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ABSTRACT 

T h i s paper o v e r v i e w s and d i s c u s s e s model r e 
p r e s e n t a t i o n s and c o n t r o l s t r u c t u r e s i n image u n d e r 
s t a n d i n g . H i e r a r c h i e s a r e obse rved i n t h e l e v e l s 
o f d e s c r i p t i o n used i n image u n d e r s t a n d i n g a l o n g a 
few d i m e n s i o n s : p r o c e s s i n g u n i t , d e t a i l , c o m p o s i t i o n 
and s c e n e / v i e w d i s t i n c t i o n . Emphasis i s p l a c e d o n 
t h e i m p o r t a n c e o f e x p l i c i t l y h a n d l i n g t h e h i e r a r c h i e s 
b o t h i n r e p r e s e n t i n g knowledge and i n u s i n g i t . A 
scheme o f " know ledge b l o c k " r e p r e s e n t a t i o n w h i c h i s 
s t r u c t u r e d a l o n g t h e p r o c e s s i n g - u n i t h i e r a r c h y i s 
a l s o p r e s e n t e d . 

I . INTRODUCTION 

Image U n d e r s t a n d i n g Sys tem( IUS) c o n s t r u c t s a 
d e s c r i p t i o n o f t h e scene b e i n g v i e w e d f r o m a n a r r a y 
o f image senso ry d a t a : i n t e n s i t y , c o l o r , and some
t i m e s range d a t a . Image u n d e r s t a n d i n g i s b e s t c h a r 
a c t e r i z e d b y d e s c r i p t i o n , whereas p a t t e r n r e c o g n i t 
i o n by c l a s s i f i c a t i o n , and image p r o c e s s i n g by image 
o u t p u t . The l e v e l and scope o f t h e g o a l d e s c r i p t i o n 
depend o n t h e t a s k g i v e n t o t h e IUS : w h e t h e r i t i s 
i n t e r p r e t a t i o n , o b j e c t d e t e c t i o n , change d e t e c t i o n , 
image m a t c h i n g , e t c . I t may appear t h a t t h e d i s c u s 
s i o n i n t h i s pape r w i l l t a k e u s a l l y t h e f l a v o r o f 
scene i n t e r p r e t a t i o n f r o m a monocu la r i n t e n s i t y image . 

O b s e r v i n g t h a t t h e r e a r e h i e r a r c h i e s o f l e v e l s 
o f d e s c r i p t i o n a l o n g a few d i m e n s i o n s , t h i s pape r 
o v e r v i e w s and d i s c u s s e s model r e p r e s e n t a t i o n s and 
c o n t r o l s t r u c t u r e s i n image u n d e r s t a n d i n g . Emphasis 
i s p l a c e d o n t h e i m p o r t a n c e o f e x p l i c i t l y h a n d l i n g 
t h e h i e r a r c h i e s b o t h i n r e p r e s e n t i n g knowledge 
a b o u t scenes and i n u s i n g i t , e s p e c i a l l y p r o c e s s i n g -
u n i t h i e r a r c h y and s c e n e / v i e w domain d i s t i n c t i o n . 

I n t h e n e x t s e c t i o n , t h e l e v e l s o f d e s c r i p t i o n 
a r e i d e n t i f i e d . Then s e c t i o n I I I g i v e s a n o v e r v i e w 
and d i s c u s s i o n o n o b j e c t - m o d e l r e p r e s e n t a t i o n s , 
t o g e t h e r w i t h p r e s e n t a t i o n o f o u r knowledge b l o c k 
r e p r e s e n t a t i o n scheme. S e c t i o n I V d e a l s w i t h t h e 
p r o b l e m s o f c o n t r o l s t r u c t u r e , and f i n a l l y t h e r o l e 
o f l o w - l e v e l p r o c e s s i n g i s d i s c u s s e d i n s e c t i o n V . 

I I . LEVELS OF DESCRIPTION IN IMAGE UNDERSTANDING 

D e s c r i p t i o n s a r e n o t o n l y t h e g o a l c o n s t r u c t s , 
b u t a l s o t h e med ia t h r o u g h w h i c h v a r i o u s components 
o f a n IUS communicate i n t h e c o u r s e o f u n d e r s t a n d 
i n g t h e image . There a r e a few o r t h o g o n a l d i m e n s i o n s . 

a ) P r o c e s s i n g - u n i t H i e r a r c h y 
T h i s i s a h i e r a r c h y i n t h e l e v e l s o f u n i t s 

used i n p r o c e s s i n g . L e t u s i d e n t i f y f i v e l e v e l s f o r 
t h e moment. For a r e g i o n - b a s e d I U S , t h e y a r e p i x e l 
(an image p o i n t ) , p a t c h ( a g r o u p o f c o n t i g u o u s 

p i x e l s h a v i n g s i m i l a r p i x e l p r o p e r t i e s ) , r e g i o n ( a 
m e a n i n g f u l g r o u p o f p a t c h e s c o r r e s p o n d i n g t o a s u r 
f a c e o f a n o b j e c t ) , sub image(a p a r t o f a n image 

c o r r e s p o n d i n g t o a n o b j e c t o r a s e t o f o b j e c t s ) , 
and o b j e c t ( a n o b j e c t a s a r e a l e n t i t y ) . For a l i n e -
based IUS , t h e l e v e l o f p a t c h can b e r e p l a c e d b y 
l i n e segment , r e g i o n by l i n e , and subimage by a s e t 
o f l i n e s c o r r e s p o n d i n g t o a n o b j e c t , F i g . 1 
i l l u s t r a t e s t h e s e l e v e l s f o r a r e g i o n - b a s e d I U S . 

A k i n & Reddy(1976) o b s e r v e d t h a t s i x l e v e l s a r e 
used when human s u b j e c t s u n d e r s t a n d t h e c o n t e n t s o f 
a n image t h r o u g h v e r b a l c o n v e r s a t i o n : s c e n e , c l u s t e r , 
o b j e c t , r e g i o n , segment , and i n t e n s i t y . The number 
o f l e v e l s i s n o t v e r y s i g n i f i c a n t . These l e v e l s a s 
w e l l a s t h o s e i n F i g . 1 depend o n t h e u n i t s o n w h i c h 
d i f f e r e n t l e v e l s o f p r o c e s s i n g a r e p e r f o r m e d and f o r 
whose d e s c r i p t i o n d i f f e r e n t v o c a b u l a r i e s a r e u s e d . 
P r o c e s s i n g i n t h e p i x e l - t o - p a t c h l e v e l i s o f t e n 
c a l l e d a s l o w - l e v e l p r o c e s s i n g . The r e g i o n - t o - s u b -
image l e v e l i s h i g h l e v e l i n t h e p i c t u r e p r o c e s s i n g 
doma in . I t c l e a r l y needs t o d e a l w i t h s e m a n t i c s 
w h i c h stem f r o m t h e h i g h e s t , o b j e c t l e v e l . The p a t c h -
t o - r e g i o n l e v e l m i g h t b e c a l l e d a s i n t e r m e d i a t e . 

b) View Domain / Sceno Domain D i s t i n c t i o n _ 
The p o i n t t o b e n o t e d h e r e i s t h e c l e a r d i s p a r 

i t y e x i s t i n g be tween v i e w - d o m a i n and scene -doma in 
d e s c r i p t i o n s ; i n F i g . 1 , t h e l o w e r f o u r l e v e l s a r e 
i n t h e v i e w domain and t h e upper one i n scene d o m a i n . 
The need f o r t h i s d i s t i n c t i o n was a rgued f o r f i r s t 
and most e f f e c t i v e l y by C l o w e s ( 1 9 7 1 ) . He used t h e 
t e r m " p i c t u r e doma in " i n p l a c e o f " v i e w d o m a i n " . 
Bu t t h e l a t t e r i s used i n t h i s paper t o mean t h e 
domain o f o b s e r v a b l e f a c t s b y v i e w i n g t h e scene i n 
e i t h e r i n t e n s i t y o r range d a t a . The i m p o r t a n c e o f 
t h i s d i s t i n c t i o n i s r e a d i l y u n d e r s t o o d b y t h i n k i n g 
t h a t , f o r e x a m p l e , t h e a c t u a l meaning o f " a d j a c e n 
c y " i n t h e v i e w - d o m a i n d e s c r i p t i o n i s f u l l y u n d e r 
s t o o d o n l y a f t e r t h e r e l a t i o n i s i n t e r p r e t e d i n t h e 
scene-doma in d e s c r i p t i o n . No te t h a t t h e scene-doma in 
d e s c r i p t i o n s a r e n o t n e c e s s a r i l y i n a m e t r i c a l 3-D 
c o o r d i n a t e s p a c e ; e . g . , W a l t z ' s l a b e l s o f edge i s a 
s y m b o l i c sys tem t o r e p r e s e n t t h e edge t y p e s i n t h e 3-D 
s p a c e , o r even a g r o s s s u b j e c t i v e space w i l l s u f f i c e . 

