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APSTRACT 

There has been a recen t r e v i v a l o f i n t e r e s t in 
p a r a l l e l systems i n which computa t ion i s 
performed by e x c i t a t o r y and i n h i b i t o r y 
i n t e r a c t i o n s w i t h i n a network o f r e l a t i v e l y 
s i m p l e , n e u r o n l i k e u n i t s [1 2 3 4 ] . A t the 
e a r l y s tages o f v i s u a l p r o c e s s i n g , i n d i v i d u a l 
u n i t s can rep resen t hypotheses about how sma l l 
l o c a l f ragments o f the v i s u a l i n p u t should be 
i n t e r p r e t e d , and i n t e r a c t i o n s between u n i t s can 
encode knowledge about the c o n s t r a i n t s between 
l o c a l i n t e r p r e t a t i o n s . H igher u p i n the v i s u a l 
sys tem, the r e p r e s e n t a t i o n a l i ssues a re more 
complex. Th is paper c o n s i d e r s the d i f f i c u l t i e s 
i n v o l v e d i n r e p r e s e n t i n g shapes i n p a r a l l e l 
sys tems, and suggests ways of overcoming them. In 
do ing so , i t p rov i des a mechanism f o r shape 
p e r c e p t i o n and v i s u a l a t t e n t i o n which a l l ows a 
novel i n t e r p r e t a t i o n o f the G e s t a l t s logan t h a t 
the whole is more than the sum of i t s p a r t s . 

1 INTRODUCTION 

The most n o t o r i o u s f a i l u r e o f the G e s t a l t 
p s y c h o l o g i s t s was t h e i r i n a b i l i t y to s p e c i f y a 
p l a u s i b l e mechanism to e x p l a i n the many i m p o r t a n t 
and i n s i g h t f u l pe r cep tua l phenomena t h a t they 
d i s c o v e r e d . C o g n i t i v e Science has red i scove red 
many of the phenomena. Can i t do any b e t t e r w i t h 
the mechanism9 We have the advantage of modern 
d i g i t a l computers which can s i m u l a t e any 
mechanism we care to i n v e n t , but what k ind of 
mechanism should we be l o o k i n g for? Is the 
d i g i t a l computer i t s e l f a good ana logy , o r should 
we be i n v e s t i g a t i n g the compu ta t i ona l p r o p e r t i e s 
o f processes o c c u r i n g i n p a r a l l e l systems o f 
r i c h l y i n t e r c o n n e c t e d , n e u r o n l i k e u n i t s ? 

The c e n t r a l idea o f G e s t a l t psycho logy i s the 
G e s t a l t i t s e l f — a coheren t o r g a n i s a t i o n o f the 
p a r t s o f a f i g u r e i n t o a pe r cep tua l whole which 
t ranscends the i n d i v i d u a l p a r t s . The c e n t r a l idea 
o f t h i s paper i s t h a t the mechanism u n d e r l y i n g 
the f o r m a t i o n o f a G e s t a l t i s a se t o f 
c o m p e t i t i v e and c o o p e r a t i v e i n t e r a c t i o n s w i t h i n a 
network o f s imp le u n i t s . The i n t e r a c t i o n s r e s u l t 
i n a p a r t i c u l a r subset o f the u n i t s becoming 
a c t i v e and suppress ing the r e s t . The a c t i v e 
subset i s the i n t e r n a l r e p r e s e n t a t i o n o f the 
c u r r e n t G e s t a l t . 

Th is is not a new idea and it has many 
prob lems. How does the Ges ta l t r ep resen t shape 
i ndependen t l y o f s i z e , p o s i t i o n , and o r i e n t a t i o n 9 

How are success ive G e s t a l t s i n t e g r a t e d in the 
temporal f l ow o f p e r c e p t i o n 9 How is the G e s t a l t 
f o r the whole r e l a t e d t o the G e s t a l t s f o r i t s 
p a r t s ? How, e x a c t l y , a re G e s t a l t s encoded as 
a c t i v i t y i n the u n i t s o f a p a r a l l e l system9 

Before d i s c u s s i n g these i s s u e s , T s h a l l b r i e f l y 
d e s c r i b e the h i s t o r i c a l ups and downs o f p a r a l l e l 
models in computer v i s i o n , and a lso g i v e a recen t 
example of a p a r a l l e l model tha t i l l u s t r a t e s many 
o f the prob lems. 

11 PARALLEL MODELS IN COMPUTER VISION 

There i s a long t r a d i t i o n o f a t t e m p t s to b u i l d 
neura l models of v i s u a l p e r c e p t i o n . Much of the 
e a r l y work was unconv inc ing because i t was based 
on an inadequate a n a l y s i s of what a v i s u a l system 
must d o . I t i gnored the main problems l i k e 
segmenta t ion or g e n e r a t i n g a 3-D r e p r e s e n t a t i o n 
from a ?-P image. The inadequac ies of the 
e x i s t i n g neura l models led people i n A r t i f i c i a l 
I n t e l l i g e n c e to abandon them and to c o n c e n t r a t e 
on the problem of programming a v i s u a l system on 
a conven t i ona l d i g i t a l computer . 

Work in computer v i s i o n has now g i v e n us a 
much b e t t e r g rasp of what the r e a l problems are 
i n g e t t i n g from i n t e n s i t y a r r a y s t o the k ind o f 
a r t i c u l a t e d i n t e r n a l r e p r e s e n t a t i o n s o f 3 - D 
scenes t h a t are needed f o r o b j e c t r e c o g n i t i o n and 
m a n i p u l a t i o n . We have l e a r n t , f o r example, t h a t 
segment ing a rea l scene i n t o o b j e c t s is h a r d , and 
t h a t i t cannot be done p r o p e r l y by s i m p l y l o o k i n g 
f o r edges o r g rowing reg ions i n the raw i n t e n s i t y 
a r r a y produced by a camera. 

For a t i m e , i t appeared t h a t a ma jo r problem 
was to deve lop complex h e t e r a r c h i c a l c o n t r o l 
s t r u c t u r e s t ha t would a l l o w h i g h - l e v e l knowledge 
about o b j e c t s to a id the l o w - l e v e l 
i n t e r p r e t a t i o n o f the i n t e n s i t y a r r a y [ 5 6 ] . 
Th is v iew has now been l a r g e l y superceeded by two 
r e l a t e d deve lopments . F i r s t , peop le i n computer 
v i s i o n who s tud ied r e a l images r a t h e r than l i n e 
drawings red i scove red the Gibson ian p o i n t t h a t 
t he re i s a geat deal o f a v a i l a b l e i n f o r m a t i o n i n 
the i n t e n s i t y a r r a y , e s p e c i a l l y i f sources o f 
i n f o r m a t i o n l i k e s t e r e o and o p t i c a l f l o w a re 
c o n s i d e r e d . Second, Dav id Marr [ 7 ] emphasised 
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t h a t l o w - l e v e l v i s u a l p rocess ing i n the b r a i n 
i n v o l v e s an enormous amount of p a r a l l e l 
computa t ion a t o r near the l e v e l o f the i n t e n s i t y 
a r r a y . So techn iques designed to economise on the 
number o f compu ta t i ona l o p e r a t i o n s r equ i r esd in a 
s e q u e n t i a l computer may be a poor gu ide to 
unde rs tand ing how n a t u r a l v i s u a l systems work. 

The problem of segmenting a scene i n t o o b j e c t s 
is a t e s t i n g ground f o r these new developments. 
Before segmentat ion o c c u r s , i t appears t h a t a 
g r e a t deal o f " l o w - l e v e l " v i s u a l p rocess ing must 
be done. The purpose of t h i s p rocess ing is to 
i n t e r p r e t the i n t e n s i t i e s o f each p i x e l i n the 
image i n terms o f the l o c a l su r face o r i e n t a t i o n , 
r e f l e c t a n c e , and depth o f the p iece o f 3 -D 
s u r f a c e t h e t i s imaged in the p i x e l . These 
i n t r i n s i c p r o p e r t i e s of the su r face are much more 
u s e f u l f o r segmentat ion than the raw i n t e n s i t y 
d a t a , because they d i s t i n g u i s h i n t e n s i t y changes 
caused by d i s c o n t i n u i t i e s in depth from s i m i l a r 
i n t e n s i t y changes caused by su r f ace mark ings or 
sharp changes i n su r f ace o r i e n t a t i o n . 

