e n s i t y d i f f e r e n c e s ; see F i g . 1 1 f o r 
examples due to Kan isza [ 2 9 ] . Such s u b j e c t i v e 
edges (and o t h e r f i g u r e s ) are so c o m p e l l i n g t h a t 
apparent i n t e n s i t y d i f f e r e n c e s ac ross them can 
a c t u a l l y be measured p s y c h o p h y s i c a l l y . More i m ­
p o r t a n t l y , however, these s u b j e c t i v e edges appear 
t o b e a s s o c i a t e d w i t h dep th changes, a s i f t h e y 
were the r e s u l t o f i n f e r r e d s u r f a c e 
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d i s c o n t i n u i t i e s [ 9 ] . 11. GROUPING IN SPACE AND GROUPING IN TIME 

Should s u b j e c t i v e edges , once f o rmed , be c o n ­
s i d e r e d a s t h e same k i n d o f a b s t r a c t e n t i t y a s i n ­
t e n s i t y edges? Tha t i s , can s u b j e c t i v e edges b e ­
have in a manner s i m i l a r to i n t e n s i t y edges. The 
answer i s y e s , and i t can b e i l l u s t r a t e d b y ano the r 
geome t r i c i l l u s i o n — t h e Poggendor f . I t i s p r e s e n t 
whether o r no t t h e d e f i n i n g edges are s u b j e c t i v e 
(see F i g . 1 2 ) . I n r e p r e s e n t a t i o n a l t e r m s , t h e n , 
i t wou ld seem t h a t edges ought t o be c o n s i d e r e d 
a s symbo l i c d e s c r i p t i v e e n t i t i e s , whether o r no t 
t hey are s u b j e c t i v e . Such a p o s i t i o n i s f u r t h e r 
c o n s i s t e n t w i t h our p r e v i o u s d i s c u s s i o n about 
i n t e r p r e t i n g t h e z e r o - c o r s s i n g s ; t he r e s u l t o f 
the i n t e r p r e t a t i o n p rocess i s the e s t a b l i s h m e n t o f 
these symbo l i c e n t i t i e s . 

Once symbo l i c e n t i t i e s have been c r e a t e d , they 
can serve as i n p u t to l a t e r p r o c e s s e s . Some o f the 
c l e a r e s t i l l u s t r a t i o n s o f t h i s occur i n p e r c e p t u a l 
g r o u p i n g . 

l0. GROUPING AND THE CONSTRUCTION 

OF ABSTRACT ENTITIES 

Grouping is a g e n e r i c name f o r a c l a s s o f p r o ­
cesses t h a t t ake l o c a l e n t i t i e s o f one k i n d and 
j o i n , o r combine, o r " g r o u p " them i n t o ano the r one . 
I t i s i l l u s t r a t e d n i c e l y w i t h t he f o l l o w i n g exam­
p l e . Cons ider an a r r a y o f random d o t s . I f a copy 
o f t h i s d o t a r r a y i s f i r s t r o t a t e d and t hen super-
imposed o n t h e o r i g i n a l , the r e s u l t a n t p a t t e r n i s 
no t o n l y one w i t h t w i c e t he d e n s i t y o f d o t s ; i t 
a l s o e x h i b i t s c l e a r s t r u c t u r e [14] (see F i g . 1 3 ) . 
Such p a t t e r n s are c a l l e d random d o t Moi re p a t t e r n s . 

How s h a l l we model g r o u p i n g phenomena? If we 
v iew t h e l o c a l e n t i t i e s a s d o t s , t hen one p o s s i b i l ­
i t y wou ld b e t o s p e c i f y a r e l a t i o n over t he d o t s 
t h a t d e s c r i b e s wh ich ones p a r t i c i p a t e i n the a g -
g l o m e r a t i v e s t r u c t u r e . T e c h n i c a l l y such a r e l a t i o n 
can be v iewed as a " v i r t u a l l i n e " [ 4 7 ] ; i . e . , a 
r e l a t i o n t h a t i n d i c a t e s wh ich p a i r s o f d o t s d e f i n e 
t he apparen t c i r c l e s . The p rocess o f g r o u p i n g , i n 
t h i s case , t h u s r e s u l t s i n t he e s t a b l i s h m e n t o f 
v i r t u a l l i n e s . 

Wh i le g r o u p i n g in t h e case o f random do t Moi re 
p a t t e r n s i s c l e a r l y c o n s t r u c t i v e , t h a t i s , i t i m ­
poses s t r u c t u r e n o t p r e s e n t i n t he i n t e n s i t i e s , 
i t i s i m p o r t a n t t o r e a l i z e t h a t t h e a g g l o m e r a t i o n 
o f l o c a l edge and l i n e segments i n t o l ong l i n e s and 
curves i s n o l e s s s o . The e a r l i e s t s tages o f v i s ­
u a l p r o c e s s i n g decompose the r e t i n a l a r r a y i n t o 
d i s c r e t e , l o c a l p i e c e s , a t some o f wh ich l i n e (or 
edge) segments are s i g n a l e d . Nor i s i t necessary 
f o r the e n t i t i e s p a r t i c i p a t i n g i n the g r o u p i n g t o 
b e e x p l i c i t i n t h e i n t e n s i t i e s - - s u b j e c t i v e f i g ­
ures can be grouped as w e l l ( F i g . 1 4 ) . The p i c t u r e 
o f low l e v e l v i s u a l p r o c e s s i n g t hus b e g i n n i n g t o 
emerge i s one o f many l e v e l s o f d e s c r i p t i v e e n t i t y 
c o n s t r u c t i o n and g r o u p i n g , w i t h i n t e r a c t i o n t a k i n g 
p l a c e between processes when w a r r e n t e d by the i n ­
d i v i d u a l c o n s t r a i n t s undergo ing s a t i s f a c t i o n . 
P r e c i s e l y what these c o n s t r a i n t s m i g h t b e , as w e l l 
as how they may be s a t i s f i e d , are c o n s i d e r e d w i t h 
t h e nex t t o p i c s . 