c ) D e t a i l H i e r a r c h y and C o m p o s i t i o n H i e r a r c h y 
The d e t a i l h i e r a r c h y i s a l o n g p r e c i s e n e s s o f 

d e s c r i p t i o n . I t can e x i s t i n b o t h t h e v i e w and t h e 
scene doma ins . S e c t i o n 5 .2 p r e s e n t s examples i n t h e 
v i e w doma in . A n example i n t h e scene domain i s t h e 
d e s c r i p t i o n o f o v e r a l l / d e t a i l shape o f a n o b j e c t , 
w h i c h i s f o u n d i n s e c t i o n 3 . 2 b ) . The c o m p o s i t i o n 
( o r p a r t - o f ) h i e r a r c h y r e p r e s e n t s p a r t / w h o l e r e l a 
t i o n s h i p s i n t h e scene d o m a i n . 

The p r o c e s s i n g - u n i t h i e r a r c h y a c t u a l l y c o n t a i n s 
somewhat b o t h a s p e c t s o f t h e d e t a i l and c o m p o s i t i o n 
h i e r a r c h i e s i n t h e sense t h a t t h e l o w - l e v e l e n t i t i e s 
a r e p a r t s and d e t a i l s o f a n u p p e r - l e v e l e n t i t y . 
U n f o r t u n a t e l y t h i s r e v e a l e d h i e r a r c h y does n o t d i 
r e c t l y c o r r e s p o n d t o t h e h i e r a r c h i e s w h i c h n a t u r a l 
l y e x i s t i n t h e scene doma in . T h i s f a c t makes image 
u n d e r s t a n d i n g d i f f i c u l t , and i t i s why t h e models 
o f t e n need t o r e p r e s e n t t h e n a t u r a l h i e r a r c h i e s 

I n v i t e d Papers-3 : Kanade 
1074 



F i g . 1 I l l u s t r a t i o n of Levels of Descr ip t ion in 
Processing-Uni t Hierarchy 

e x p l i c i t l y using process ing-un i t h ierarchy in order 
to br idge the gap between the view-domain and the 
scene-domain desc r i p t i ons . 

I I I . MODEL REPRESENTATION 

There are many kinds of knowledge fo r an IUS. 
The task wor ld of an IUS is def ined f i r s t of a l l by 
what ob jec ts (o r c lass of objects) are concerned and 
how they behave and i n t e r a c t to form a scene. There
fore l e t us conf ine ourselves to the object-model 
representa t ions . Corresponding to the leve ls of 
desc r i p t i on i t can take several forms. 

3.1 View-Domain Models 

This is an approach in which p roper t ies and 
r e l a t i o n s in the view-domain descr ip t ions are stored 
as the model of an o b j e c t . I t is i n t e r e s t i n g to 
observe tha t most of the region-based scene- in ter 
p r e t a t i o n programs have taken t h i s approach. The 
region ana lys is of image was f i r s t used by Br ice & 
Fennema(1970). 

a) Graph Matching at Region Level 
The f i r s t group of the region-based view-model 

approach includes Barrow & Popplestone(1971) 
and Preparata ε Ray (1972). They s tore 
p rope r t i es of and the r e l a t i o n s between regions in 
the form of a graph; the nodes correspond to the 
regions in the image which correspond to surfaces 
of an ob jec t or p a r t of an ob jec t , whi le arcs cor 
respond to r e l a t i o n s between reg ions. I n t e r p r e t a t 
ion cons is ts of graph matching or subgraph matching? 
i . e . , f i n d i n g the "best " assignments o f pa r t o r 

object names to nodes of the graph obtained from 
the image, so that spec i f i ca t i ons stored in the 
model graph are maximally s a t i s f i e d . 

I t is apparent tha t the approach can not cope 
w i t h occlusions or r o t a t i o n s of objects that change 
the graph s t ruc tu re d r a s t i c a l l y . But a more ser ious 
l i m i t a t i o n i s tha t i t i s assumed tha t the (almost) 
p e r f e c t , meaningful p a r t i t i o n i n g of the image i n t o 
r e g i o n s ( i . e . , r e g i o n - l e v e l descr ip t ions o f the 
image) is obtained independent ly, which is now 
known to be very d i f f i c u l t . 

b) Semantic Grouping of Patches i n to Region 
Yakimovsky & Feldman(1973) and Tenenbaum & 

Barrow(1976) are the next group. They t r i e d to 
overcome t h a t l i m i t a t i o n . The image is f i r s t par
t i t i o n e d i n t o many small patches of uniform co lo r . 
To t h i s pa tch - l eve l desc r i p t i on of the image, a 
merging operat ion is repeatedly app l ied , w i th which 
the operat ion of g i v i ng an i n t e r p r e t a t i o n to the 
patch is combined. That i s , besides i n t e n s i t y and 
co lor da ta , semantic cons t ra in ts are introduced in 
dec id ing a poss ib le merge, by means of a set of 
p robab i l i t i es (Yak imovsky , e t . a l . , 1973 ) or a con
s t r a i n t table(Tenenbaum, e t . a l . , 1976 ) about 
combinations of object-name labe ls and reg ion - l eve l 
p roper t i es and r e l a t i o n s such as adjacent, above, 
e t c . Some un i form, domain-independent procedures 
are used to f i n d a "best " segmentation; in the 
former, i t i s (sub) op t im iza t ion o f combinational 
p r o b a b i l i t y tha t regions have cor rec t l abe l s , and 
in the l a t t e r , i t i s the use o f f i l t e r i n g procedure 
together w i th a r e l axa t i on method which repeatedly 
e l im ina tes and suppresses incons is tent labels from 
a set of poss ib le labe ls fo r each patch. 

It was an advance tha t they succeeded in i n t r o 
ducing some semantics i n t o image segmentation. But 
because a l l the patches and regions are uni formly 
t rea ted and knowledge is scat tered in the cons t ra in t 
representa t ion of one leve l (pa tch l e v e l ) , the 
program does not know what objects it is deal ing 
w i th at each moment. Therefore, ne i ther e x p l i c i t 
processing of the shape of ob ject nor object-depend
ent processing on pa r t of image is easy. The reason, 
in the context o f F i g . 1 , i s tha t the uniform 
procedure does not const ruc t a subimage-level or 
even a reg ion- leve l desc r i p t i on to con t ro l where and 
what to look a t . 

The l i m i t a t i o n s mentioned above are not 
inherent to region-based i n t e r p r e t a t i o n schemes. 
They stem mainly from f a i l u r e s in handling the 
p rocess ing-un i t h ie rarchy e x p l i c i t l y and in con
s t r u c t i n g each l e v e l o f descr ip t ions in the i n t e r 
p r e t a t i o n process. I f t h i s i s solved p r o p e r l y , 
then regions can be powerful descr ip t ion p r i m i t i v e s 
f o r na tu ra l scenes, as l i nes are for polyhedral scenes. 

3.2 Three-Dimensional Shape Model 

a) Computer Graphics Metaphor 
The most s t ra igh t fo rward object model s tores 

3-D shape data as in computer graphics. In the 
p ioneer ing work of Roberts(1965) , the ob jec t model 
was very s t r a i gh t f o rwa rd ; it was a set of 3-D 
coordinates of the ve r t i ces of polyhedra. 
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The input image is processed and transformed 
i n t o a l i n e drawing. The matching process cons is ts 
of the f o l l o w i n g processes; 1) junc t ions in the 
l i n e drawing are selected tha t may cons t i t u te a 
simple polyhedron (wedge or p a r a l l e l e p i p e d ) , 2) the 
proposed polyhedron in the 3-D model is genera l ized-
transformed ( r o t a t e d , t r a n s l a t e d , scaled, and 
pro jected) to match the selected j unc t i ons , and 
3) the matched piece is then removed and the 
remainder is considered. Here no view-domain model 
is employed. Everything is considered in the 3-D 
space. The i n t e r a c t i o n of ob jects is t rea ted as 
a d d i t i o n and subt rac t ion of volumes in the 3-D 
space. The upward f low from view to scene is based 
on simple h e u r i s t i c s r e l a t i n g a view to the ob jec t 
model; e . g . , a set of junc t ions tha t form three 
para l le lograms are poss ib ly from a p a r a l l e l e p i p e d . 
Falk(1971) is in the same s p i r i t ; in order to deal 
w i t h imperfect l i n e drawings, an aggregate of l oca l 
cues such as Y, L or ARROW junc t ions are used to 
hypothesize a p laus ib le ob jec t model. 