Some of the a l g o r i t h m s t h a t are used f o r 
r e c o v e r i n g i n t r i n s i c p r o p e r t i e s o f su r faces from 
l o c a l i n t e n s i t i e s [ 4 ] o r from s te reo p a i r s o f 
images [3] , have a ve r y i n t e r e s t i n g p r o p e r t y . 
They i n v o l v e l o c a l computat ions t ha t can be 
performed in networks o f i n te r connec ted s imple 
u n i t s . Thus, f o r l o w - l e v e l p r o c e s s i n g , computer 
v i s i o n is moving back to models in which 
p rocess ing occurs in pseudo-neura l ne tworks . The 
c u r r e n t models d i f f e r from e a r l i e r n e u r a l - n e t 
models in seve ra l ways. They are r i g o r o u s l y 
s p e c i f i e d , and the d e t a i l s o f the computat ion are 
t y p i c a l l y determined by c a r e f u l analyses o f the 
phys i cs o f the image f o rma t i on process [8 ] and o f 
the genera l p r o p e r t i e s o f the phys i ca l wor ld t h a t 
de termine how the p r o p e r t i e s of one p iece of 
s u r f a c e c o n s t r a i n the probab le p r o p e r t i e s o f 
ne i ghbou r i ng p ieces [3 ] . 

Th is paper d i scusses the problems invo l ved in 
ex tend ing t h i s k ind o f p a r a l l e l computat ion t o 
h i g h e r l e v e l s o f v i s u a l p e r c e p t i o n l i k e shape 
r e c o g n i t i o n which was the c e n t r a l p reoccupa t ion 
o f the e a r l i e r g e n e r a t i o n o f neu ra l models l i k e 
pe rcep t rons [ 9 ] . These problems are o f t e n 
ignored or brushed as ide by p a r a l l e l modelB o f 
shape r e c o g n i t i o n 1 i ke r e c o g n i t i o n cones | 1 0 j or 
h ierarchical re laxat ion [ 11 ] . They must be 
so lved be fo re t h i s k ind of model can be accepted 
as a p l a u s i b l e account of human shape p e r c e p t i o n . 

III AN EXAMPLE OF A PARALLFL SYSTEM 

To i l l u s t r a t e the k ind o f p a r a l l e l system t h a t 
1 w i l l be d i s c u s s i n g , T have chosen a recent 
model of word p e r c e p t i o n . The model is l i m i t e d to 
the p e r c e p t i o n o f b r i e f l y presented fou r l e t t e r 
words , bu t i t works , i t f i t s the psycho log i ca l 
data w e l l , and i t s l i m i t a t i o n s p rov ide a good 
s t a r t i n g p o i n t f o r d i s c u s s i n g the problems t h a t 
more genera l systems o f t h i s type w i l l have to 
overcome. 

When a s t r i n g o f l e t t e r s is presented ve r y 
b r i e f l y , i t i s e a s i e r t o recogn ise the l e t t e r s 
i f they form a word than i f i f they form a 
nonsense s t r i n g . Rumelhar t and McCle l land 
( h e n c e f o r t h RAM) propose a model in which many 
s i m p l e , n e u r o n l i k e u n i t s i n t e r a c t t o produce t h i s 
e f f e c t [ 12 1 3 ] . For s i m p l i c i t y , they r e s t r i c t 
themselves to a t h r e e - l a y e r e d sys tem, and they 
omi t feedback from the m idd le l a y e r to the 
bottom one (see F i g . 1 ) . 

FIGURE 1 

Only a few of the u n i t s are shown f o r 
each o f the t h ree l a y e r s . I n h i b i t o r y 
i n t e r a c t i o n s are marked w i t h a c r o s s . 
A s i n g l e l i n e i s used to s tand f o r conn­
e c t i o n s i n bo th d i r e c t i o n s . 

The bottom l a y e r c o n t a i n s " s t r o k e " u n i t s t h a t 
d e t e c t l o c a l f e a t u r e s l i k e the i n d i v i d u a l 
s t r o k e s o f l e t t e r s i n s p e c i f i c p o s i t i o n s w i t h i n 
the word . A u n i t i n t h i s l a y e r m i g h t , f o r 
example, b e a c t i v a t e d i f t he re i s a v e r t i c a l 
s t r o k e t h a t cou ld be the r i g h t hand v e r t i c a l o f 
an H, M, or N in the s e c o n d - l e t t e r p o s i t i o n 
w i t h i n the word . Fach l e t t e r u n i t r e c e i v e s 
e x c i t a t o r y i n p u t from a l l the s t r o k e u n i t s t h a t 
f i t i t and a lso i n h i b i t o r y i n p u t from s t r o k e 
u n i t s i n the same p o s i t i o n t h a t d o not f i t i t . 

Un i t s i n the top l a y e r correspond t o s p e c i f i c 
words . Each word u n i t r e c e i v e s e x c i t a t o r y i n p u t s 
from a l l the l e t t e r u n i t s t h a t f i t i t and 
i n h i b i t o r y i n p u t s from the r e s t . Word u n i t s a l s o 
p rov ide e x c i t a t o r y and i n h i b i t o r y feedback to 
the l e t t e r u n i t s . I n a d d i t i o n t o these 
i n t e r a c t i o n s between l a y e r s , t h e r e a re 
i n h i b i t o r y i n t e r a c t i o n s between a l l p a i r s o f word 
u n i t s and between those p a i r s o f l e t t e r u n i t s 
t h a t correspond t o a l t e r n a t i v e l e t t e r s a t the 
same p o s i t i o n w i t h i n a word . 

The a c t i v i t y l e v e l o f a u n i t i s a con t i nuous 
v a r i a b l e cons t ra i ned t o l i e between two l i m i t s , 
and the p rec i se r u l e s f o r the e x c i t a t o r y and 
i n h i b i t o r y i n t e r a c t i o n s and f o r the t h r e s h o l d s 
are q u i t e complex. They a re chosen so t h a t when 
the s t roke u n i t s a re a c t i v a t e d as they would be 
by a v i s u a l l y presented word , the system s e t t l e s 
down i n t o a s t a b l e s t a t e in which the a p p r o p r i a t e 
word and l e t t e r u n i t s are h i g h l y a c t i v e , and the 
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i n a p p r o p r i a t e u n i t e a re suppressed. 

P rec ise r u l e s f o r the i n t e r a c t i o n s can be 
chosen BO t h a t the model is in good agreement 
w i t h expe r imen ta l data f o r a wide range o f 
expe r imen t s . I t c a n , f o r example p r e d i c t the way 
i n which the p r o b a b i l i t y o f c o r r e c t l y r e p o r t i n g a 
p a r t i c u l a r l e t t e r depends on the onset and 
o f f s e t t imes o f the o t h e r l e t t e r s . 