The examples of g r o u p i n g t h a t we have c o n s i d ­
e red up u n t i l now have a l l been g r o u p i n g i n space , 
such a s t h e l i n k i n g o f s p a t i a l l y n e i g h b o r i n g d o t s . 
An analagous fo rm o f g r o u p i n g t a k e s p l a c e i n t i m e , 
and can be used f o r mo t ion c o m p u t a t i o n s . Such 
g r o u p i n g e s t a b l i s h e s a cor respondence between d e ­
s c r i p t i v e e n t i t i e s a t d i f f e r e n t t i m e s ( e . g . , 
d e r i v e d f rom tempora l image sequences) t h a t , p r e ­
sumably, denote the success i ve r e p r e s e n t a t i o n s o f 
the same p h y s i c a l e v e n t . Once such a c o r r e s p o n d ­
ence has been e s t a b l i s h e d , i t becomes p o s s i b l e t o 
o b t a i n the s t r u c t u r e o f r i g i d o b j e c t s undergo ing 
E u c l i d e a n mot ions [ 5 0 ] . 

C o n s i d e r , a g a i n , a random do t a r r a y , t h i s t ime 
w i t h t he do t s mov ing . Since the mo t ion o f each dot 
i n t h e a r r a y does no t n o r m a l l y i n f l u e n c e the mo­
t i o n s o f the o t h e r s , Ul lman [50] has argued t h a t a 
v i a b l e assumpt ion a t t he base o f the human c o r ­
respondence p rocess i n t h a t a l l mo t ions b e c o n s i d ­
e red i n d e p e n d e n t l y . He has f u r t h e r a r g u e d , g i v e n 
t h i s assump t i on , t h a t the a p p r o p r i a t e c o r r e s p o n d ­
ence r e l a t i o n s between tokens can be found by m i n ­
i m i z i n g a f u n c t i o n a l ( i . e . , a sum) o f " a f f i n i t i e s " 
between t o k e n s . Such a f f i n i t i e s are p r o p o r t i o n a l , 
e . g . , t o t he l e n g t h and o r i e n t a t i o n d i f f e r e n c e s 
between l i n e segments, o r t o t he d i s t a n c e between 
d o t s . The m o t i o n correspondence p r o c e s s , t h e n , 
r e q u i r e s mach inery f o r m i n i m i z i n g f u n c t i o n a l c r i ­
t e r i a , a p rocess to wh ich we s h a l l r e t u r n . 

12. FURTHER CONSTRAINTS ON GROUPING 

What are the a p p r o p r i a t e models f o r g u i d i n g 
g roup ing? Since the goa l o f v i s i o n i s t o produce 
d e s c r i p t i o n s o f the t h r e e - d i m e n s i o n a l s t r u c t u r e o f 
the w o r l d , i t would seem t h a t c o n s t r a i n t s about 
t h i s 3-D s t r u c t u r e shou ld e n t e r t he g r o u p i n g p r o ­
cess . Curves i n t h e image a r e , a f t e r a l l , t he 
p r o j e c t i o n of a space curve d e n o t i n g a p h y s i c a l 
edge c o n t o u r . C o n s t r a i n t s about t he d i f f e r e n t i a l 
geometry o f space curves t h e r e f o r e m a t t e r , and 
have been s t u d i e d by Barrow and Tenenbaum [ 1 ], 
Huffman [ 2 5 ] , Stevens [ 4 7 ] , and W i t k i n [ 5 4 ] . But 
the f u l l n a t u r e o f g r o u p i n g p rocesses i s s t i l l 
l a r g e l y unknown. R e c a l l t h a t , w h i l e d i s c u s s i n g 
the ca fe w a l l i l l u s i o n ( F i g . 9 ) , w e produced 
t r a p e z o i d s t h a t e v e n t u a l l y f o rmed , we c l a i m e d , e s ­
s e n t i a l da ta f o r g e n e r a t i n g t he ' t i l t e d * l i n e s . 
The mechanism r e s p o n s i b l e f o r g r o u p i n g these l o c a l 
segments i n t o g l o b a l l i n e s i s u n c l e a r , bu t b e ­
h a v i o u r l y i t would appear to be the same as t he 
one r e s p o n s i b l e f o r t h e F raser s p i r a l (see F i g . ) . 
Undoub ted l y , t h e r e i s a smoothness c o n s t r a i n t l u r k ­
i n g somewhere. 