More recent extremes of t h i s l i n e of p u r s u i t , 
perhaps w i th increased manipulat ion power, are the 
geometric modeling by Baumgart(1974) and a program 
tha t uses B ra id ' s scheme(Braid, 1974) f o r computer 
v i s i o n (Popplestone, Brown, Ambler & Crawford, 1975). 
The system by Baumgart produces polyhedra l approx i 
mations to 3-D shape from m u l t i p l e views of an ob
j e c t . The system by Popplestone, e t . al const ructs 
3-D body models by using the technique of p r o j e c t 
ing l i g h t s t r i pes to know the surface shape. These 
might be described as the inverse of computer 
graphics problem. 

b) General ized-Cyl inder Representat ion 
A general ized cy l i nde r is formed by moving a 

two-dimensional cross sect ion along an a x i s . The 
cross sect ion need not remain constant and the ax is 
need not be s t r a i g h t ; an ord inary cy l i nde r is a 
c i r c l e moved along a l i n e through i t s center . I f 
the c i r c l e shr inks l i n e a r l y , then i t i s a cone. 
An ob jec t is represented by decomposing i t i n t o 
par ts each of which is a general ized c y l i n d e r . 
Agin & Binford(1973) and Nevatia ε Binford(1973) 
used range data by means of a laser range f i nde r 
to ob ta in the genera l i zed-cy l inder representa t ion 
of ob jec ts such as a d o l l and a horse, and then 
matched the obtained desc r i p t i on against the models. 

Marr & Nishihara(1976) showed a h i e r a r c h i c a l 
representa t ion of 3-D shapes using cones. A human 
f i g u r e is f i r s t approximated by a cone. I t i s then 
d e t a i l e d by j o i n i n g component cones(HEAD and LIMBs) 
to the p r i n c i p a l cone(TORSO). Each f u r t h e r compo
nen t (e .g . ARM) can be r ede ta i l ed in t u r n , and so on. 
This scheme can answer o v e r a l l quest ions about the 
ob ject l i k e the gross shape, the d i r e c t i o n in which 
it p o i n t s , e t c . and a lso one can go i n t o as appro
p r i a t e d e t a i l as wanted. Note tha t the h ie ra rch ies 
represented here are the d e t a i l and composit ion 
h ie ra rch ies i n t r i n s i c t o the o b j e c t . 

As fo r the recogn i t i on problem from a monocular 
image, Marr & Nishihara(1976) w r i t e tha t work has been 
done to ob ta in the p ro jec ted axes of the component 
cones from the image of a shape and a lso tha t the 
task can be done near ly independently of other h i gh 
e r - l e v e l tasks . From experiences w i t h l i n e f i n d 

ing in simple po lyhedra l scenes and w i t h ske le ton
i z a t i o n i n 2-D f i g u r e s , however, i t i s f e l t t ha t i t 
is very d i f f i c u l t to ob ta in the axes r e l i a b l y and 
to const ruc t the desc r i p t i on which the model of 
t ha t ob jec t expects ,wi thout some feedback of hypoth-
es i s -and - tes t (except the case of ob iec ts b a s i c a l l y 
composed of s t i c k s ) . More remains to be done in t h i s 
respect , but i t i s t rue tha t the representa t ion o f 
o v e r a l l / d e t a i l h ie rarchy w i l l prov ide a sequence of 
cues tha t can be used in hypothesiz ing p laus ib l e 
shape models f o r understanding the input image, i f 
i t i s e x p l i c i t l y r e l a ted t o the p rocess ing-un i t 
h ie ra rchy . In f a c t , i t i s shown tha t the contour, 
an o v e r a l l desc r i p t i on of the processing u n i t , may 
be c lose l y r e l a t e d to the genera l i zed-cy l i nder 
representa t ion(Marr ,1976) . 

3.3 Rela t ing Scene Const ra in ts to View Const ra in ts 

In several cases, image-forming models are suc
cess fu l l y formulated and provide methods of working in 
the view domain to ob ta in the scene-domain d e s c r i p t i o n . 

a) Line-Drawing I n t e r p r e t a t i o n 
Wal tz 's program(Waltz,1972) fo r l ine-drawing 

i n t e r p r e t a t i o n can be counted as a most t y p i c a l 
success. Though seemingly s i m i l a r , i t has a very 
d i f f e r e n t s p i r i t from Guzman(1968)which decomposes 
a l i n e drawing i n t o bodies. Guzman c l a s s i f i e d junc
t i ons of l i n e s in the image, and considered them to 
g ive h e u r i s t i c a l l y some l o c a l evidence concerning 
the poss ib le assoc ia t ion of regions in forming 
bodies. For example, an ARROW junc t i on provides 
evidence f o r some assoc ia t ion between the two 
regions on e i t h e r side of the cen t ra l l i n e . Guzman's 
program worked f a i r l y w e l l , but i t s l i m i t a t i o n 
came from s t i c k i n g to the view domain. 

To the con t ra ry , f o l l ow ing Huffman(1971) and 
Clowes(1971), Waltz(1972) c l a s s i f i e d edges accord
ing to t h e i r scene-domain, phys ica l meaning: 
concave, convex, crack, shadow, e t c . Possible 
junc t ions are enumerated from the poss ib le views of 
phys i ca l l y poss ib le v e r t i c e s tha t a r b i t r a r y t r i 
hedra l so l i ds w i l l generate. Then they are indexed 
to g ive a cata log of l ega l l i n e combinations fo r 
each type of j unc t i ons . Having the cata log p re 
pared, the i n t e r p r e t a t i o n of a l i n e drawing reduces 
to searching fo r a set of l i n e labe ls t ha t provide 
a l e g a l con f i gu ra t i on at each j unc t i on in the image. 
The procedure sys temat i ca l l y e l im ina tes incompat
i b l e labe ls from a l i n e when the junc t ions at both 
ends of the l i n e is considered together . As ton ish
i n g l y enough, i t was found t ha t t h i s i t e r a t i o n 
scheme, ca l l ed " f i l t e r i n g " , r a p i d l y converges to a 
unique i n t e r p r e t a t i o n or to a small number of 
i n t e r p r e t a t i o n s f o r most cases. 

This success achieved by s h i f t i n g from Guzman 
to Waltz is tha t Waltz begins w i t h the deep s t r uc 
tu re (scene-domain meaning) and r e l a t e s i t to the 
cons t ra in t s computable in the view domain. A s i m i 
l a r approach f o r l i n e drawings of curved ob jec ts is 
taken by Turner (1974) , al though w i t h more complex i ty . 

b) Shape from Shading 
This addresses how the i n t e n s i t y of the observed 

image can be used to recons t ruc t the 3-D nature of 
the corresponding surface of the o b j e c t . 
Horn(1977) gives an elegant fo rmu la t ion by use of 
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This means tha t the po in ts w i t h a given i n t e n s i t y 
have such o r i e n t a t i o n s determined by a c i r c l e in 
the grad ien t space. Other cons t ra in ts in the 
g rad ien t space can be used in con junct ion w i t h t h i s 
cons t ra in t to determine the o r i e n t a t i o n uniquely f o r 
each p o i n t . For example, the three surfaces of a 
t r i h e d r a l ver tex correspond to three po in ts in the 
grad ient space and the l i n e s connecting these po in ts 
must be perpendicular to the three l i nes j o i n i n g at 
the corresponding j unc t i on in the image. 