IV PROBLEMS FOR PARALLEL MODELS 
OF SHAPE PERCEPTION 

The R & M model has s e v e r a l i n t e r e s t i n g 
l i m i t a t i o n s which a re c h a r a c t e r i s t i c o f a whole 
c l a s s o f models i n which shape p e r c e p t i o n i s 
performed by p a r a l l e l computa t ion in a network o f 
r e l a t i v e l y s imp le u n i t s : 

1. The model makes no p r o v i s i o n f o r v a r i a t i o n s 
i n the s i z e , p o s i t i o n , o r o r i e n t a t i o n o f the 
word . I t i m p l i c i t l y assumes t h a t the i n p u t i s 
somehow normal ised so t h a t the a c t u a l s i z e , 
p o s i t i o n , and o r i e n t a t i o n o f the word do no t 
a f f e c t which o f the s t r o k e u n i t s a re a c t i v a t e d b y 
the i n p u t . To put i t ano the r way, a c t i v a t i o n o f 
a p a r t i c u l a r s t r o k e u n i t r e p r e s e n t s the e x i s t e n c e 
o f a s t r o k e o f a p a r t i c u l a r type in a p a r t i c u l a r 
p o s i t i o n r e l a t i v e to the whole word . A t the 
lowes t l e v e l s o f the v i s u a l sys tem, however, i t 
i s the p o s i t i o n , s i z e , and o r i e n t a t i o n o f 
f e a t u r e s r e l a t i v e t o the r e t i n a t h a t de te rm ines 
which u n i t s a re a c t i v a t e d . How to t r ans fo rm from 
f e a t u r e s r e l a t i v e t o the r e t i n a t o f e a t u r e s 
r e l a t i v e to the whole word is a ma jo r p rob lem. 

2. The G e s t a l t f o r a whole word is implemented 
as a p a t t e r n o f a c t i v i t y i n which the a c t i v e 
s t r o k e , l e t t e r , and word u n i t s a l l suppor t one 
ano ther and suppress the r e s t . To p e r c e i v e 
ano ther wo rd , a d i f f e r e n t p a t t e r n o f a c t i v i t y 
must emerge in the v e r y same se t o f u n i t s , so the 
r e p r e s e n t a t i o n of the p rev i ous word must be wiped 
o u t . Th is makes i t hard to see how s u c c e s s i v e l y 
perce ived G e s t a l t s can be i n t e g r a t e d i n t o h i g h e r 
l e v e l wholes [ 1 5 ] . The o n l y way to save the 
p r i n c i p l e t h a t d i f f e r e n t G e s t a l t s a re implemented 
a s a l t e r n a t i v e p a t t e r n s o f a c t i v i t y i n the v e r y 
same set o f u n i t s , i s to i n t r o d u c e some k ind o f 
s p a t i a l work ing memory which keeps a compact 
reco rd o f r ecen t G e s t a l t s s e p a r a t e l y from the 
appara tus t h a t i s used f o r fo rm ing G e s t a l t s . The 
c o n t e n t s o f t h i s work ing memory presumably a c t as 
a con tex t t h a t i n f l u e n c e s the f o r m a t i o n of new 
G e s t a l t s , and in extreme cases a l l o w s a new 
G e s t a l t to be formed p u r e l y on the b a s i s o f the 
con ten t s o f work ing memory w i t h o u t any f u r t h e r 
p e r c e p t u a l i n p u t (as happens when people " s e e " a 
whole o b j e c t a f t e r examin ing i t by moving a sma l l 
peephole over i t s v a r i o u s p a r t s ) . A comprehensive 
p a r a l l e l model needs to s p e c i f y how s p a t i a l 
work ing memory i s implemented w i t h n e u r o n l i k e 
u n i t s , and how the c o n t e n t s of work ing memory 
i n f l u e n c e the f o r m a t i o n o f new G e s t a l t s . 

J. The RAM model r e q u i r e s a separa te u n i t f o r 
each p o s s i b l e r e l a t i o n s h i p o f a s t r o k e o r l e t t e r 
to the whole word . •This d u p l i c a t i o n o f f e a t u r e 

u n i t s over a l l d i s c r i m i n a b l e r e l a t i o n s h i p s 
r e q u i r e s a l o t o f u n i t s . I t i s n o t too bad i n 
the case of word p e r c e p t i o n where the number of 
p o s s i b l e p o s i t i o n s o f a l e t t e r w i t h i n a word i s 
sma l l and the number o f l e t t e r types i s a l so 
s m a l l , bu t f o r o t h e r k i n d s o f shape p e r c e p t i o n i t 
cou ld prove v e r y expens ive to use a d i f f e r e n t 
u n i t f o r each p o s s i b l e r e l a t i o n o f a f e a t u r e type 
to the whole o b j e c t . The k ind of model be ing 
proposed would be more p l a u s i b l e i f t h e r e was 
some encoding scheme which achieved the e f f e c t of 
hav ing separa te u n i t s f o r each p o s s i b l e r e l a t i o n 
of a f e a t u r e to the whole w i t h o u t r e q u i r i n g as 
many u n i t s as t h i s seems to i m p l y . 

I n most s i m u l a t i o n s , the number o f u n i t s i s 
no t a p rob lem, because o n l y a v e r y sma l l f r a c t i o n 
o f the p o s s i b l e f e a t u r e s a re p resen t a t once , and 
they can be represented by d a t a - s t r u c t u r e s 
c o n t a i n i n g numer ica l v a l ues t h a t code the 
r e l a t i o n o f the f e a t u r e to the frame o f 
r e f e r e n c e . The i n t e r a c t i o n s between f e a t u r e 
r e p r e s e n t a t i o n s can be implemented by us ing a 
genera l procedure which takes these numer ica l 
va lues i n t o accoun t . U n f o r t u n a t e l y , t h i s way o f 
cop ing w i t h the huge number o f p o s s i b l e f e a t u r e s 
r e l i e s o n the a b i l i t y o f the d i g i t a l computer t o 
per form a r i t h m e t i c , and i t t h e r e f o r e h ides a v e r y 
r e a l problem f o r t r u l y p a r a l l e l sys tems. 

I n a network o f n e u r o n l i k e u n i t s , the 
i n t e r a c t i o n s between f e a t u r e s a re achieved by 
d i r e c t connec t ions [14 ' r a t h e r than by repeated 
a p p l i c a t i o n o f a s i n g l e parameter ised procedure 
t h a t de termines the e f f e c t o f one f e a t u r e on 
ano the r as a f u n c t i o n of the numer ica l parameters 
o f the two f e a t u r e s . But i t i s the use o f a 
s i n g l e genera l procedure t h a t enables a 
s i m u l a t i o n program to avo id keeping d a t a -
s t r u c t u r e s f o r a l l the p o s s i b l e bu t c u r r e n t l y 
absent f e a t u r e s . I f a l l the r equ i r ed i n t e r a c t i o n s 
between f e a t u r e s a re coded by connec t i on 
s t r e n g t h s between hardware u n i t s , r a t h e r than by 
a genera l p rocedures , i t appears t h a t a l l the 
u n i t s f o r a l l p o s s i b l e f e a t u r e s must b e present 
a l l the t i m e . So how can we avo id hav ing a ve r y 
l a r g e number o f u n i t s f o r each type o f f e a t u r e ? 

These t h ree problems — n o r m a l i s a t i o n , 
i n t e g r a t i o n o f success ive G e s t a l t s , and 
e f f i c i e n t encoding o f r e l a t i v e f e a t u r e s a re the 
t o p i c s o f the r e s t o f t h i s paper . 

V VIEWPOINT AND SHAPE CONSTANCY 

We see an o b j e c t from d i f f e r e n t v i e w p o i n t s on 
d i f f e r e n t o c c a s i o n s . On each occas ion i t has a 
d i f f e r e n t r e t i n a l image, and ye t we g e n e r a l l y 
recogn ise i t as hav ing the same shape. To do 
t h i s , we have to cope w i t h two q u i t e d i f f e r e n t 
d i f f i c u l t i e s . F i r s t , p a r t s o f a n o b j e c t may b e 
h idden o r p a r t i a l l y h idden due to s e l f - o c c l u s i o n 
or o c c l u s i o n by o t h e r o b j e c t s . So we must be ab le 
t o recogn ise the o b j e c t from the subset o f i t s 
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p a r t s t h a t i s v i s i b l e and t h e i r i n t e r r e l a t i o n s . 
Second, the m e t r i c a l p r o p e r t i e s o f the p a r t s and 
r e l a t i o n s h i p s t h a t a re v i s i b l e i n the image 
depend on the v i e w p o i n t . The s i z e , o r i e n t a t i o n , 
and p o s i t i o n of an edge in the image depends as 
much on the v i e w p o i n t as on the p r o p e r t i e s of the 
co r respond ing edge in the e x t e r n a l o b j e c t . I 
s h a l l focus on the second o f these d i f f i c u l t i e s . 