Wh i le cu rves c a r r y c l u e s about p h y s i c a l c o n ­
t o u r s , o r the j o i n s between s u r f a c e s , i n f o r m a t i o n 
about s u r f a c e o r i e n t a t i o n i n t e r n a l t o these bound­
a r i e s i s c a r r i e d by t e x t u r e . T e x t u r e may be 
v iewed as a summary of the d e s c r i p t i o n s computed 
by t h e v a r i o u s g r o u p i n g p r o c e s s e s , some of wh ich 
may agg lomera te tokens ac ross s u r f a c e s [ 3 ] . I t 
was f i r s t a c t i v e l y s t u d i e d b y a p s y c h o l o g i s t - -
J . J . Gibson [13] — as a source of dep th i n f o r m a ­
t i o n , and i s o n l y now p r o d u c i n g a l g o r i t h m s f o r i n ­
f e r r i n g l o c a l s u r f a c e o r i e n t a t i o n f rom t e x t u r a l 
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cues [ 3 0 ] . For t h e scope o f d e s c r i p t i v e s t r u c t u r e s 
p o s s i b l y u n d e r l y i n g t e x t u r e , see [ 2 8 , 3 7 , 5 7 ] . 

A t h i r d source o f i n f o r m a t i o n about su r f aces 
comes f rom s t e r e o p s i s , our b u i l t - i n range f i n d e r . 
S e v e r a l models have been proposed to d e s c r i b e the 
human s t e r e o p s i s mode l , one c o o p e r a t i v e (see Sec. 
15) [ 2 7 , 4 1 ) , a n d the o t h e r s e q u e n t i a l [ 4 2 ] . T h i s 
s e q u e n t i a l mode l , by t he way, makes use of the 
z e r o - c r o s s i n g i n f o r m a t i o n f rom the separa te chan­
n e l s i n d i v i d u a l l y , w i t h the course channels a c h i e v ­
i n g a match b e f o r e the f i n e ones a t t emp t t o ; f o r 
c o m p u t a t i o n a l expe r imen ts w i t h t h i s ma tche r , see 
[ 1 7 ] . The f a c t t h a t bo th o f these mode l ing c l asses 

work c o r r e c t l y , t o a l a r g e e x t e n t , r a i s e s an i m p o r t ­
ant q u e s t i o n : how can two c o m p u t a t i o n a l mode ls , so 
d i f f e r e n t i n s t r u c t u r e , b o t h so l ve the same p r o b ­
lem. The answer can be found d i r e c t l y in terms of 
the l e v e l s d i scussed i n t he I n t r o d u c t i o n . A n e s ­
s e n t i a l p a r t o f the s t e r e o p rob lem i s d e t e r m i n i n g 
wh ich tokens i n each e y e ' s d e s c r i p t i o n cor respond 
t o the same p h y s i c a l e v e n t . Once t h i s i s d e t e r ­
m ined , t r i g o n o m e t r y can be used to o b t a i n d e p t h . 
The two a l g o r i t h m s p e r f o r m t h i s match d i f f e r e n t l y . 
B u t , a t a more a b s t r a c t l e v e l , one can hypo thes i ze 
the e x i s t e n c e o f a c r i t e r i o n o r s u i t a b l e f u n c t i o n , 
u n d e r l y i n g the match. The two a l g o r i t h m s are then 
j u s t d i f f e r e n t ways o f o p t i m i z i n g t h i s c r i t e r i o n . 
The s p e c i f i c a t i o n o f t h i s c r i t e r i o n s t i l l r ema ins , 
as does t h e r e f i n e m e n t o f n e u r o p h y s i o l o g i c a l and 
p s y c h o p h y s i c a l c o n s t r a i n t s t h a t w i l l p e r m i t u s t o 
dec ide between these two a l g o r i t h m i c imp lementa ­
t i o n s , o r t o d e r i v e ano ther one ( c f . [ 3 1 ] ) . 

S te reo i s n o t , however , t he o n l y way t o o b t a i n 
d i r e c t i n f o r m a t i o n about s u r f a c e s . When o b j e c t s 
move, or an observer moves, o p t i c a l f l o w p r o v i d e s 
ano the r r i c h s o u r c e . 

13. OPTICAL FLOW 

The d i s c u s s i o n so f a r has moved f rom i n t e n s i ­
t i e s t o a b s t r a c t d e s c r i p t i o n s d e r i v e d f rom them, 
such as edges and s u b j e c t i v e f i g u r e s . However, i n ­
t e n s i t i e s c a r r y much more i n f o r m a t i o n than we have 
e x p l o i t e d so f a r , such as i n f o r m a t i o n coded i n t o 
t h e i r t empo ra l changes. Such changes g i v e r i s e t o 
a v e c t o r f i e l d , w h i c h , i f c o u l d b e computed e x a c t l y , 
wou ld be s u f f i c e n t f o r i n f e r r i n g a g r e a t d e a l about 
t he mo t i on o f s u r f a c e s [ 3 5 ] . T h i s , b y the way, i s 
ano the r o f G i b s o n ' s e a r l y c o n t r i b u t i o n s . Cons ide r , 
f o r example , moving toward a u n i f o r m f i e l d o f d o t s . 
The v e c t o r f i e l d a s s o c i a t e d w i t h d i f f e r e n c e s i n 
p o s i t i o n between the do t s ac ross t ime would p o i n t 
r a d i a l l y o u t w a r d . 