A p r a c t i c a l example of combining p i c t u r e p ro 
cessing w i t h simple camera geometry is found in Yoda, 
Motoike & E j i r i ( 1 9 7 5 ) . I t provides an i n s e n s i t i v e -
to -no ise a lgor i thm tha t obta ins the normalized top 
view of a b o x - l i k e ob jec t on a tab le from i t s ob l ique 
image. The histogram of edge-segment d i r e c t i o n s , 
when modi f ied in accordance w i t h camera angle, gives 
r e l i a b l y the o r i e n t a t i o n of the box on the t a b l e . 

A l l the representat ions and procedures mention
ed above can be thought of as compiled knowledge 
tha t r e l a t es scene-domain cons t ra in ts to view-
domain cons t ra in ts (Wins ton , 1973). 

To sum up the three preceding subsections: 
1) Scene-domain knowledge is c r u c i a l . 
2) The p rocess ing-un i t h ierarchy should be e x p l i c i t 

ly represented and handled. Ming l ing them r e s u l t s 
in the misuse of the desc r i p t i ve vocabulary fo r 
shape and r e l a t i o n s . 

3) 3-D shape models embody generat ive nature to 
manage var ious cases, but in general they are weak 
in hypothesiz ing appropr ia te candidates f o r ob jec t 
models i n r ecogn i t i on . H ie ra rch i ca l o v e r a l l / 
d e t a i l representat ions may be h e l p f u l , i f p roper ly 
r e l a t e d to the processing u n i t s . 

5) Compiling the knowledge of r e l a t i n g scene con
s t r a i n t s to view cons t ra in t s is a powerful t ech 
n ique, but i t works in the c o n t r o l l e d world whose 
cons t ra in t s have been "compi led" i n t o the method. 

3.4 Mu l t ip le -V iew Model 

Minsky(1975) proposed the theory of frame 
systems as a u n i f i e d theory of knowledge represen
t a t i o n . As Minsky describes them, when app l ied 
to v i s i o n most s t r a i g h t f o r w a r d l y , frame systems are 
c o l l e c t i o n s o f r e l a t e d frames l i nked together ; 
d i f f e r e n t frames descr ibe the stereotyped view (not 
necessar i l y of a s ing le ob jec t , but of a scene w i t h 
m u l t i p l e ob jec ts l i k e a room) from d i f f e r e n t v iew
p o i n t s , and the t ransformat ion from one frame to 
another represents the e f f e c t of moving from place 
to p lace . Though very a t t r a c t i v e as a psycho log ica l 
model, i t seems tha t t h i s mu l t i p le -v iew frame 

systems, as they are , have gone too f a r in neg lec t 
ing d i r e c t , m e t r i c a l processing of 3-D in fo rma t ion . 
Anyway i t is not c lea r yet how w e l l such represen
t a t i o n s work f o r r e a l images, since no implementa
t i o n e x i s t s y e t . 

The frame theory i t s e l f presents a foundat ion 
of rep resen ta t iona l schemes. Among others , i t 
advocates t ha t matching against a stored set of 
expected proto types and i n s t a n t i a t i n g them are the 
c e n t r a l recogn i t i on process. Each prototype should 
conta in a chunk of data and procedures which are 
used in apply ing i t . These ideas can be developed 
in both the view domain and the scene domain. 

3.5 S t r u c t u r i n g Mu l t i p l e -Leve l Descr ipt ions 

The importance of e x p l i c i t l y handling the h i e r 
archy of image desc r ip t i ons has been stressed. One 
th ing we can do about the ob jec t model representat ion 
is to s tore knowledge app l icab le fo r each l eve l of 
desc r ip t i ons together w i th in format ion about how i t 
is r e l a t e d to the upper- and lower - leve l descr ip t ions 
Sakai , Kanade & Ohta(1976) used symbolic "knowledge 
b lock" representa t ions f o r outdoor-scene i n t e r p r e t a 
t i o n . Here we extend i t a l i t t l e to represent 
p rocess ing-un i t h ierarchy e x p l i c i t l y i n i t . Our 
system is region-based and, an image is f i r s t p a r t i 
t ioned i n t o a c o l l e c t i o n of patches by the recurs ive 
th resho ld ing technique(Ohlander,1975); see 5 . 1 . 
Thus we can assume tha t the image has been completely 
descr ibed in t h a t l e v e l ; a l l the proper t ies o f and 
r e l a t i o n s between patches are known or computable. 

As an example, the representa t ion of a t y p i c a l 
b u i l d i n g would appear as in F i g . 2. Each block 
having a name s t a r t i n g w i th * is ca l led a knowledge 
b lock(KB). A KB can stand fo r not only a process
ing u n i t concerning an o b j e c t , but also mater ia l 
( e . g . , *CONCRETE), p r o p e r t y ( e . g . , *RECTANGULAR), 
or r e l a t i o n ( e . g . , *INHERIT-PROP). I t is l i k e a 
conceptual ob jec t in the KRL(Bobrow & Winograd, 1976) . 

*BUILDING in the ob jec t l e v e l spec i f ies i t s gross 
shape by *RECBLOCK. The parameters are i t s s i ze , 
l oca t i on and o r i e n t a t i o n . Proper t ies and re l a t i ons 
v a l i d in t h i s l e v e l can be inc luded. The ob jec t 
model is r e l a t e d to a few of the q u a l i t a t i v e l y d i f 
fe ren t views depending on the value of parameters. 
The connecting parameter values are given when work
ing downward, and i n f e r r e d when working upward. Note 
t h a t , espec ia l l y in outdoor scenes, the s ize , l o c a t 
ion and o r i e n t a t i o n are r e l a t i v e matters. They need 
not be very prec ise f o r most cases as long as no 
con t rad i c t i ons occur. Note a lso that the d i s t a n t 
ob jec ts such as sky, or ob jects w i th fuzzy shape such 
as t rees can be thought of as f l a t pat terns perpen
d i c u l a r to the v iewer. I t might be said in t h i s 
sense t h a t the scene domain is a subject ive 
2 1/2-D space. 

The view-domain un i t s represent the h i e ra r chy ; 
how the subimage corresponding to a p a r t i c u l a r view 
is composed of reg ions, and how the region is 
composed of patches. The subimage KB conta ins a 
procedure to i n f e r the scene-domain parameters. 
During the i n t e r p r e t a t i o n process, each KB f o r sub-
image or r eg ion - l eve l u n i t generates i t s instance 
by l i n k i n g region or patch instances as i t s p a r t 
desc r i p t i ons . The pool of those instances together 
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the grad ien t space approach(Huffman,1971; 
Mackworth,1974). I f z= f (x ,y ) def ines the surface 
of the o b j e c t , the l o c a l surface o r i e n t a t i o n can 
be expressed using , and The grad ient 
space is the space def ined by (p ,q ) . For a par
t i c u l a r choice of v iewer-ob jec t geometry, l ight-
source, and a k ind of ob jec t sur face, i t can be 
ca lcu la ted how the i n t e n s i t y da ta ( I ) depends on 
p and q; i . e . , (p,q) -> I (p,q) . For example, in the 
s implest case where a l i g h t source is at the viewer 
and the ob jec t surface r e f l e c t i v i t y is p ropo r t i ona l 
to cosine of the inc iden t angle of l i g h t , then 



w i t h i n i t i a l p a t c h - l e v e l d e s c r i p t i o n s c o n s t i t u t e s 
t h e d a t a base f o r image d e s c r i p t i o n . The boxes i n 
F i g . l can b e r e g a r d e d a s t h o s e i n s t a n c e s . I n t h e 
cou rse o f i n t e r p r e t a t i o n t h e i r l i n k s m i g h t b e p a r 
t i a l l y c o m p l e t e d . U s u a l l y t h e number o f p a t c h e s t o 
b e l i n k e d t o a r e g i o n i n s t a n c e i s n o t known b e f o r e 
h a n d ; t h i s makes t h e a c t u a l i n t e r p r e t a t i o n d i f f i c u l t . 

own c o n t r o l ; f o r e x a m p l e , ♦BLDFACE t r i e s t o i d e n t i 
f y t h e h o l e s i n t h e r e g i o n o f *WALL as ♦WINDOWS, 
and checks i f t h e y a l l s a t i s f y some r e l a t i o n s 
e x p e c t e d o f w a l l s and w indows . The SELECT r u l e s 
c o r r e s p o n d t o a g o a l - d i r e c t e d a n a l y s i s on a p a r t o f 
image , t a k i n g advan tage o f t h e f a c t s known under 
o b j e c t - d e p e n d e n t c o n t r o l . 