A r t i f i c i a l I n t e l l i g e n c e has been dominated by 
a p a r t i c u l a r approach to these problems t h a t can 
be t raced back to Roberts [16] and is probably-
most w i d e l y known in the t heo ry o f shape 
r e p r e s e n t a t i o n proposed by Minsky in h i s f rames 
paper [ l 7 ] . The v a r i a t i o n s i n the m e t r i c a l 
p r o p e r t i e s o f the images o f p a r t s o f a n o b j e c t 
are handled by us ing " t o p o l o g i c a l " c a t e g o r i e s . 
I f , f o r example, an o b j e c t has a f u l l y v i s i b l e 
f l a t su r f ace w i t h t h r e e s t r a i g h t s i d e s , then i t s 
image w i l l c o n t a i n a t r i a n g u l a r r e g i o n . The shape 
of the t r i a n g l e in the image depends on the 
p r e c i s e v i e w p o i n t , bu t the f a c t t h a t i t i s a 
t r i a n g l e does n o t . So what is meant by 
" t o p o l o g i c a l " i n t h i s c o n t e x t i s no t the usual 
mathemat ica l sense ( i n v a r i a n t under any 
con t inuous t r a n s f o r m a t i o n ) , but the somewhat 
s t r o n g e r p rope r t y o f be ing i n v a r i a n t under 
p r o j e c t i o n , and hence not a f f e c t e d by v i e w p o i n t . 
R e l a t i o n s h i p s between the d i f f e r e n t p a r t s o f an 
image are l i k e w i s e handled by us ing d i s c r e t e 
ca tegory l a b e l s l i k e "connected t o " " o r "above" 
o r " b e h i n d " . Again these c a t e g o r i e s a re t y p i c a l l y 
una f f ec ted by sma l l changes in v i e w p o i n t . 

By us ing c a t e g o r i c a l l a b e l s f o r p a r t s and 
t h e i r r e l a t i o n s h i p s , an image can be reduced to a 
r e l a t i o n a l network t h a t i s then matched a g a i n s t 
s to red models. Since r e l a t i o n a l l a b e l s l i k e 
" b e h i n d " are r e l a t i v e to the v i e w e r , and s i nce 
d i f f e r e n t t o p o l o g i c a l f e a t u r e s a re v i s i b l e from 
d i f f e r e n t v i e w p o i n t s , s e v e r a l d i f f e r e n t models 
are t y p i c a l l y needed f o r each o b j e c t . The 
advantage o f t h i s approach i s t h a t the g r e a t 
wea l th o f m e t r i c a l i n f o r m a t i o n in an image i s 
reduced to a compact d e s c r i p t i o n which can be 
matched aga ins t s i m i l a r l y compact Btored 
r e p r e s e n t a t i o n s . I t s d i sadvan tage i s tha t t h i s 
r e d u c t i o n o f i n f o r m a t i o n f a i s B to u t i l i s e a 
power fu l c o n s t r a i n t on the i n t e r p r e t a t i o n o f an 
image - - the s i n g l e v i e w p o i n t c o n s t r a i n t . 

The r e l a t i o n s h i p between an ob jec t and the 
v iewer determines how each p a r t o f the o b j e c t 
appears in the image. Converse ly , when p a r t o f an 
image i s i n t e r p r e t e d as d e p i c t i n g p a r t o f an 
o b j e c t , t h i s pu ts c o n s t r a i n t s o n the r e l a t i o n s h i p 
between the o b j e c t and the v i e w e r . Since every 
r e t i n a l or TV image is formed from e x a c t l y one 
v i e w p o i n t , the i n t e r p r e t a t i o n s assigned to the 
v a r i o u s p a r t s of an image must agree on what t h a t 
v i e w p o i n t i s . 

Some computer v i s i o n programs [16] make use of 
the s i n g l e v i e w p o i n t c o n s t r a i n t as a f i n a l check 
on the i n t e r p r e t a t i o n o f an Image. They f i r s t 
e x t r a c t a r e l a t i o n a l network o f t o p o l o g i c a l 
f e a t u r e s and use i t to suggest a p a r t i c u l a r 3-D 
mode l . Then they compute the r e l a t i o n s h i p between 
the v iewer and the o b j e c t by us ing p rec i se 

m e t r i c a l i n f o r m a t i o n about a few p o i n t s in the 
image and in the s to red 3-D mode l . F i n a l l y , t hey 
use t h i s computed r e l a t i o n s h i p to p r o j e c t the 3-D 
model back onto the image. The f i t o f the 
p r o j e c t e d model w i t h the o r i g i n a l image a c t s a 
check on the i n t e r p r e t a t i o n . Th is approach is 
r a t h e r s e n s i t i v e t o i n a c c u r a c i e s i n the image, 
but i t has been r e f i n e d by [18] who d e s c r i b e a 
neat way o f d i s c o v e r i n g the op t ima l v i e w p o i n t , 
i . e . the one which g i v e s the b e s t o v e r a l l f i t 
between the o r i g i n a l image and the image produced 
by p r o j e c t i n g the s to red 3-D mode l . 

Using the s i n g l e v i e w p o i n t c o n s t r a i n t as a 
f i n a l check a f t e r a p a r t i c u l a r 3-D model has 
been hypothes ised i s b e t t e r than not us ing i t a t 
a l l , bu t i t would be more e f f i c i e n t to make use 
o f the c o n s t r a i n t t o prevent i n a p p r o p r i a t e 3-D 
s t r u c t u r e s from being hypothes ised i n the f i r s t 
p l a c e . To show how t h i s can be done, I need to 
i n t r o d u c e the concept o f an ob jec t -based 
f e a t u r e . 

A. Object-based Features 

One way of ensu r i ng t h a t the u n d e r l y i n g 
r e p r e s e n t a t i o n o f the shape o f an o b j e c t i s 
independent o f v i e w p o i n t is to impose a canon i ca l 
frame of r e fe rence on the o b j e c t and to d e s c r i b e 
the s i z e s , p o s i t i o n s , and o r i e n t a t i o n s o f the 
p a r t s o f the o b j e c t i n terms o f t h i s ob jec t - based 
f rame. Th is techn ique a l l ows an o b j e c t to be 
desc r ibed in terms o f a cons tan t set o f o b j e c t -
based f e a t u r e s and hence to be recognised 
whatever i t s s i z e , p o s i t i o n , and o r i e n t a t i o n . I f 
a d i f f e r e n t ob jec t -based frame is imposed, a 
d i f f e r e n t set o f ob jec t -based f e a t u r e s w i l l b e 
o b t a i n e d . Th is e x p l a i n s why a s i n g l e o b j e c t can 
have severa l phenomenal shapes. An u p r i g h t 
d iamond, f o r example, may a l so be seen as a 
t i l t e d square . 

A c o n s i d e r a b l e amount of e a r l y p rocess ing must 
occur be fo re ob jec t -based f e a t u r e s are 
e x t r a c t e d , because an o b j e c t must be segmented 
out from the r e s t of the image b e f o r e a frame of 
r e f e r e n c e can be imposed on i t . In normal 
c i r c u m s t a n c e s , the problem of g e t t i n g from a 2-D 
image to a 3-D r e p r e s e n t a t i o n may be solved by 
t h i s e a r l y p rocess ing be fo re segmentat ion occurs 
and hence b e f o r e ob jec t -based f e a t u r e s a re 
e x t r a c t e d . Put s imp ly g e t t i n g 3-D f e a t u r e s does 
not s o l v e the problem of shape cons tancy . The 3-D 
f e a t u r e s generated by e a r l y p rocess ing are r e t i n a -
based. I n o t h e r words , t h e i r s i z e s , p o s i t i o n s and 
o r i e n t a t i o n s a re de f i ned r e l a t i v e t o the frame o f 
r e f e r e n c e o f the r e t i n a ( o r camera) . I f the 
v i e w p o i n t i s changed, the 3-D r e t i n a - b a s e d 
f e a t u r e s produced by an o b j e c t a l so change, so 
they do no t c o n s t i t u t e a shape r e p r e s e n t a t i o n . 