To ge t a f e e l f o r o p t i c a l f l o w , cons ide r the 
M u e l l e r - L y e r i l l u s i o n a g a i n . We have a l r e a d y e s ­
t a b l i s h e d b l u r r i n g a s a causa l f a c t o r i n the i l ­
l u s i o n , and have no ted t h a t i nc reases i n b l u r r i n g 
i n c r e a s e the s u b j e c t i v e s t r e n g t h o f the i l l u s i o n . 
Now, suppose the b l u r r i n g takes p l a c e i n r e a l t i m e ; 
t h a t i s , suppose you were to watch the image go 
s u c c e s s i v e l y in and ou t o f f o c u s . What k i n d s o f 
o b j e c t mo t ions would you see? We have per fo rmed 
t h e e x p e r i m e n t , and have d i s c o v e r e d two [ 5 5 ] . The 
f i r s t o f these i s a mo t i on o f the i n s i d e s o f the 
convex ar rows moving toward one a n o t h e r . I t r a p i d ­
l y a t t r a c t s o n e ' s a t t e n t i o n , and appears to be a 
g r o u p i n g phenomenon o f t he s o r t d i scussed i n 

Sec. 1 0 . I n t e r e s t i n g l y , t h e i d e n t i c a l mo t i on o f 
the concave ar rows i s no t p e r c e i v e d . 

The second p e r c e i v e d mo t ion i s c o m p l e t e l y d i f -
f e r e n t . I t i s o f a n o b j e c t moving i n d e p t h . A s 
the f i g u r e becomes more b l u r r e d , i t appears t o ap ­
proach the o b s e r v e r , and , as the f i g u r e becomes f o ­
cused, i t receedes. I n s i g h t i n t o t h i s p e r c e p t can 
b e o b t a i n e d f rom the o p t i c a l f l o w v e c t o r f i e l d . 

Horn and Schunck [23] have d e r i v e d an a l g o r i t h m 
f o r comput ing o p t i c a l f l o w by assuming t h a t t h e 
b r i g h t n e s s o f each p o i n t i n t he image i s c o n s t a n t 
w i t h i n a w o r l d o f smooth s u r f a c e s , c o n s t a n t i l l u m ­
i n a t i o n , and cons tan t s h a d i n g . T h i s g i v e s r i s e t o 
a d i f f e r e n t i a l equa t i on ( the r a t e o f change o f 
b r i g h t n e s s a t a p o i n t i s 0 ) , wh ich i s s a t i s f i e d 
a p p r o x i m a t e l y . The a l g o r i t h m a t t emp ts t o s a t i s f y 
t h i s equa t i on everywhere by m i n i m i z i n g an e x p r e s ­
s i on f o r the d e v i a t i o n f rom zero i n the image-based 
e s t i m a t e s . The r e s u l t s o f a p p l y i n g t h i s a l g o r i t h m 
t o s u c c e s s i v e l y b l u r r e d v e r s i o n s o f the M u e l l e r -
Lyer i l l u s i o n are shown i n F i g . 16. 

14. REPRESENTATIONS AND DATA STRUCTURES 

A qu i ck g lance a t the o p t i c a l f l o w p a t t e r n i n 
F i g . 16 immed ia te ly suggests a da ta s t r u c t u r e f o r 
r e p r e s e n t i n g i t — g e n e r a l i z e d c y l i n d e r s . I ndeed , 
t h i s has been one o f the most w i d e l y used t h r e e -
d imens iona l r e p r e s e n t a t i o n a l s t r u c t u r e s s i n c e t hey 
were f i r s t i n t r o d u c e d b y B i n f o r d [ 4 ] . More r e c ­
e n t l y , Marr [38] gave them a d d i t i o n a l c r e d i b i l i t y 
by d i s c o v e r i n g t h a t , under c e r t a i n smoothness a s ­
sumpt ions , g e n e r a l i z e d c y l i n d e r s embodied t h e 
i n f o r m a t i o n con ta ined i n t o p o l o g i c a l c o n t o u r s ; 
i . e . , the p r o p e r t i e s i n v a r i a n t under p r o j e c t i v e 
t r a n s f o r m a t i o n s . I t remains an open p r o b l e m , how­
e v e r , as to whether they are the bes t such r e p r e ­
s e n t a t i o n , ( f o r h e u r i s t i c arguments , see [ ] ) . 

P a r t o f the appeal o f g e n e r a l i z e d c y l i n d e r s 
is t h a t they p r o v i d e a coarse 3-D r e p r e s e n t a t i o n 
i n t e r m e d i a t e t o the r e q u i s i t e i n d e x i n g i n t o r i c h e r , 
and more d e t a i l e d , f a m i l i e s o f models . One o f t he 
p r i n c i p l e lessons l ea rned by c o m p u t a t i o n a l models 
o f p e r c e p t i o n so f a r i s t h a t such i n t e r m e d i a t e 
s t r u c t u r e s shou ld p r o l i f e r a t e t h roughou t l o w - l e v e l 
v i s i o n as w e l l . The idea i s a c l a s s i c a l one; 
Dewey unders tood the use o f o r g a n i z a t i o n to d e a l 
w i t h c o m p l e x i t y when he des igned the l i b r a r y ' s d e c ­
ima l sys tem. And resea rche rs in computer v i s i o n 
have s t r e s s e d the impor tance o f e x p l i c i t l y comput­
ing (or m a i n t a i n i n g ) r e p r e s e n t a t i o n s o f i n t e n s i t i e s , 
i l l u m i n a t i o n , d e p t h , s u r f a c e o r i e n t a t i o n , e t c . [ 1 , 3 7 ] 
Since each o f these p r o p e r t i e s can be d e f i n e d l o c ­
a l l y , i t makes sense f rom a c o m p u t a t i o n a l p o i n t o f 
v iew to o rgan ize them as a r r a y s indexed by a 
r e t i n a l - c e n t e r e d c o o r d i n a t e sys tem, as Mach d i d . 
Marr has termed one such r e p r e s e n t a t i o n the " p r i m a l 
s k e t c h " . Whether t h i s is a dense enough r e p r e s e n t ­
a t i o n t o encompass a l l o f g roup ing s t i l l remains t o 
be seen , as does the manner in which such a b s t r a c t 
d e s c r i p t i o n s are rep resen ted by the wetware o f t he 
b r a i n . Undoubted ly , many new c o n s t r a i n t s , s t i l l 
t o be d i s c o v e r e d , are r e q u i r e d t o dec ide the i s s u e . 
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15, COOPERATIVE COMPUTATION AND OPTIMIZATION 