G e n e r a l l y s p e a k i n g , each KB c o n t a i n s t h r e e 
t y p e s o f r u l e s : ASK, SELECT, and CHECK. These r u l e s 
a r e r e p r e s e n t e d e i t h e r b y a l i s t o f f u z z y p r e d i c a t e s , 
or as a p r o c e d u r a l a t t a c h m e n t ( B o b r o w & W i n o g r a d , 
1 9 7 6 ) . The ASK r u l e s a r e used to choose e n t i t i e s 
a s c a n d i d a t e s f o r t h e component o f t h e i n s t a n t i a t i o n ; 
f o r e x a m p l e , a p a t c h w i t h t h e p r o p e r t i e s o f many-
h o l e s , m a n y - l i n e s , i n n e r i t i n g - p r o p e r t i e s - o f 
*CONCRETE, and a d j a c e n t - t o ♦SKYREGION w i t h l i n e a r 
bounda ry may w e l l become a component p a t c h of *WALL. 
The ASK r u l e s f u n c t i o n a s b o t t o m - u p t r i g g e r s o f 
p r o p o s i n g an i n s t a n c e o f t h e KB. 

The SELECT r u l e s a r e used i n t r y i n g t o e x t e n d 
t h e i n s t a n t i a t i o n a s f a r a s p o s s i b l e under t h e K B ' s 

*RECBLK 

*BUILDING 

♦BLDVIEW1 

type 3-D shape 
parameter s i z e ( a , b , c ) , l o c a t i o n , or ier 

t a t i o n 
procedure to generate a block in the 

space,given the parameters 

type processing u n i t ( o b j e c t ) 
shape (*RECBLK parameters) 
r e l a t i o n ( i n - f r o n t - o f *SKY) . . . 
view (*BLDVIEW1 parameter-range) 

(*BLDVIEW2 parameter-range) 

♦BLDFACE 

t y p e 
v i e w - o f 

p a r t 
CHECK 

SELECT 

ASK 

t y p e 
p a r t 
CHECK 

SELECT 

ASK 

t y p e 
p a r t 
CHECK 
SELECT 

ASK 

*WINDOW t y p e 

CHECK 

*WALL 

p r o c e s s i n g u n i t ( s u b i m a g e ) 
(♦BUILDING p a r a m e t e r s ) 

p r o c e d u r e t o i n f e r p a r a m e t e r s 
(*BLDFACE(1) *BLDFACE(2) ) 
check t h e r e l a t i o n be tween 
t h e p a r t s 
i f one o f t h e p a r t i s i n 
s t a n t i a t e d , s e a r c h f o r t h e 
o t h e r 
reg ion(*BLDFACE) 

p r o c e s s i n g u n i t ( r e g i o n ) 
(*WALL *WINDOW(N)) 
check t h e shape , r e g u l a r i t y 
of ♦WINDOWS , e t c 
t r y t o i d e n t i f y h o l e s i n 
♦WALL as ♦WINDOWS 
reg ion ( *WALL) 

p r o c e s s i n g u n i t ( r e g i o n ) 
( p a t c h ( N ) ) 
check c o l o r , shape , e t c . 
t r y t o expand t h e r e g i o n k e e p 
i n g t h e p r o p e r t i e s , t o a 
shape(*RECTANGULAR p a r a m e t e r ) 
p a t c h ( x ) ; ( (many -ho les x) 
( m a n y - l i n e s x) (* INHERIT-PROP 
♦CONCRETE x ) ( l i n e a r (boundary 
x *SKYREGION)) ) 

p r o c e s s i n g u n i t ( r e g i o n s u b 
o r d i n a t e ) 
check shape , c o l o r , e t c . 

The CHECK r u l e s v e r i f y and e v a l u a t e t h e r a t i n g 
o f how much t h e p r e s e n t s t a t e o f t h e i n s t a n t i a t i o n 
s a t i s f i e s t h e KB. T h i s r a t i n g i s used b y a c o n t r o l 
s t r u c t u r e i n s e l e c t i n g p r o p o s a l s made b y t h e KBs. 
The p o s s i b l e c o n t r o l s t r u c t u r e s f o r t h e s e r e p r e s e n 
t a t i o n s w i l l b e d i s c u s s e d i n 4 . 2 . 

I V , CONTROL STRUCTURE 

C o n t r o l s t r u c t u r e s a r e t h e s t r a t e g y o f u s i n g 
t h e knowledge t o e f f i c i e n t l y c o n s t r u c t t h e g o a l 
d e s c r i p t i o n s . For one t h i n g , i t i s s t r o n g l y 
dependen t o n t h e r e p r e s e n t a t i o n s emp loyed . W a l t z ' s 
p rog ram f o r l i n e - d r a w i n g i n t e r p r e t a t i o n r e q u i r e d n o 
s o p h i s t i c a t e d c o n t r o l s t r u c t u r e . However , t h i s 
e x c e p t i o n a l s i m p l i c i t y was o b t a i n e d n o t o n l y because 
o f t h e c a r e f u l c h o i c e o f d e s c r i p t i o n schemes b u t 
a l s o because o f t h e a s s u m p t i o n o f ( a l m o s t ) p e r f e c t 
l i n e d r a w i n g s a s i n p u t . When one d e a l s w i t h r e a l 
i n t e n s i t y i m a g e s , one has t o cope w i t h more u n c e r 
t a i n t y . I t s h o u l d b e n o t e d h e r e a g a i n t h a t t h i s 
does n o t j u s t i f y a s t r a i g h t f o r w a r d use o f p r o b a b i l 
i s t i c o r o p t i m i z a t i o n t e c h n i q u e s w h i c h m ix u p e v e r y 
t h i n g i n one l e v e l . L e t u s f i r s t have a b r i e f l o o k 
a t t h e s p e c t r u m o f t h e c o n t r o l s t r u c t u r e s embodied i n 
v i s i o n p rog rams w h i c h t r e a t a c t u a l image d a t a . Then 
t h e c o n t r o l s t r u c t u r e f o r t h e knowledge b l o c k 
r e p r e s e n t a t i o n s w i l l b e d i s c u s s e d . 

4 . 1 From P a s s - O r i e n t e d t o H e t e r achi c a l C o n t r o l 

F i g . 2 P a r t o f Knowledge B l o c k R e p r e s e n t a t i o n o f 
BUILDING 
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Struc tu re 

The pass-or iented s t r u c t u r e , or l i n e a r (bottom 
up) sequencing of t rans fo rmat ions , is the most 
s t r a i gh t f o rwa rd c o n t r o l s t r u c t u r e ; i t bu i l ds u p 
h i g h e r - l e v e l desc r ip t i ons step by s tep. The t y p i c a l 
sequence i s : 1) noise removal, 2) edge-segment f i n d 
i n g , 3) grouping of edge segments, 4) l i n e drawing, 
and 5) i n t e r p r e t a t i o n . The lowest l e v e l is usua l l y 
a un iversa l technique. The higher the l e v e l i s , the 
more the process is domain-dependent. Though i t is 
simple and modular, such a con t ro l s t r uc tu re is not 
always r e l i a b l e . E r ro rs in the e a r l i e r stages 
se r ious ly damage the l a t e r stages, and i t is very 
d i f f i c u l t or even impossible to make the e a r l i e r 
stages e r r o r - f r e e w i thou t using knowledge of the 
l a t e r stages. I t i s noted, however, t ha t r ecen t l y 
several people i nc l ud ing Marr(1975) ra i se a r e 
cons idera t ion o f t h i s p o i n t ; Marr claims tha t i t i s 
necessary to c l a r i f y how much can be done in each 
stage independent ly , before going to r i c h and 
complex i n t e r a c t i o n s between stages. 

A h i e r a r c h i c a l top-down g r o s s - t o - d e t a i l c o n t r o l , 
d i r ec ted by a model, is an e f f i c i e n t way to detec t 
a p a r t i c u l a r p a t t e r n in an image (Harlow,1973; 
Ba l l a rd & Sklansky,1974). The recogn i t i on process 
takes the form of a dec is ion ladder or graph, whose 
subsequent lower nodes correspond to dec is ions to 
be made concerning more d e t a i l in a smal ler area. 

