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A new system f o r the s t r u c t u r a l ana lys is of complex a e r i a l photographs is presented. This 
system has the a b i l i t y of focussing i t s a t t e n t i o n of the ana lys is on the l i m i t e d loca l areas 
where objects are h i gh l y supposed to e x i s t . Several kinds of s t rong and t y p i c a l features i re 
e x t r a c t e d , and these primary features of objects are combined to ex t rac t rough areas of the 
ob lec t s . This focussing mechanism saves the t o t a l processing time and f a c i l i t a t e s the de ta i l ed 
ana l ys i s . The recogn i t i on process of the system is Implemented according to the 'p roduc t ion 
system' . The knowledge sources in t h i s system are ob jec t - de tec t i on subsystems which analyse 
t h e i r i n d i v i d u a l l y focussed l o c a l areas and recognize s p e c i f i c ob jec ts r espec t i ve l y . A l l the 
r e s u l t s of the ana lys is are w r i t t e n in the common b lackboard, and the system f i nds out c o n f l i c t s 
and recovers e r ro rs by backt rack ing to fea ture ex t rac t i ons and low leve l processings. This 
a r c h i t e c t u r e enables us to organize smoothly the d iverse knowledge requi red to descr ibe the 
complex s t r uc tu re on the ground sur face . 

1. INTRODUCTION 

Recently severa l systems fo r the ana lys is of 
a e r i a l photographs have been developed to locate 
ob jec ts on the ground s u r f a c e [ 1 ] , [ 2 ] , [ 3 ] . When 
we are going to get a d e s c r i p t i o n of the s t r uc tu re 
on the ground surface by analys ing an a e r i a l 
photograph, we f i nd several d i f f i c u l t i e s which 
are not encountered in other image ana lys is areas: 
(1) The s ize of a p i c t u r e is very l a rge . 
(2) As It is impossible to con t ro l photographing 

c o n d i t i o n s , the q u a l i t y of a p i c t u r e is apt 
to change. 

(3) The s izes and the t e x t u r a l p roper t i es of 
ob jec ts vary qu i t e w ide ly . 

(4) Va r i a t i on of ob jec ts in a scene e n t a i l s ca l cu ­
l a t i o n of many d i f f e r e n t features and the 
d iverse knowledge of the wor ld . 

(5) There are too many s i t u a t i o n s on the ground 
surface to b u i l d a general model which can 
represent a l l poss ib le s p a t i a l arrangements 
o f ob jec ts . 

In order to overcome these d i f f i c u l t i e s and to 
r ea l i ze an e f f i c i e n t and r e l i a b l e ana l ys i s , 
we have developed a new system based on the ' 
product ion system 1 [A ] , The system cons is ts of a 
group of ob jec t -de tec t Ion subsystems which 
i n d i v i d u a l l y search for s p e c i f i c ob jec ts by 
communicating w i t h each other v ia a common ' b l a c k ­
board1 [ 5 ] , [ 6 ] , 

The ana lys is process of t h i s system is d iv ided 
i n to the f o l l o w i n g s teps. 
(1) Segmentation: A f te r noise removal, an 

a e r i a l photograph is segmented i n to element­
ary regions according to the m u l t i s p e c t r a l 
p roper ty . 

(2) Global survey of the whole scene: Regions 
w i t h c h a r a c t e r i s t i c p rope r t i es are ex t rac ted 
These are used to conf ine the s p a t i a l 
domains of ob jec ts where o b j e c t - d e t e c t i o n 
subsystems work. 

(3) Deta i led ana lys is of focussed loca l areas: 
Each o b j e c t - d e t e c t i o n subsystem focuses i t s 
a t t e n t i o n on a spec i f i c l oca l area and 
checks the existence of a s p e c i f i c ob jec t . 

(4) Communication among o b j e c t - d e t e c t i o n sub­
systems: A l l the in fo rmat ion about the 
p roper t i es of regions and recognized ob jec ts 
is stored in the b lackboard. Ob jec t -de tec t ­
ion subsystems i n t e r f a c e w i t h i t In a u n i ­
form way. The system con t ro l s the o v e r a l l 
f low of the ana lys is by managing the i n f o r ­
mation in the b lackboard. I t solves c o n f l i c t 
among ob jec t - de tec t i on subsystems, and 
cor rec ts e r ro rs by back t rack ing . 