At several points in our discussion we have 
been faced wi th decisions in the face of ambig­
uous s i t ua t i ons ; we had to decide which tokens 
correspond to i d e n t i c a l physical events, we had 
to decide which dots correspond to the subject ive 
c i r c l es in random dot Moire pa t te rns , we had to 
decide whether our zero crossings were ind ica t ing 
loca l edge elements, and what the o r ien ta t i on of 
these edge elements might be. Most of these dec* 
is ions have already been characterized in terms of 
constra ints represented as c r i t e r i a to be minimized, 
so we sha l l now turn our discussion to how such 
minima might be found. That i s , having discussed 
representat ions, we sha l l now discuss algorithms 
and mechanisms. 

As is we l l known, the f i e l d of minimizat ion 
and opt imizat ion algorithms is a la rge, w e l l -
developed one [36 ] , Most of these algorithms are 
not of immediate relevance for us, however, because, 
wi th our stated in te res t in v i s i o n , we must always 
be concerned wi th possible constra ints from other 
l eve ls . Some of the t i g h t e s t of these constra ints 
come from the implementation l e v e l ; whatever a l ­
gorithm we develop must be implementable on the 
hardware ava i lab le . For the ear ly v i sua l system, 
t h i s amounts to rather regular arrangements of 
sparsely interconnected u n i t s , such as neurones, 
each of which can perform a simple computation. 
Such arrangements are a t t r a c t i v e evo lu t ionary ly , 
because they make the construct ion of complex sys­
tems possible from simple components [48 ] . And 
they are a t t r a c t i v e for computer v i s i o n , because 
they are one of the few design methodologies cur­
ren t l y avai lable fo r VLSI technology [34] . 

The most convenient form of sparsely-
interconnected computational networks for our pur­
poses is one in which processors are arranged spat­
i a l l y so that each one in te rac ts only w i th i t s 
spa t i a l neighbors. The class of computations per-
formable in such networks may seem, at f i r s t , to be 
qui te l i m i t e d . If each node can only use data 
avai lable to i t s e l f and to i t s neighbors, then 
there is no way tha t data from larger distances can 
exert any inf luence on the outcome of the computa­
t i o n . But, i f we permit i t e r a t i o n in the network, 
then data can, in e f f e c t , propagate i t s inf luence 
over larger areas. Metaphor ical ly , myopia is con­
quered by permi t t ing neighbors to glimpse neighbors 
by i t e r a t i o n , and so on. For cer ta in computations, 
the un i ts can a l l operate in a lock step, p a r a l l e l 
fashion, i t e r a t i n g toward a common r e s u l t . This 
is what we sha l l re fe r to as cooperative computa­
t i o n . 

Is i t possible to perform minimization in co-
operative networks? The answer is yes, as we sha l l 
now demonstrate by in t roducing one of the most 
widely studied cooperative networks — re laxat ion 
labe l ing processes. 

16. RELAXATION LABELING PROCESSES 

Consider a graph in which the nodes represent 
e n t i t i e s , and the edges ind icate which e n t i t i e s 
constrain each other . Now, l e t a set of labels be 
attached to each e n t i t y , each of which represents 

possible in te rp re ta t ions for that e n t i t y . F i n a l l y , 
l e t a measure of confidence be associated wi th each 
l a b e l , ind ica t ing how l i k e l y tha t label is for the 
associated node. 

Given t h i s i n i t i a l s t ruc tu re , the problem is 
to select a label ing for the graph which is most 
l i k e l y given a model of how the e n t i t i e s f i t toge­
ther . Perhaps the e a r l i e s t such example in comput­
er v i s ion occured in the blocks world of convex 
polyhedra, in which programs attempted to label the 
sides of l ine drawings wi th the physical edge con­
f i gu ra t ion tha t they were represent ing. Sharp 
loca l constra ints existed between pai rs of l ines 
meeting at a junct ion w i th in t h i s universe, because 
physical edges can f i t together only in cer ta in 
ways [25); for a recent review, see [ 2 ] . For 
example, w i th in t h i s universe, a l i ne denoting two 
surfaces meeting to form a convex fo ld could not 
j o i n a l i ne denoting two surfaces forming a concave 
one, but it could meet one denoting an occluding 
surface (consider a t r iangu la r f l ap of cardboard 
bent up; the bend is the convex j unc t i on , and on 
e i ther of i t s sides is an occluding one). The 
constra ints in t h i s wor ld , then, were tables of 
which pa i rs (or t r i p l e s , e tc . ) could form phys ica l ly 
meaningful conf igurat ions. 