A feedback ana lys is procedure was descr ibed in 
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Nagao(1972), and exempl i f ied in the face recogn i t i on 
programs(Sakai, Nagao & Kanade,1972; Kanade,1974). 
The program cons is ts of many rou t i nes , each of which 
corresponds to a component of the face such as nose, 
eyes and mouth, and is programmed to detect the 
component in a given small area. The program works 
b a s i c a l l y in a h i e r a r c h i c a l top-down manner, in the 
sense tha t the ord inary order of c a l l i n g rou t ines 
i n t o ac t i on is predetermined on the g l o b a l - t o - l o c a l 
bas is . But i t s feature is tha t when something goes 
wrong ( f a i l u r e or incons is ten t detect ion) w i t h i n a 
r o u t i n e , then the con t ro l goes back to former ones 
and r e t r i e s them to co r rec t or r e f i n e the parameters 
t ha t might have caused the e r r o r . 

A more complex c o n t r o l s t ruc tu re is mixture of 
bottom-up and top-down (and f u r t he r middle-out) 
(Turner,1974; Popplestone, Brown, Ambler & Crawford, 
1975). The u l t ima te s t y l e would be heterarchy, in 
which a number of modules work together l i k e a com
munity of experts w i th no s t r i c t cen t ra l executive 
cont ro l (Winston,1973) . However, i t i s very d i f f i c u l t 
to inc lude the l ow- leve l processing in such a s t y l e 
of cooperat ion. Though not heterarchy, the S h i r a i ' s 
program(1973) to obta in l i n e drawings of polyhedra 
has embodied the most r i c h i n te rac t i ons between 
h i g h - l e v e l and l ow- leve l rou t i nes . I t is based upon 
the s t ra tegy of cons t ruc t ing a l i n e drawing step by 
s tep. At each time the most probable l i n e is hypo
thesized and v e r i f i e d by making use of previous 
r e s u l t s . Recognit ion s t a r t s from 1) contour l i nes 
w i t h a b lack background and goes i n t o 2) other 
boundary l i n e s between two bodies and 3) i n t e r n a l 
l i n e s o f bodies. 

4.2 Contro l S t ruc tu re fo r Knowledge Block 
Representations 

A con t ro l s t r uc tu re of the system tha t employs 
the knowledge block representat ions w i l l be 
discussed; i t is again based on the con t ro l s t ruc tu re 
employed in Sakai , Kanade & Ohta(1976). 

a) Each KB Proposes I t s Existence in I t s Own Way 
I t appears t ha t the most c r u c i a l po in t i s to 

know where in the image one should apply which 
ob jec t model. I t i s very na tu ra l to s t a r t w i t h a 
p a r t of the image where strong features e x i s t ; the 
r e s u l t w i l l help in understanding other p a r t s . But 
who knows what s t rong features are important? Each 
ob jec t has i t s own cues at i t s own l eve l of descr ip 
t i o n , s t rong or weak. For example, in a c i t y -ou tdoor 
scene, a l i g h t b l u i s h patch in the upper pa r t of the 
image suggests sky ra ther s t rong ly . On the other 
hand, a brown patch suggests a wa l l of the b r i c k 
b u i l d i n g only very weakly. The evidence becomes 
s t ronger , i f i t has a l i n e a r boundary w i th the sky. 
I t becomes much stronger i f the patch together w i th 
neighbor ing patches forms a rectangular region w i th a 
regu lar subs t ruc tu re . What cues are used, what 
r e l a t i o n s can support the evidence, and up to what 
l e v e l they are to be grouped? A l l these depend on 
each ob jec t . Therefore ra ther than using a c e n t r a l 
ized hypothesizer , a d i s t r i b u t e d hypothesis-making 
i s des i rab le . 

The concept of the con t ro l s t ruc tu re is de
p i c t e d in F i g . 3 . As was mentioned in 3.5, the 
pool of p l aus i b l e instances of p rocess ing-un i t KBs 
and the i n i t i a l pa t ch - l eve l desc r ip t ions of image 

c o n s t i t u t e the data base t ha t represents the present 
s ta te of image desc r i p t i ons . Each knowledge b lock 
looks at the data base. I f i t f inds the cues (by 
ASK r u l e s ) , i t begins i t s own processing and con
t inues as f a r as i t can (by SELECT r u l e s ) . I f i t 
checks t ha t enough evidence has been found (by CHECK 
ru les) , i t proposes to add i t s instance ( p a r t i a l image 
desc r i p t i on at t ha t l eve l ) to the data base. Thus 
the KBs work in p a r a l l e l and communicate through the 
common data base. The blackboard model of con t ro l 
s t ruc tu re (Erman& Lesser,1975) used in speech under
standing provides a good metaphor at t h i s po i n t . 

P r i m i t i v e func t ions f o r accessing the data 
base are prepared. The e x i s t e n t i a l f e t c h ; 

EX-FETCH[ x, t , S p e c i f i c a t i o n of evaluat ion>] 

is such a f u n c t i o n . I t se lects from x, a l i s t o f 
e n t i t i e s , one tha t s a t i s f i e s the spec i f i ed condi t ions 
more than t, and re tu rns a pa i r of the e n t i t y and 
i t s eva lua t ion va lue . For example, 

EX-FETCH[ ALLP, 0 .7 , 
'(LAMDA (s) (F-AND (below s *RGN) (dark s ) ) ) ). 

The eva lua t ion is the value of fuzzy AND of the two 
fuzzy p red ica tes . ALLP is the reserved va r iab le f o r 
a l l patches. *RGN is the u n i t i t s e l f tha t the KB 
using t h i s EX-FETCH represents. 

b) Proposal Se lec t ion Is Necessary 
I t is apparent t ha t i f each KB is allowed to 

add i t s proposal to the common data base f r e e l y , the 
data base w i l l soon explode. Some r a t i n g should be 
attached to the proposa l . The simplest proposa l -
se lec t i on mechanism se lec ts an instance descr ip t ion 
w i th the h ighest r a t i n g at a t ime, and adds i t to 
the common data base. The add i t i on has two e f f e c t s : 
1) It may change the r a t i n g of instances of other 
KBs. Each KB has a l i s t of KBs which re fe r to i t . 
Thus what KBs have to recompute is known. The e f f e c t 
of recomputation may f u r t h e r propagate, repeatedly. 
2) It may t r i g g e r the n e x t - l e v e l KBs to propose 
the existence of t h e i r ins tances. 

When a subimage instance is generated, the 
corresponding ob jec t desc r i p t i on is i n fe r red as a 
component of the scene d e s c r i p t i o n . Now, f o l l ow ing 
the model downward, the view of the ob ject can be 
v e r i f i e d in the view desc r ip t i on so fa r developed. 
The l i n k s l e f t incomplete in the var ious leve ls of 
instances, which may correspond to d e t a i l s of the 

F i g . 3 Concept of Control S t ruc ture f o r 
Knowledge Block Representations 

f n v i t e d Papers-3: KanaHe 
1079 



ob jec t , are completed, and the i nco r rec t l i n k s 
which may have ex is ted near the boundary are cu t . 
Instances t ha t s u b s t a n t i a l l y overlap in the image 
w i t h the v e r i f i e d one can be e l im ina ted . 

Therefore, usua l l y those ob jects which revea l 
t h e i r existence s t rong l y , or which are not occluded 
by o the rs , are processed f i r s t . I f the image 
invo lves only weak occlus ion and each ob jec t in i t 
shows up c l e a r l y , a l l t h i s w i l l s u f f i c e . This i s 
a c t u a l l y what happens in Shirai(1975) f o r m u l t i p l e -
ob jec t recogn i t i on in the desk scene which inc ludes 
a te lephone, lamp, and bookstand. 

Much more soph is t i ca ted op t im iza t i on mechanism 
would be poss ib le and sometimes desirable(Barrow 
& Tenenbaum,1976). However, the most important 
t h i n g is to b u i l d up desc r ip t ions by b a s i c a l l y data-
d r i ven ana lys i s , so tha t the g o a l - d i r e c t e d , ob j ec t -
dependent analys is can be appl ied to an appropr ia te 
p a r t of the image. 

c) An Example of Occlusion Inference 
When an ob jec t is recognized and v e r i f i e d , i t s 

boundaries are checked. Let us take a simple example. 
The boundaries may be d i v ided i n t o three p a r t s : 
1) The boundary which shows the o b j e c t ' s own shape 

or p rope r t i es : For example, pa r t of a l i n e a r 
boundary f o r a b u i l d i n g , o r z ig-zag boundary f o r a 
t r e e . I t suggests the occ luding boundary. 