The r e l a t i o n s h i p between the imposed o b j e c t -
based frame and the v iewer de te rmines the o p t i c a l 
mapping from f e a t u r e s o f the o b j e c t to f e a t u r e s 
on the r e t i n a . Hence an i n t e r n a l r e p r e s e n t a t i o n 
of t h i s r e l a t i o n s h i p can be used to govern the 
mapping from re t i na -based to ob jec t -based 
f e a t u r e s (see F i g . 2 ) . Each p o s s i b l e v i e w p o i n t 
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s p e c i f i e s a p a r t i c u l a r se t o f p a i r i n g s between 
r e t i n a - b a s e d and ob jec t -based f e a t u r e s . 
Converse ly , each c o n s i s t e n t se t o f p a i r i n g s 
s p e c i f i e s e x a c t l y one v i e w p o i n t , r e t a i l s o f one 
p o s s i b l e scheme f o r imp lement ing the s t r u c t u r e 
shown in F i g . 2 in a network o f s imp le u n i t s a re 
g i ven i n [ 1 9 ] 

One i n t e r e s t i n g aspect o f t h i s way o f 
a c h i e v i n g shape constancy i s t h a t i t r e q u i r e s a n 
ex tens ion to the normal way of t h i n k i n g about the 
g l o b a l s t r u c t u r i n g o f p a r a l l e l sys tems. Ins tead 
o f a l l o w i n g groups o r l a y e r s o f u n i t s t o 
i n t e r a c t d i r e c t l y w i t h o t h e r groups o r l a y e r s , we 
have i n t roduced a th ree-way i n t e r a c t i o n in which 
a c t i v i t y in one group c o n t r o l s the way in which 
two o the r groups i n t e r a c t . The idea of a 
v a r i a b l e mapping between f e a t u r e se ts r e c u r s 
l a t e r . Aga in , the f e a t u r e se t s i nvo l ved are 
f e a t u r e s r e l a t i v e t o d i f f e r e n t frames o f 
r e f e r e n c e , and the mapping is c o n t r o l l e d by a 
r e p r e s e n t a t i o n o f the s p a t i a l r e l a t i o n s h i p 
between the two r e f e r e n c e f rames. 

VI HIERARCHICAL STRUCTURAL DESCRIPTIONS 

So f a r , I have been assuming t h a t people o n l y 
impose one ob jec t -based frame of r e f e r e n c e at a 
t i m e . This appears to c o n f l i c t w i t h the w i d e l y 
he ld v iew tha.t people use h i e r a r c h i c a l s t r u c t u r a l 
d e s c r i p t i o n s in which t he re is a node f o r each 
o b j e c t t h a t i s l i n k e d t o l o w e r - l e v e l nodes f o r 
i t s p a r t s . These l o w e r - l e v e l nodes, i n t u r n , a re 
l i n k e d to nodes f o r t h e i r p a r t s , and so on u n t i l 
a l e v e l o f p r i m i t i v e e n t i t i e s l i k e edge segments 
i s reached. Each node in a s t r u c t u r a l d e s c r i p t i o n 
haB i t s own assoc ia ted ob jec t -based frame of 
r e f e r e n c e , and each l i n k between two nodes is 
l a b e l l e d w i t h the s p a t i a l r e l a t i o n s h i p between 
t h e i r two ob jec t -based frames [ 20 21 ] . The g r e a t 
va lue o f h i e r a r c h i c a l s t r u c t u r a l d e s c r i p t i o n s a s 
s p a t i a l r e p r e s e n t a t i o n s i s demonstrated b y t h e i r 
use in computer programs f o r g r a p h i c s [22] v i s u a l 
r e c o g n i t i o n , s p a t i a l m a n i p u l a t i o n , and s p a t i a l 

reason ing w i t h i n n a c c u r a t e data [ 23 ] . 

S t r u c t u r a l d e s c r i p t i o n s seem to e x p l a i n many 
i n t e r e s t i n g e f f e c t s in human p e r c e p t i o n and 
imagery [ 2 4 ] . However, t h e r e i s l i t t l e ev idence 
t h a t the whole of a complex s t r u c t u r a l 
d e s c r i p t i o n i s a c t i v e l y represen ted a t the same 
t i m e . I t may w e l l be t h a t our a t t e n t i o n f l i t s 
between l e v e l s and t h a t at each moment, we o n l y 
focus on one node, i . e we impose the o b j e c t -
based frame a p p r o p r i a t e f o r t h i s node and form a 
G e s t a l t f o r i t . Th is s e q u e n t i a l t h e o r y , r a i s e s 
severa l p rob lems: How can the re be a Ges ta l t f o r 
the whole w i t hou t Gestal ts f o r the p a r t s a l so 
be ing p r e s e n t , and how can s u c c e s s i v e l y perce ived 
G e s t a l t s be i n t e g r a t e d i n t o a l a r g e r wholes9 

Before answer ing these ques t i ons T need to 
c o r r e c t the common misapprehens ion t ha t a 
h i e r a r c h y o f a c t i v e ob jec t -based f e a t u r e s i s 
e q u i v a l e n t t o , o r i s an implementat ion o f , a 
s t r u c t u r a l d e s c r i p t i o n . 

A S t ruc tu ra l r e s c r i p t i o n s and Fea tu re H i e r a r c h i e s 

One impor tan t d i f f e r e n c e between a 
h i e r a r c h i c a l s t r u c t u r a l d e s c r i p t i o n and a 
h i e r a r c h y o f a c t i v e ob jec t -based f e a t u r e u n i t s i s 
t ha t each l i n k between nodes in the s t r u c t u r a l 
d e s c r i p t i o n i s l a b e l l e d w i t h a n e x p l i c i t s p a t i a l 
r e l a t i o n s h i p , whereas t he re are no e x p l i c i t 
r e p r e s e n t a t i o n s o f the s p a t i a l r e l a t i o n s h i p s 
between the v a r i o u s ob jec t -based f e a t u r e s . An 
ob jec t -based f e a t u r e u n i t i s a c t i v a t e d by the 
comb ina t ion of a p a r t i c u l a r f e a t u r e type w i t h a 
p a r t i c u l a r r e l a t i o n s h i p t o the g l o b a l o b j e c t -
based frame of r e f e r e n c e . The type of a f e a t u r e 
and i t s r e l a t i o n s h i p to the g l o b a l r e f e r e n c e 
frame are not s e p a r a t e l y encoded. Th is means t h a t 
h i g h e r - l e v e l f e a t u r e u n i t s can be a c t i v a t e d 
d i r e c t l y b y combina t ions o f l o w e r - l e v e l ones. 
They do not need to check the r e l a t i o n s h i p s 
between these l o w e r - l e v e l f e a t u r e s , because the 
r e l a t i o n s h i p s are i m p l i c i t l y encoded by which o f 
the l o w e r - l e v e l u n i t s a re a c t i v e . 

The absence o f e x p l i c i t l y represented s p a t i a l 
r e l a t i o n s h i p s may seem l i k e a r a t h e r minor p o i n t , 
but i t a l l ows h i e r a r c h i e s o f ob jec t -based 
f e a t u r e s to avoid the computa t iona l c o m p l e x i t i e s 
o f graph m a t c h i n g . The c o s t , o f c o u r s e , i s t ha t 
f o r each type of f e a t u r e , t h e r e must be a 
separa te u n i t f o r each d i s c r i m i n a b l e r e l a t i o n s h i p 
o f a f e a t u r e o f t h i s type to the g l o b a l o b j e c t -
based re fe rence f rame. The d u p l i c a t i o n o f o b j e c t -
based u n i t s o f a g i ven type f o r a l l d i f f e r e n t 
p o s i t i o n s , o r i e n t a t i o n s , and s i zes can be viewed 
as a way of us ing p a r a l l e l hardware to avoid the 
g raph-match ing problem by a v o i d i n g 
r e p r e s e n t a t i o n s o f r e l a t i o n s h i p s t ha t are 
separa te from the t h i n g s be ing r e l a t e d . 