Within the blocks wor ld , t h i s constra int i n ­
formation was used to r e s t r i c t the search for lega l 
labe l ings. The basic idea, as developed by Waltz 
[ 5U , was tha t labels need not be considered in the 
g lobal search if they were not consis tent , accord­
ing to the constra int tab les , w i th t he i r neighbors. 
He thus f i l t e r e d the possible labels according to 
the fo l lowing r u l e : discard a l l labels that d id 
not have at least one label on each of t h e i r 
neighbors wi th which they were consistent . The 
ru le could be applied in p a r a l l e l to each node-
label p a i r , and, since the labe l sets change a f te r 
each app l i ca t i on , i t could be i t e ra ted u n t i l no 
fu r ther changes took p lace. I t i s , therefore, a 
cooperative computation. 

Although Waltz f i l t e r i n g was developed in th i s 
d i sc re te , symbolic manner, it can be reformulated 
in opt imizat ion terms. If we view labels as e i ther 
being present or absent, and constra in ts as e i ther 
being true or fa lse ( i . e . , 0 or 1, for both labels 
and cons t ra in ts ) , then the e f f ec t of a l abe l ' s 
context is to add support to the l a b e l . Since each 
neighboring node must have at least one consistent 
l a b e l , we can define the support from a node as one 
when the condi t ion is s a t i s f i e d , otherwise zero. 
The goal of Waltz f i l t e r i n g , then, is to maximize 
support for each l abe l ; otherwise, they w i l l be 
discarded. 

Discrete Waltz f i l t e r i n g can be generalized to 
continuous opt imizat ion by general iz ing the cer ta in ­
ty measure attached to each labe l from {PRESENT, 
ABSENT} to the continuum [0,1] , and s i m i l a r l y for 
the l og i ca l cons t ra in ts . Thus Ullman's a f f i n i t i e s , 
e . g . , become the cons t ra in ts . The problem, then, 
becomes one of how to extend the d e f i n i t i o n of sup­
port to t h i s continuous case, and f i n a l l y of how 
to maximize it in a cooperative fashion. These 
problems have been solved by Hummel and Zucker [26] , 
using the too ls of va r i a t i ona l ca lcu lus . In shor t , 
t h e i r a lgor i thm is one of gradient ascent; i t 
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ope ra tes by comput ing a d i r e c t i o n f o r the i t e r a t i o n 
t o , s a y , maximize an i n c r e a s e in t h e va lue o f a 
f u n c t i o n a l , and t h e n t a k i n g a s t ep i n t h i s d i r e c ­
t i o n . I t i s i n t e r e s t i n g t o no te t h a t , a l t h o u g h 
t h i s a l g o r i t h m was d e r i v e d f o r o p t i m i z a t i o n p u r ­
poses , i t s o l v e s a much r i c h e r c l a s s o f p rob lems . 
I t i s i n t i m a t e l y r e l a t e d t o t h e a l g o r i t h m s f o r 
s o l v i n g systems o f ( p a r t i a l ) d i f f e r e n t i a l e q u a t i o n s , 
such as t he one d i s c u s s e d p r e v i o u s l y f o r comput ing 
o p t i c a l f l o w . 

17. LABELING LINES AND LINKS 

As a d e m o n s t r a t i o n o f the r e l a x a t i o n l a b ­
e l i n g p r o c e s s , r e c a l l t h e p rob lem o f i n t e r p r e t i n g 
the responses o f o r i e n t e d s imp le c e l l s . I n p a r t ­
i c u l a r , l e t u s suppose t h a t t he s imp le c e l l s are 
t r y i n g t o i n t e r p r e t t h e z e r o - c r o s s i n g con tou rs i n t o 
l o c a l l y - s t r a i g h t segments, c a l l e d EDGES, w i t h an 
a s s o c i a t e d o r i e n t a t i o n . How s h a l l we c o n s t r a i n 
the i n t e r p r e t a t i o n p rocess? Our g e n e r a l g o a l , as 
p r e v i o u s l y s t a t e d , i s t o f i n d t he l a b e l s , i . e . , t he 
EDGE segments, wh ich were most l i k e l y to g i v e the 
observed response f o r ( a t l e a s t two l e v e l s o f ) the 
observed s imp le c e l l responses . Whi le t h i s can be 
done [ 5 9 ] , i t would r e q u i r e more space than we have 
here t o deve lop i t . Ra the r , l e t u s cons i de r a s i m ­
p l e r c o n s t r a i n t : m in im ize a measure o f c u r v a t u r e , 
so t h a t curves are c o n t i n u e d as smooth ly as p o s s ­
i b l e ac ross i n t e r s e c t i o n s . Such a c o n s t r a i n t c o u l d 
be s a i d to implement t he G e s t a l t law o f good con ­
t i n u a t i o n [ 3 3 ] , a summary o f o b s e r v a t i o n a l e x p e r ­
i ence (bu t h a r d l y a t h e o r y o f c o n s t r a i n t ) . 