2) C o n t r a r i l y , the boundary which shows the 
p roper t ies o f the neighbor ing ob jec t s : I t 
suggests the occluded boundary 

3) Not c l ea r . 
The f i r s t and second evidences g ive some in fo rmat ion 
about r e l a t i v e pos i t i ons between par ts of ob jec t s . 
I n - f r o n t - o f and behind-of po in te rs are added to the 
o b j e c t - l e v e l desc r i p t i on in order to g ive a p a r t i a l 
o rder ing in depth. 

I n order t o e x p l o i t t h i s f i n d i n g , the i n f o r 
mation is passed and added to the desc r i p t i on of 
the corresponding patches; i . e . , what p a r t o f 
t h e i r boundary is occluding or occluded. A region 
ins tance , which has been suspended because p a r t of 
the necessary area is not yet detected, can use t h i s 
in fo rmat ion as an excuse fo r tha t de fec t , and may 
ra i se i t s r a t i n g . The goa l -d i rec ted process in the 
SELECT ru les can expand the region across the occluded 
boundary as i f the expected condi t ions were s a t i s f i e d . 
A simple method to t r ans fe r t h i s e f f e c t to the next 
higher l e v e l desc r i p t i on i s to generate spec ia l 
"forgery" patches(see F i g . l ) tha t have the des i red 
p r o p e r t i e s , and l i n k them to the region ins tance. 

d) Competing Instances 
Although the instances kept in the common data 

base are the most p l a u s i b l e ones, they are not 
always co r rec t in a l l d e t a i l s . The instance made 
in a l a t e r stage by the goa l -d i rec ted procedure of 
the SELECT ru les may want to have a l i n k to an 
e n t i t y to which another instance already has a l i n k 
These are competing ins tances. 

The problem of c o n f l i c t i n g hypotheses is d i s 
cussed in m u l t i knowledge-source systems(Erman & 
Lesser, 1975; Barrow & Tenenbaum, 1976). The m u l t i -
context c o n t r o l is necessary. However, in image we can 
f u r t h e r take advantage of the l o c a l independence of 

pa r t s o f the image; i . e . , the f a c t tha t the in f luence 
of a dec is ion at some l o c a l p o i n t o f ten does not 
extend too f a r . Unless the over lapping area is l a rge , 
the competing instances can be t rea ted as if both 
are co r rec t at the same t ime . Minor inconsis tency of 
the context is not so ser ious . The number of contexts 
to be t rea ted separatedly becomes smal ler . 

In the v e r i f i c a t i o n process, a f t e r one ob jec t 
is found, the p a r t of the image in compet i t ion can 
be i n t e rp re ted through nego t ia t ions among the 
competing u n i t s which have l i n k s to tha t p a r t . 
This time the problem has become c l a s s i f i c a t 
ion or comparison between them. Usual ly i t is 
eas ier and the r e s u l t s are more r e l i a b l e . 

V. ROLE OF LOW-LEVEL PICTURE PROCESSING 

One of the c l a s s i c a l and somtimes misleading 
views about l ow- l eve l processing i s t ha t i t i s 
in fo rmat ion reduct ion process. This view leads to 
attempts to t ransform the input image d i r e c t l y i n t o 
very compact, min imal ly s u f f i c i e n t form such as a 
l i n e drawing. Rather the l ow- l eve l process should 
be viewed as in fo rmat ion s t r u c t u r i n g process of raw 
image da ta , so t h a t as much in format ion as poss ib le 
may become accessable from other knowledge sources. 
This a l t e r n a t i v e view leads us to regard the p i x e l -
l e v e l image data p lus var ious l ow- leve l p i c t u r e -
processing func t ions as the s t ruc tu red data set 
t ha t can answer quest ions from upper l e v e l s . This 
data set is the most basic pa r t of the data base 
used in the image understanding process(see F i g . 3 ) . 

5.1 Adequate Descr ip t i ve Vocabulary 

In order t h a t the s t ruc tu red data set works, 
adequate desc r i p t i ve vocabulary is necessary to 
descr ibe the image in terms of l ow- leve l e n t i t i e s . 
One basic a t t i t u d e is to describe the cases which 
have been convent iona l ly detected as a s ing le 
YES/NO event(such as "an edge e x i s t s " ) , and to have 
the next h i g h e r - l e v e l u n i t i n t e r p r e t the r e s u l t a n t 
desc r i p t i on on a b i t more g loba l bas i s . Another 
p o i n t is to recognize tha t a large amount of com
pu ta t i on is necessary to ob ta in adequate d e s c r i p t 
ions of the image w i t h which to s t a r t the bottom-up, 
da ta -d r i ven ana l ys i s ; s t ing iness in desc r i p t i on or 
computation is not to be pursued. 

The p r ima l sketch(Marr, 1975) is a r i c h symbolic 
d e s c r i p t i o n computed from the image, so t ha t i t can 
be the input of the next l e v e l . A t y p i c a l fea tu re 
desc r i p t i on about edge at a po i n t would be l i k e ; 

( EXTENDED-EDGE (POSITION (100 125)) 
(CONTRAST 12) 
(ORIENTATION 63.5) 
(FUZZINESS 3) ). 

Creat ing a p r ima l sketch requi res app l i ca t i on of 
l o c a l f i l t e r s o f var ious t ype , s ize and d i r e c t i o n 
f o r each image p o i n t . 

A simple working reg ion -o r ien ted technique is 
recurs ive th resho ld ing technique by use of m u l t i p l e 
histograms in order to p a r t i t i o n the image i n t o 
patches. This was f i r s t used by Tomita, Yachida & 
Tsuj i (1973) in segmenting a tex tu red scene. Ohlander 
(1975) used i t in segmenting na tu ra l co lo r scenes. 
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The method i s v e r y s i m p l e . F i r s t , c a l c u l a t e 
h i s t o g r a m s o f each o f a v a i l a b l e l o c a l f e a t u r e s o f 
t h e image p o i n t . The f e a t u r e s a r e such a s i n t e n 
s i t y , component o f c o l o r ( r e d , g r e e n , h u e , e t c . ) , 
g r a d i e n t , o r o c c u r r e n c e o f a l o c a l p a t t e r n . Then 
s e l e c t a f e a t u r e whose h i s t o g r a m has two (o r more) 
s e p a r a t e d p e a k s ; i t means t h a t n o t a l l t h e image 
p o i n t s have s i m i l a r f e a t u r e v a l u e s , b u t t h a t t h e y 
f o r m two ( o r more) g r o u p s . F i n a l l y t h r e s h o l d t h e 
image a t t h e v a l u e s w h i c h s e p a r a t e t h e p e a k s , and 
p a r t i t i o n t h e image i n t o s e v e r a l c o n n e c t e d p a r t s . 
The sequence o f t h e s e o p e r a t i o n s a r e a p p l i e d r e c u r 
s i v e l y t o each o f t h e r e s u l t a n t p a r t s , u n t i l each 
one has monopeak h i s t o g r a m s f o r a l l t h e f e a t u r e s , 
w h i c h shows t h a t i t i s a l m o s t a homogeneous 
p a t c h . 

The o u t p u t p r o d u c t o f t h i s r e g i o n - o r i e n t e d l o w -
l e v e l p r o c e s s i n g i s n o t a g a i n s i m p l y t h e segmented 
p i c t u r e . I t c o n s i s t s o f a l i s t o f p a t c h e s , a l i s t 
o f b o u n d a r i e s , and a l i s t o f v e r t i c e s , each o f w h i c h 
i n c l u d e s t h e i r a t t r i b u t e s and l i n k s t o r e p r e s e n t 
t h e i r r e l a t i o n s . T h i s does n o t n e c e s s a r i l y mean 
t h a t a l l t h e v a l u e s have been computed b e f o r e h a n d ; 
i t i s t o o i n e f f i c i e n t . F a c i l i t i e s such a s Memo 
f u n c t i o n s ( M i c h i e , 1 9 6 8 ) a r e v a l u a b l e . 