VIT VHOLFS ANP PARTS 

The Ges ta l t p s y c h o l o g i s t s were fond of say ing 
t h a t the whole is more than the sum of i t s p a r t s . 
Most i n f o r m a t i o n p rocess ing t h e o r i e s have 
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i n t e r p r e t e d t h i s s l ogan t o mean t h a t i n a d d i t i o n 
t o the r e p r e s e n t a t i o n s o f the p a r t s , t h e r e i s a 
h i g h e r - l e v e l r e p r e s e n t a t i o n f o r the whole t h a t i s 
s e p a r a t e f r o m , b u t connected t o , t h e 
r e p r e s e n t a t i o n s f o r the p a r t s (as i n a 
h i e r a r c h i c a l s t r u c t u r a l d e s c r i p t i o n ) . There i s , 
however , a f a r more r a d i c a l i n t e r p r e t a t i o n o f the 
G e s t a l t s i o g a n : When we a t t e n d to a whole we do 
not see i t s p a r t s as wholes because the 
r e p r e s e n t a t i o n o f the whole does no t in any way 
i n v o l v e o r r e q u i r e the r e p r e s e n t a t i o n s o f the 
p a r t s as w h o l e s . When a p a r t is seen as a 
c o n s t i t u e n t o f a l a r g e r whole i t i s g i v e n a q u i t e 
d i f f e r e n t i n t e r n a l r e p r e s e n t a t i o n from the one i t 
has when i t i s seen as a whole in i t s own r i g h t . 

The v iew t h a t t h e r e a re two q u i t e d i f f e r e n t 
ways of r e p r e s e n t i n g an o b j e c t , as a whole or as 
a c o n s t i t u e n t o f a l a r g e r w h o l e , i s a s u r p r i s i n g 
r e o u l t o f c o n s i d e r i n g a problem t h a t i s p e c u l i a r 
t o p a r a l l e l sys tems : How i s the r e p r e s e n t a t i o n o f 
a shape r e l a t e d to the r e p r e s e n t a t i o n s o f the 
p a r t i c u l a r parameter v a l u e s ( e . g . i t s s i z e and 
p o s i t i o n ) t ha t d i s t i n g u i s h d i f f e r e n t i n s t a n c e s o f 
the same shape. In a c o n v e n t i o n a l compu te r , t h i s 
is not a problem because a d a t a - s t r u c t u r e can be 
c r e a t e d f o r the i n s t a n c e c o n t a i n i n g s e p a r a t e 
f i e l d s f o r the shape and f o r each parameter 
v a l u e . The i n a p p l i c a b i l i t y o f t h i s method t o 
p a r a l l e l systems has a l r e a d y been d i scussed a t 
the end o f s e c t i o n IV . 

I n a p a r a l l e l system l i k e the b r a i n , t h e r e 
appear to be two main ways of r e l a t i n g the 
r e p r e s e n t a t i o n o f a shape to the r e p r e s e n t a t i o n s 
o f the parameter v a l u e s t h a t d i s t i n g u i s h 
d i f f e r e n t i n s t a n c e s o f the shape. I f o n l y one 
i n s t a n c e i s r e p r e s e n t e d a t a t i m e , t he v a l u e s o f 
p r o p e r t i e s o f the i n s t a n c e , l i k e i t s s i z e and 
p o s i t i o n , can be a s s o c i a t e d w i t h the shape o f the 
i n s t a n c e b y s i m p l y a c t i v a t i n g s e p a r a t e 
r e p r e s e n t a t i o n s f o r the shape and f o r each o f i t s 
s p e c i f i c p r o p e r t y v a l u e s a l l a t the same t i m e . 
The o n l y t h i n g t h a t b i n d s the sepa ra te 
r e p r e s e n t a t i o n s t o g e t h e r i s t h e i r s i m u l t a n e o u s 
a c t i v a t i o n . Th i s method has the g r e a t advantage 
t h a t i f d i f f e r e n t i n s t a n c e s o f the same shape a re 
p resented on d i f f e r e n t o c c a s i o n s , the v e r y same 
set o f a c t i v e u n i t s w i l l be used to encode the 
shape i n f o r m a t i o n . When an o b j e c t is seen as a 
G e s t a l t , s i m u l t a n e o u s a c t i v a t i o n can be used to 
b ind a r e p r e s e n t a t i o n o f i t s shape to sepa ra te 
r e p r e s e n t a t i o n s o f p r o p e r t i e s l i k e i t s s i z e and 
pos i t i o n . 

The method of s i m u l t a n e i t y has the advantage 
t h a t the very same r e p r e s e n t a t i o n o f the shape is 
a c t i v e whatever the v a l u e s o f the o t h e r 
p r o p e r t i e s . S o t h i s r e p r e s e n t a t i o n e x p l i c i t l y 
c a p t u r e s what i t i s t h a t a l l i n s t a n c e s o f the 
same shape have in common, and i t t h e r e f o r e 
e x p l a i n s how l e a r n t a s s o c i a t i o n s l i k e the name 
of the shape can be g e n e r a l i s e d from one 
i n s t a n c e t o o t h e r i n s t a n c e s w i t h d i f f e r e n t s i z e s , 
p o s i t i o n s , and o r i e n t a t i o n s . U n f o r t u n a t e l y , the 
method o f s i m u l t a n e i t y has the d i s a d v a n t a g e t h a t 
i t w i l l not work i f more than one i n s t a n c e must 
be rep resen ted at a t i m e , and t h a t is a ma jo r 
m o t i v a t i o n f o r the "one G e s t a l t a t a t i m e " 

p r i n c i p l e . I f , f o r example , the r e p r e s e n t a t i o n s 
f o r " l a r g e " , " c i r c l e " , " s m a l l " , and " s q u a r e " a re 
a l l a c t i v e a t once , mere s i m u l t a n e i t y canno t 
i n d i c a t e which s i z e goes w i t h wh ich shape . 

The second method o f b i n d i n g shapes to t h e i r 
p r o p e r t y v a l u e s i n v o l v e s u s i n g m u l t i - d i m e n s i o n a l 
u n i t s , each o f which responds to a c o n j u n c t i o n o f 
a p a r t i c u l a r shape w i t h a p a r t i c u l a r s e t o f 
p r o p e r t y v a l u e s . Th i s k i nd o f r e p r e s e n t a t i o n i s 
used in the RAM model a t the l e t t e r l e v e l . For 
each c o m b i n a t i o n o f a p a r t i c u l a r l e t t e r w i t h a 
p a r t i c u l a r p o s i t i o n w i t h i n the w o r d , t h e r e i s a 
p a r t i c u l a r ded i ca ted u n i t . Th i s method a l l o w s 
many i n s t a n c e s to be rep resen ted at the same 
t i m e , bu t i t r e q u i r e s a l a r g e number o f u n i t s , 
and by cod ing d i f f e r e n t i n s t a n c e s o f the same 
shape a s a c t i v i t y i n d i f f e r e n t u n i t s , i t f a i l s t o 
c a p t u r e what i s common t o e l l the i n s t a n c e s o f 
the shape. For example , in the RAM model the 
l e t t e r H i s encoded q u i t e d i f f e r e n t l y i n the two 
words FISH and CHIP. Th i s d i f f e r e n c e , however , i s 
a p o s i t i v e advantage because i t a l l o w s the two 
i n s t a n c e s o f the H to have q u i t e d i f f e r e n t 
e f f e c t s a t the word l e v e l . One s u p p o r t s the word 
FISH and the o t h e r s u p p o r t s CHIP. Thus m u l t i ­
d imens iona l cod ing a l l o w s the e f f e c t s o f 
d i f f e r e n t i n s t a n c e s o f the same shape to be 
t a i l o r e d t o the p a r t i c u l a r p r o p e r t y v a l u e s o f the 
i n s t a n c e ( r e l a t i v e t o the g l o b a l o b j e c t - b a s e d 
f rame) . T h i s i s the p r i m a r y m o t i v a t i o n f o r 
t h i n k i n g t h a t when i n s t a n c e s a re pe rce i ved as 
c o n s t i t u e n t s o f a G e s t a l t t hey a r e encoded by 
m u l t i - d i m e n s i o n a l u n i t s . 