Given t h a t we w i sh to m in im ize c u r v a t u r e , how 
might, t he v i s u a l system o b t a i n s u i t a b l e a f f i n i t i e s , 
o r c o n s t r a i n t s ? One approach is to use the s imp le 
c e l l s ' r e c e p t i v e f i e l d s no t o n l y a s o p e r a t o r s f o r 
s i g n a l i n g EDGES, but a l s o as e x p l i c i t r e p r e s e n t a ­
t i o n a l d e s c r i p t i o n s o f them. Then, c o n s t r a i n t s f o r 
o r i e n t a t i o n good c o n t i n u a t i o n can be d e r i v e d by u s ­
i n g the i n f o r m a t i o n i m p l i c i t i n t he arrangement o f 
the r e c e p t i v e f i e l d s . Tha t i s , b y o v e r l a y i n g r e c ­
e p t i v e f i e l d s o f d i f f e r e n t o r i e n t a t i o n s , and then 
c o u n t i n g t he amount o f o v e r l a p between them, c o n ­
s t r a i n t s between p a i r s of EDGES can be d e r i v e d . 
For example , f o r a v e r t i c a l o r i e n t a t i o n o f one 
mask, the a f f i n i t y t o the o t h e r mask would drop o f f 
( r o u g h l y ) e x p o n e n t i a l l y as i t were r o t a t e d away 
f rom the v e r t i c a l . These c o n s t r a i n t s are a c t u a l l y 
p r o p o r t i o n a l t o the l i k e l i h o o d o f a l ong v e r t i c a l 
z e r o - c r o s s i n g segment r e p r e s e n t e d by two f i n e masks, 
in t h e c o n t e x t o f a l a r g e r mask i n d i c a t i n g a s t r o n g 
v e r t i c a l segment in t h e same area (see Sec. 7) 
See F i g . 17 . The f u l l system of c o n s t r a i n t s , o f 
c o u r s e , must t ake b o t h t h e o r i e n t a t i o n and the r e ­
sponse o f t h e l a r g e r masks i n t o accoun t . 

18 . MULTI-LEVEL COOPERATIVE SYSTEMS 

As we have i n d i c a t e d , e a r l y v i s u a l p r o c e s s i n g 
seems to i n v o l v e many d i f f e r e n t r e p r e s e n t a t i o n s , 
f rom ze ro c r o s s i n g s t o s u b j e c t i v e f i g u r e s . The 
i s s u e o f s a t i s f y i n g c o n s t r a i n t s between r e p r e s e n t ­
a t i o n a l l e v e l s , a s w e l l a s ac ross them, t h e r e f o r e 
a r i s e s . And, g i v e n t h e underde te rm ined na tu re o f 
many o f these p r o b l e m s , i t seems most l o g i c a l t h a t 
as many c o n s t r a i n t s as p o s s i b l e shou ld be c o n s i d ­
e r e d c o n c u r r e n t l y . M u l t i - l e v e l r e l a x a t i o n systems 

thus seem a n a t u r a l s o l u t i o n , and i n t h i s s e c t i o n 
we s h a l l d i s c us s one f o r b o t h l a b e l i n g and l i n k i n g 
EDGES. As b e f o r e , the system p r e s e n t e d is s i m p l i ­
f i e d , b u t , w e b e l i e v e , o f the r i g h t s o r t f o r many 
forms o f g r o u p i n g . 

The f i r s t l e v e l o f our system i s i d e n t i c a l t o 
the one j u s t p r e s e n t e d ; i t l a b e l s t h e response o f 
s i m p l e - c e l l - l i k e o p e r a t o r s w i t h a s s e r t i o n s about 
o r i e n t e d EDGE segments. The second l e v e l g roups 
these segments i n t o l onger curves by l a b e l i n g a 
r e l a t i o n over s p a t i a l l y n e i g h b o r i n g segments as 
e i t h e r connected o r n o t - c o n n e c t e d . The connected 
r e l a t i o n j o i n s segments ana logous l y t o t h e way i n 
wh ich v i r t u a l l i n e s j o i n e d the do t s i n random Moi re 
p a t t e r n s . The c o n s t r a i n t s f o r t h i s second l e v e l 
come f rom the i n t e n s i t i e s ; the l i k e l i h o o d of EDGES 
be ing connected i s p r o p o r t i o n a l t o the s i m i l a r i t y 
between t h e i r i n t e n s i t y p r o f i l e s . The r e s u l t s are 
shown in F i g . 18 [ 5 6 ] . 

The r e s u l t s o f these two r e l a x a t i o n examples 
shou ld be v iewed as c o m p u t a t i o n a l e x p e r i m e n t s . 
They p e r m i t one t o deve lop b o t h the p r a c t i c a l f e e l 
o f a p a r t i c u l a r approach , and the p o s s i b i l i t y o f 
p e r f o r m i n g mathemat ica l ana lyses o f i t . Most i m ­
p o r t a n t l y f o r t he s tudy o f human p e r c e p t i o n , how­
e v e r , they expand the mode l ing vocabu la r y of. t h e 
v i s u a l t h e o r i s t s u b s t a n t i a l l y . P r e v i o u s l y , n e u r o -
p h y s i o l o g i s t s have spoken o f l a t e r a l i n h i b i t o r y 
i n t e r a c t i o n s between o r i e n t a t i o n d e t e c t o r s t o o v e r ­
come a m b i g u i t i e s i n the n u l l f i r i n g r a t e o f neurons 
[ 5 ] ; such mechanisms implement a l i m i t e d fo rm o f 
enhancement. Now we have the c a p a b i l i t y of d i s ­
cuss ing imp lemen ta t i ons t h a t ach ieve o p t i m a l c o n ­
s t r a i n t s a t i s f a c t i o n . When one looks a t t he d e ­
t a i l s , t he r e q u i r e d machinery i s no t s i g n i f i c a n t l y 
d i f f e r e n t . There i s even a p a r t i a l c o n c e p t u a l 
s i m i l a r i t y a s w e l l . When the s t r u c t u r e i s c l e a r 
enough everywhere , c o o p e r a t i v e a l g o r i t h m s can b e ­
come e q u i v a l e n t t o l o c a l maxima s e l e c t i o n [ 5 8 ] . 
Tha t i s , choos ing l o c a l maxima everywhere may r e ­
s u l t i n a g l o b a l one. But i n g e n e r a l , t h i s i s n o t 
t he case . 