5 .2 D e t a i l H i e r a r c h y 

The p r o d u c t o f t h e l o w - l e v e l p r o c e s s i n g can show 
t h e d e t a i l h i e r a r c h i e s a t t h a t l e v e l a l o n g a few 
d i m e n s i o n s . I t has t o b e s t r u c t u r e d s o t h a t h i g h e r -
l e v e l components can e x p l o i t them t o work f r o m 
o v e r a l l t o d e t a i l o r f r o m s t r o n g t o weak f e a t u r e s . 

1) S p a c i a l d i m e n s i o n — A p y r a m i d a l image -da ta 
s t r u c t u r e i s o f t e n used b y d i v i d i n g t h e image i n t o 
n x n n e i g h b o r h o o d and mapping ( t y p i c a l l y a v e r a g i n g ) 
each n e i g h b o r h o o d i n t o one p i x e l o f t h e n e x t l e v e l 
image . D e s c r i p t i o n s c o n s t r u c t e d c o r r e s p o n d i n g t o 
t h i s h i e r a r c h y can g i v e t h e d e t a i l h i e r a r c h y a l o n g 
t h e s p a c i a l d i m e n s i o n ( N a g i n , Hanson & Riseman,1977) . 

2 ) F e a t u r e d i m e n s i o n — When t h e p i c t u r e s e g m e n t a t i o n 
i s done s e q u e n t i a l l y u s i n g t h e most d i s t i n g u i s h i n g 
f e a t u r e a t a t i m e , a s i n t h e r e c u r s i v e t h r e s h o l d i n g 
me thod , t h e t o t a l r e s u l t g i v e s a t r e e s t r u c t u r e 
o f s e g m e n t a t i o n . I t i s a l o n g t h e f e a t u r e d i m e n s i o n . 

3 ) R e l i a b i l i t y d i m e n s i o n — For a p a r t i c u l a r 
f e a t u r e d e t e c t i o n , a l i n e a r h i e r a r c h y i s o b t a i n 
e d a l o n g r e l i a b i l i t y , o r c o m p l e m e n t a r i l y , a l o n g 
f u z z i n e s s o f t h e d e t e c t i o n . 

5 .3 A s s o c i a t i v e R e t r i e v a l 

Once adequa te s y m b o l i c r e p r e s e n t a t i o n a l 
v a c a b u l a r y i s d e f i n e d t o d e s c r i b e t h e r e s u l t o f 
t h e l o w - l e v e l p i c t u r e p r o c e s s i n g , i t becomes 
d e s i r a b l e f o r h i g h e r - l e v e l f u n c t i o n s t o r e t r i e v e 
i n f o r m a t i o n f r o m t h e d a t a s e t i n a u n i f i e d , l o g i c a l 
way, p e r h a p s b y a s s o c i a t i v e r e t r i e v a l (Yak imovsky 
& Cunn ingham;1976 ) . For i n s t a n c e , 

A r e a ® P a t c h s number o f p i x e l s 
Boundary ( x ) r e g i o n = ( a s e t o f l i n e s ) 

I n f a c t , t h e l a c k o f such a n a b i l i t y o f smooth 
i n t e r f a c e be tween l o w - l e v e l and h i g h - l e v e l f u n c t i o n s 
has been an o b s t a c l e t o d e v e l o p i n g a v i s i o n sys tem 
w h i c h i s l a r g e l y based o n s y m b o l i c m o d e l s . 

One can t h i n k o f i n f o r m a t i o n r e t r i e v a l w i t h 
some i n f e r e n c e a n d / o r d a t a m a n i p u l a t i o n c a p a b i l i t y , 
i n a d d i t i o n t o t h e s i m p l e a s s o c i a t i v e r e t r i e v a l and 

t h e FETCH-type f u n c t i o n s men t i oned i n 4 . 2 a ) ; f o r 
examp le , " F i n d a s e t o f p a t c h e s such t h a t the region 
they form has such and such r e l a t i o n s w i t h P A T C H 3 " . 
I t s u g g e s t s r e s e a r c h o n d a t a s e t m a n i p u l a t i o n 
language f o r image u n d e r s t a n d i n g . The r e l a t i o n a l 
d a t a model c o u l d s u p p l y a b a s i s . 

5 .4 C o n t r o l l a b i l i t y 

T h i s p r o p e r t y i s r e l a t e d t o t h e top-down a s p e c t 
o f c o n t r o l . The t o p - d o w n a n a l y s i s r e q u e s t s a l o w -
l e v e l p i c t u r e p r o c e s s i n g p rog ram t o v e r i f y o r d e t e c t 
s p e c i f i c c o n d i t i o n s . T h i s means t h a t t he f u n c t i o n s 
need t o b e programmed w i t h c o n t r o l l a b i l i t y s o t h a t 
t h e y can do as e x a c t l y much as t h e g i v e n gu idance 
r e q u e s t s . A t y p i c a l example i s f ound i n S h i r a i ' s 
L i n e F i n d e r ( S h i r a i , 1 9 7 3 ) . The c i r c u l a r sea rch 
p r o c e d u r e i s f o r s e a r c h i n g f o r l i n e s s t a r t i n g a t a 
g i v e n p o i n t when t h e d i r e c t i o n o f t h e l i n e i s n o t 
known. T h i s p r o b l e m i s decomposed i n t o s u c c e s s i v e 
a p p l i c a t i o n s o f t h e l i n e - s e g m e n t d e t e c t i o n i n p o s 
s i b l e d i r e c t i o n s . The d e t e c t i o n p r o c e d u r e i s 
supposed to s e a r c h ( c o n f i r m o r deny) a l i n e segment 
w i t h a g i v e n d i r e c t i o n i n a g i v e n search a r e a . 

T h i s example s u g g e s t s t h a t a l o w - l e v e l v i s i o n 
p r o g r a m , f o r i n s t a n c e a n edge d e t e c t o r , need n o t 
b e " g e n e r a l " t o d e a l w i t h a b r o a d c l a s s o f edges . 
I n t e r e s t i n g l y e n o u g h , t h e o p p o s i t e e f f o r t has been 
made as an image p r o c e s s i n g t e c h n i q u e ; i . e . , 
a t t e m p t s t o d e v i s e a n edge d e t e c t o r t h a t a lways 
works f o r " a n y " t y p e o f edges . L o w - l e v e l p rograms 
become more u s e f u l when t h e y a re p a r a m e t r a l i z e d 
t o e n a b l e them t o b e s p e c i a l i z e d a c c o r d i n g t o t h e 
g i v e n s p e c i f i c a t i o n ; f o r exmp le , d i r e c t i o n , t y p e , 
and s i z e o f t h e window f o r edge d e t e c t i o n . 

V I . SUMMARY 

The p r o b l e m s o f mode l r e p r e s e n t a t i o n s and c o n 
t r o l s t r u c t u r e s o f IUS have been d i s c u s s e d , m a i n l y 
f r o m t h e v i e w p o i n t o f i n t e r p r e t a t i o n - o r i e n t e d t a s k s . 
I t i s v e r y i m p o r t a n t t o h a n d l e e x p l i c i t l y t h e h i e r 
a r c h y i n t h e l e v e l s o f image d e s c r i p t i o n s , e s p e c i a l 
l y t o r e f l e c t t h e n a t u r a l h i e r a r c h i e s i n t o t h e 
p r o c e s s i n g - u n i t h i e r a r c h y . 

A f t e r a few t y p e s o f r e p r e s e n t a t i o n s were r e 
v i e w e d w i t h d i s c u s s i o n , t h e knowledge b l o c k r e p r e s e n 
t a t i o n s were d e s c r i b e d t h a t s t o r e knowledge f o r 
each l e v e l o f d e s c r i p t i o n t o g e t h e r w i t h how i t i s 
r e l a t e d t o t h e u p p e r - and l o w e r - l e v e l s . 

The c o r e p a r t o f an IUS i s b a s i c a l l y a s y m b o l i c 
p r o c e s s . The l o w - l e v e l p i c t u r e p r o c e s s i n g must have 
a smooth i n t e r f a c e w i t h t h e s y m b o l i c p r o c e s s . 
C o n s i d e r a t i o n s were g i v e n abou t adequate d e s c r i p t i v e 
v o c a b u l a r y , d e t a i l h i e r a r c h y , a s s o c i a t i v e r e t r i e v a l , 
and c o n t r o l l a b i l i t y i n t h e l o w - l e v e l p r o c e s s i n g . 
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