To summar ize, t h e r e a re two q u i t e d i f f e r e n t 
ways of b i n d i n g t o g e t h e r the shape and o t h e r 
p r o p e r t i e s o f a p a r t i c u l a r i n s t a n c e i n a ne twork 
o f n e u r o n l i k e u n i t s . When an i n s t a n c e i s 
p e r c e i v e d as a G e s t a l t , t h e method of 
s i m u l t a n e i t y can be used . Th i s a l l o w s the v e r y 
same a c t i v e u n i t s to be used to r e p r e s e n t the 
shape o f a n i n s t a n c e whatever i t s o t h e r 
p r o p e r t i e s . When an i n s t a n c e is seen as a 
c o n s t i t u e n t o f a l a r g e r G e s t a l t , however , the 
m u l t i - d i m e n s i o n a l method i s used . Th i s a l l o w s 
many c o n s t i t u e n t s to be coded a t o n c e , and i t 
a l l o w s the e f f e c t s o f each c o n s t i t u e n t t o depend 
o n i t s p a r t i c u l a r parameter v a l u e s r e l a t i v e t o 
the w h o l e . The r e p r e s e n t a t i o n o f an i n s t a n c e when 
i t i s seen a s a G e s t a l t i s t h e r e f o r e q u i t e 
d i f f e r e n t f rom i t s r e p r e s e n t a t i o n when i t i s seen 
as a c o n s t i t u e n t o f some l a r g e r w h o l e . The 
G e s t a l t f o r the whole does n o t i n any way i n v o l v e 
the G e s t a l t s f o r i t s p a r t s . 

VIII SPATIAL WORKING MEMORY 

I f we accep t the p r i n c i p l e o f one G e s t a l t and 
one o b j e c t - b a s e d frame at a t i m e , t h e r e is a 
s e r i o u s problem o f p i e c i n g t o g e t h e r s u c c e s s i v e 
G e s t a l t s . Th i s problem i s a t i t s most seve re when 
the p a r t s o f a n o b j e c t a re observed s e q u e n t i a l l y 
t h r o u g h a p e e p h o l e , and a new G e s t a l t f o r the 
whole o b j e c t i s formed from these f r a g m e n t a r y 
g l i m p s e s . 

The r o l e o f the h i e r a r c h y o f o b j e c t - b a s e d 
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feature un i t s is to al low a Gestalt to be formed. 
Once th i s has been done, a more compact record of 
the shape of the Gestalt and of i t s e lse , 
pos i t ion and o r i en ta t i on can be kept in the form 
of a c t i v i t y in a d i f f e r e n t set of hardware un i t s 
which I sha l l c a l l the "scene-buf fer " . A number 
of these records may be accumulated in the scene-
b u f f e r , and they can act as a context which 
inf luences the formation of new Gestalts from the 
perceptual i npu t . I f , f o r example, one part of an 
object has been seen as a Gestalt in i t s own 
r i g h t , the corresponding record in the scene 
buf fe r w i l l f a c i l i t a t e ce r ta i n o f the ob jec t -
based feature un i t s when the Gestalt fo r the 
whole object is formed. 

The p o s i t i o n , o r i e n t a t i o n and size of a 
Gestal t must be represented r e l a t i v e to some 
frame of reference. One p o s s i b i l i t y is the 
r e t i n a l frame of reference. The r e l a t i o n of the 
Gestalt to the r e t i n a l frame is needed anyway to 
determine the mapping from retina-based to ob ject -
based features. The r e t i n a l frame, however, is 
not very useful f o r the perceptual i n teg ra t i on of 
Gestalts formed at d i f f e r e n t times because the 
re t ina moves around in the wor ld . What is needed 
is a s tab le contextual frame of reference defined 
by the scene ( t h i s argument is elaborated in 
[25]. 

The combination of the shape of a Gestalt and i t s 
r e l a t i o n to the scene can be represented by 
ac t i va t i ng a p a r t i c u l a r "scene-based" feature 
u n i t . Records of many d i f f e r e n t Gestalts can be 
stored at the same time provided the un i ts in the 
scene-buffer use the mult i -d imensional method for 
binding the parameters of a Gestalt to i t s shape. 

The mapping from the higher object-based 
features to the scene-based features can be 
handled by j u s t the same kind of mapping 
apparatus as was used fo r r e l a t i n g retina-based 
and object-based features. 3y a l lowing the 
mapping to work in both d i r e c t i o n s , i t i s 
possible to implement the contextual e f fec ts of 
ex i s t i ng scene-based features on the creat ion of 
new Gesta l ts . P ig . 3 summarises the various sets 
of features that have been invoked and the 
in te rac t ions between them. 

IX ENCODING MULTI-DIMENSIONAL FEATURES 

I f va r i a t i ons in s i z e , p o s i t i o n , and 
o r i en ta t i on are taken in to account, the number of 
possible features is enormous. The re la t i onsh ip 
of a 3-D feature of a pa r t i cu l a r type to a frame 
of reference can vary along 7 dimensions (3 f o r 
p o s i t i o n , 3 f o r o r i e n t a t i o n , 1 f o r s i z e ) . So i f 
there are, say, 102 d iscr iminable values along 
each dimension, there are 10 14 possib le 
p a r t i c u l a r features. Is there any way of 
achieving the same accuracy wi th less uni ted 

In informat ion theoret ic terms, i t i s very 
i n e f f i c i e n t to have a un i t f o r each possible 
feature i f only a very small f r ac t i on of the 
possible features are present at any one t ime. It 
would be much more e f f i c i e n t to use an encoding 
in which a much la rger f r ac t i on of the un i t s were 
ac t ive at any moment. This can be done if we 
abandon the naive idea that each spec i f i c feature 
is represented by a c t i v i t y in exact ly one u n i t . 
Instead each un i t can be more coarsely tuned so 
that i t is act ivated by a range of possible 
fea tures , and the ranges of d i f f e r e n t un i te can 
be made to overlap so that each feature ac t i va tes 
many d i f f e r e n t u n i t s . The representat ion of a 
p a r t i c u l a r feature then becomes a pat tern of 
a c t i v i t y in many u n i t s , and s im i la r features are 
represented by s im i l a r patterns of a c t i v i t y . Even 
though each un i t is coarsely tuned and therefore 
rather imprecise about the exact parameters of 
the feature that act ivated i t , the whole set of 
un i t s act ivated by a p a r t i c u l a r feature codes the 
parameters of the feature very accura te ly . To get 
an idea of the e f f i c i ency of t h i s "coarse-coding" 
scheme as compared with the naive method in which 
each d iscr iminable feature is coded by i t s own 
u n i t , we need to jump in to hyperspace. 

For a given type of fea tu re , the possible 
re la t i ons to a frame of reference form a seven-
dimensional space. Fach p a r t i c u l a r feature 
corresponds to a point in t h i s space. The naive 
encoding is equivalent to d i v i d i ng the space in to 
sma l l , non-overlapping zones, and using one un i t 
f o r each zone. The coarse-coding scheme d iv ides 
the space in to l a rge r , overlapping zones. For 
s i m p l i c i t y , I sha l l assume that the zones are 
hyperspheres, that t h e i r centers have a uniform 
random d i s t r i b u t i o n throughout the space, and 
that a l l the zones used by a given encoding 
scheme have the same rad ius . What we are 
in terested in is how accurate ly a feature is 
represented as a funct ion of the radius of the 
zones. Is it be t te r to have large zones with each 
feature point f a l l i n g w i th in many zones and hence 
being coded by a c t i v i t y in many u n i t s , or is i t 
be t te r to have the same number of smaller zones 
so that a feature is represented by a c t i v i t y in 
fewer but more f i n e l y tuned un i ts? 