19. SUMMARY AND CONCLUSIONS 

In t h i s essay we have t r i e "d to f o l l o w t h r e e 
pa ths s i m u l t a n e o u s l y : an h i s t o r i c a l one , f rom 
He lmho l tz and Mach to the p r e s e n t ; an a n a t o m i c a l 
one , f rom the eye to the b r a i n ; and a c o n c e p t u a l 
one , f rom the conc re te to the a b s t r a c t . Because 
the process o f v i s i o n i s s o complex, e x p l a n a t i o n s 
can be pu t f o rward a t many d i f f e r e n t l e v e l s , f rom 
assumpt ions necessary t o so l ve a b s t r a c t v i s i o n 
p rob lems, t o r e s t r i c t i o n s o n t h e machinery t h a t 
w i l l implement the s o l u t i o n . We have i l l u s t r a t e d 
c o n s t r a i n t s a t each o f these l e v e l s , because, when 
they are taken t o g e t h e r , we b e l i e v e t h a t t h e y dem­
o n s t r a t e the way in wh ich p r o g r e s s can be made in 
unde rs tand ing v i s i o n i n g e n e r a l . I f c o n s t r a i n t s 
at any of these l e v e l s were m i s s i n g , we a r g u e d , 
the rema in ing ones would be t o o u n d e r c o n s t r a i n e d 
f o r v i a b l e t h e o r i z i n g . T h i s was i l l u s t r a t e d i n 
the p a r t i c u l a r i ns tance o f c o o p e r a t i v e a l g o r i t h m s , 
the need f o r wh ich came f rom c o m p u t a t i o n a l t h e o r i e s , 
but t he form of which came f rom i m p l e m e n t a t i o n c o n ­
s t r a i n t s . 

The essay c o n c e n t r a t e d o n e a r l y p e r c e p t i o n , i n 
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p a r t because t h i s i s t h e most w e l l unders tood com­
p o n e n t , b u t more t o i l l u s t r a t e the need f o r comput­
e r v i s i o n i n t he u n d e r s t a n d i n g o f human p e r c e p t i o n . 
For i t i s here t h a t t he e x p l a n a t i o n s wou ld presum­
a b l y b e most c o n c r e t e . Whi le t h i s i s t r u e f o r t h e 
p h y s i c s o f t h e e y e , i t does n o t seem to be so f o r 
as fundamenta l a p rocess as t h e l o c a t i o n of edges; 
t h i s r e q u i r e s , we a r g u e d , an i n t e r p r e t a t i v e comp­
onent t o dec iphe r t he t r a n s d u c e r s ' s i g n a l s . By t h e 
t ime the v i s u a l system beg ins t o hypo thes i ze s u r ­
faces and vo lumes, t h e language of computa t ions and 
r e p r e s e n t a t i o n s seems even more necessa ry . Whi le 
the c o m p u t a t i o n a l l e v e l may n o t be s t r i c t l y neces ­
sary t o unders tand the r e f l e x - l i k e mechanisms i n 
lower organisms l i k e t h e f l y , i t would appear t h a t 
b o t h He lmho l t z and Mach were r i g h t about t he human 
v i s u a l system — i n f e r e n c e s take p l a c e , and they 
are r e a l i z e d by mechanisms implemented in neurones . 
They were s i m p l y t h e o r i z i n g a t d i f f e r e n t d e s c r i p t i v e 
or e x p l a n a t o r y , l e v e l s . We argued t h i s p o i n t by 
d e v e l o p i n g t h e need f o r o p t i m a l i n t e r p r e t a t i o n 
s t r a t e g i e s , and then showing how t h e y c o u l d be r e ­
a l i z e d , a t l e a s t i n p r i n c i p l e . 

A l t hough c o m p u t a t i o n a l t h e o r i e s are necessa ry , 
in t h e sense t h a t we have a r g u e d , t h e y may never 
be un ique . There are o f t e n s e v e r a l d i f f e r e n t , b u t 
e q u i v a l e n t , ways in wh i ch the same phenomenon can 
be e x p l a i n e d ; soap f i l m s , f o r example , can be d e ­
s c r i b e d p h y s i c a l l y a s t he s u r f a c e w i t h m i n i m a l a r e a , 
a g l o b a l c h a r a c t e r i z a t i o n , o r l o c a l l y i n terms o f 
t h e i r d i f f e r e n t i a l geomet ry . I n t h i s essay we saw 
s e v e r a l examples f rom v i s i o n : l a t e r a l i n h i b i t i o n 
can be v iewed as an enhancement p r o c e s s , or as i m ­
p l e m e n t i n g t he r e c e p t i v e f i e l d s o f c e n t e r - s u r r o u n d 
c e l l s . They may even p l a y a r o l e i n the s p a t i a l -
f requency l i m i t e d c h a n n e l s . And s imp le c e l l s were 
v iewed t e l e o l o g i c a l l y as edge and l i n e f i n d e r s , and 
a s a p p r o x i m a t i o n s t o f i r s t and second ( s p a t i a l ) 
d e r i v a t i v e s . F i n a l l y , we encoun te red two separa te 
s t e r e o a l g o r i t h m s . Bu t each o f these a l t e r n a t i v e 
t h e o r i e s was i n s t r u c t i v e , i l l u s t r a t i n g , once a g a i n , 
how i m p o r t a n t d i f f e r e n t e x p l a n a t o r y p o i n t s o f v iew 
can be . 
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