One way of expressing the accuracy w i th which 
the parameters of a p a r t i c u l a r feature are 
encoded is to ask what the p r o b a b i l i t y is that 
two s im i l a r features (presented on d i f f e r e n t 
occasions) w i l l receive d i f f e r e n t encodings. For 
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the encodings to be d i f f e r e n t , there must be at 
leas t one zone that contains one feature point 
and not the o ther . If the zones have a radius of 
r, then the centres of a l l the zones that contain 
a given point f a l l w i t h i n a hypersphere of 
radius r centered on that po in t . So fo r points P 
and 0 in F i g . 4 to receive d i f f e r e n t encodings, 
there must be at leas t one zone whose center 
f a l l s in one of the hypersheres around P and 0 
but not in the o ther , i . e . there must be a zone 
wi th i t s center in one of the two shaded 
"hypercrescents". 

Figure 4 

The p robab i l i t y of there being at leas t one 
zone center w i th in the hypercrescents is 
completely determined by the expected number of 
zone centers w i th in the hypercrescents. This 
number is the product of the volume of the 
hypercrescents and the densi ty of zone centers 
throughout the space. As the volume of the 
hypercrescents is increased, the densi ty of zone 
centers can be decreased propor t ionate ly without 
a f f e c t i n g the p r o b a b i l i t y that the two features 
receive d i f f e r e n t encodings. Hence, the number, 
N r , of zones of radius r that is required to 
achieve a given accuracy is inverse ly 
propor t ional to the volume of the hypercrescents. 

If the separation of the features under 
considerat ion is small compared wi th the zone 
rad ius , then the so l id areas in F ig . 4 are 
n e g l i g i b l e and, in two-dimensional space, the 
area of each crescent is approximately the same 
as f o r a rectangle of height 2r and width s, 
because the hor izonta l distance between the sides 
of a crescent is exac t ly s except at the very top 
and bottom. So in 2-D the area of a crescent is 
propor t ional to r. In 3-D, the two surfaces 
bounding the 3-D "crescent" again have a 
separat ion of s in the d i r e c t i o n of the l i n e 
j o i n i n g the two feature po in ts . So the 3-D 
"crescent" can be div ided in to many narrow rods of 
length s. These rods can be rearranged in to a 
disk in same way as the hor izonta l s t r i p s are 
rearranged in to a rectangle in the 2-D case. So 
the volume of each 3-D crescent is the same as 
that of a disk of thickness s and radius r. This 
is propor t ional to r2 . In k dimensions, each 
hypercrescent has a volume of s times the k-1 
dimensional c ross-sec t ion , which is the volume of 
a k-1 dimensional hypersphere. Hence, in k 
dimensions N r. <* 1/rk-1 , provided s<<r. ( i t is 

hard to turn t h i s argument i n to a formal proof 
because the extent by which r must exceed s to 
make the so l id area in F i g . 4 n e g l i g i b l e depends 
on the d imensional i ty of the space). 

This unexpected resu l t makes it much more 
d i f f i c u l t to dismiss models because they requ i re 
too many u n i t s . By encoding features as pat terns 
o f a c t i v t y in many coarsely tuned u n i t s , i t i s 
possible to have many more d iscr iminab le 
features than there are u n i t s . S i m i l a r l y , the 
representat ions of the mappings between 
reference frames can be economically encoded by 
using coarse-coding in the space of possible 
mappings. 

I t is probably no accident that sensory 
neurons are t y p i c a l l y much more broadly tuned 
than might be expected from the accuracy of an 
animal s percept ion. Far from causing inaccuracy, 
t h i s broad tuning is a way of increasing the 
accuracy of a representat ion given a f ixed number 
o f ava i lab le u n i t s . 

Apart from boundary e f f e c t s , there are two 
fac to rs that set upper l i m i t s on the sizes of the 
zones. If many s im i l a r features occur at the same 
t ime, t h e i r encodings may over lap . This is not 
f a t a l i f the a c t i v i t y leve l o f a un i t r e f l e c t s 
the number of features that f a l l w i t h i n i t s zone, 
but genera l ly nearby features w i l l a f f ec t each 
others encodings. So zone sizes should be chosen 
so that not more than a few features f a l l w i t h i n 
a zone at any one t ime. Thus the value of the 
coarse-coding technique r e l i e s on the features 
being r e l a t i v e l y sparse. 

The other l i m i t on zone sizes stems from the 
fac t that the representat ion of a feature must be 
used to a f f ec t other representat ions. There is no 
po in t using coarse-coding i f the features have to 
be recoded as a c t i v i t y in f i n e l y tuned un i t s 
before they can have the appropriate e f fec ts on 
other representat ions. The d e t a i l s of t h i s 
argument are complex, and there is not space fo r 
them here, but the conclusion is that coarse-
coding can be used provided the required e f fec ts 
of a feature are approximately the average of the 
required e f fec ts of i t s neighbours. At a f i ne 
enough scale t h i s is near ly always t r u e . The 
scale at which it breaks down determines an upper 
l i m i t on al lowable zone s izes . 

X CONCLUSION 

This paper has explored the issues that ar ise 
from the assumption that perceiv ing a shape as a 
whole involves a cooperat ive computation in which 
a s tab le pat tern of a c t i v i t y emerges in a network 
of un i t s as a resu l t of the external input and 
the i n te rac t i ons between the u n i t s . 

Shape representat ions that are independent of 
viewpoint can be achieved by using two d i f f e r e n t 
sets of fea tures , one r e l a t i v e to the re t ina and 
the other r e l a t i v e to a frame of reference 
imposed on the ob jec t . The in te rac t ions between 
features in the two sets are con t ro l led by a 
representat ion of the re l a t i on between the fremes. 
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Two ways of b i n d i n g a shape to i t s pa ramete r 
v a l u e s ( e . g . s i z e , p o s i t i o n ) a r e d e s c r i b e d . One 
method can o n l y be used f o r one shape at a t i m e , 
and s o i t i s s u i t a b l e f o r the G e s t a l t , b u t n o t 
f o r i t s many c o n e t i t u e n t s . T h i s l e a d s t o the i dea 
t h a t when an o b j e c t is seen as a c o n s t i t u e n t o f a 
l a r g e r w h o l e , i t r e c e i v e s a q u i t e d i f f e r e n t 
i n t e r n a l r e p r e s e n t a t i o n f rom the one i t has when 
i t i s seen a s a G e s t a l t i n i t s own r i g h t . 

The s t a b l e p a t t e r n t h a t r e p r e s e n t s a G e s t a l t 
can be recoded as a c t i v i t y i n a d i f f e r e n t se t o f 
scene-based f e a t u r e s , t h u s f r e e i n g the o b j e c t -
based f e a t u r e s for the f o r m a t i o n of a new 
G e s t a l t . T h i s r e c o d i n g aga in i n v o l v e s a f l e x i b l e 
mapping between s e t s o f f e a t u r e s r e l a t i v e to 
d i f f e r e n t f rames o f r e f e r e n c e . The scene-based 
f e a t u r e s a c t as a s p a t i a l w o r k i n g memory wh ich 
i n f l u e n c e s the f o r m a t i o n o f new G e s t a l t s . 

F i n a l l y , a c o d i n g scheme i s p resen ted wh ich 
a l l o w s e f f i c i e n t and a c c u r a t e encod ing o f s p a r s e , 
m u l t i - d i m e n e i o n a l f e a t u r e s b y u s i n g p a t t e r n s o f 
a c t i v i t y i n c o a r s e l y - t u n e d u n i t s . 
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