This paper mainly descr ibes the c o n t r o l s t r u c ­
ture of the system, and demonstrates i t s per­
formance w i th exper imental r e s u l t s . The de ta i l ed 
a lgor i thms of p i c t u r e processing rou t ines are 
described i n [ 7 ] . 
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2. FOCUS OF ATTENTION IN THE ANALYSIS OF 
AERIAL PHOTOGRAPHS 

A e r i a l photographs we want to ana lyse are A band 
m u l t i s p e c t r a l images of complex suburban areas 
taken f rom the low a l t i t u d e ( F i g . 1 ) . 

As the s i z e o f a p i c t u r e i s ve ry l a r g e , the 
a n a l y s i s shou ld be done as e f f i c i e n t l y as p o s s i ­
b l e . I f each o b j e c t - d e t e c t i o n subsystem, wh ich 
i s ve r y s o p h i s t i c a t e d and t ime-consuming , were 
a p p l i e d t o the whole p i c t u r e a r e a , i t would take 
a p r o h i b i t i v e t ime to complete the a n a l y s i s . In 
o r d e r to so l ve t h i s p rob lem, we adopted the 
f o c u s s i n g mechanism wh ich human b e i n g seems to 
use when he i n t e r p r e t s a complex scene. When he 
sees a scene, a t f i r s t he g l o b a l l y surveys i t 
t o f i n d the c h a r a c t e r i s t i c areas wh ich a t t r a c t 
h i s i n t e r e s t . Then, he goes i n t o the d e t a i l e d 
exam ina t i on o f some l o c a l area to f i n d out 
o b j e c t s u s i n g h i s knowledge o f the w o r l d . 
The more i n t e n s i v e l y he f ocuses , the more 
s p e c i a l i z e d knowledge he comes to use. 

I n our sys tem, s e v e r a l k i n d s o f r e g i o n s w i t h 
prominent f e a t u r e s ( c h a r a c t e r i s t i c r e g i o n s ) are 
e x t r a c t e d by s imp le p i c t u r e p r o c e s s i n g programs. 
Then, o b j e c t - d e t e c t i o n subsystems app ly s o p h i s ­
t i c a t e d programs o n l y i n the l o c a l areas where 
s p e c i f i c o b j e c t s a re supposed to e x i s t . As the 
t ime-consuming p rocess ings a re a p p l i e d on l y i n 
sma l l l o c a l a r e a s , the t o t a l p r o c e s s i n g t ime 
can be reduced ve ry much. F i g . 2 shows the sche­
mat ic d raw ing o f t h i s f o c u s s i n g p r o c e s s . 

Tn o rde r to s p e c i f y the s p a t i a l domains o f 
o b j e c t s as c o r r e c t l y as p o s s i b l e , we u t i l i z e 
such f e a t u r e s a s s i z e , shape, b r i g h t n e s s , m u l t i -
s p e c t r a l p r o p e r t i e s , t e x t u r e and s p a t i a l r e l a t i o n s 
among r e g i o n s . We e x t r a c t seven types of c h a r ­
a c t e r i s t i c r e g i o n s , i . e . l a r g e homogeneous 
r e g i o n s , e l onga ted r e g i o n s , shadow r e g i o n s , 
shadow-making r e g i o n s , v e g e t a t i o n r e g i o n s , water 
r e g i o n s and h i g h c o n t r a s t t e x t u r e r e g i o n s . 

A l l the f e a t u r e s used here are s t a b l e a g a i n s t 
the change o f pho tog raph ing c o n d i t i o n s , and a l l 
parameters a re a u t o m a t i c a l l y and a d a p t i v e l y 
de termined f rom the p i c t u r e da ta under a n a l y s i s . 
The re fo re e x t r a c t e d c h a r a c t e r i s t i c r e g i o n s can 
be the r e l i a b l e b a s i s f o r the subsequent d e t a i l ­
ed a n a l y s i s . 

F i g . 3 shows the c h a r a c t e r i s t i c r e g i o n s e x t r a c t e d 
f rom the p i c t u r e o f F i g . l . 

3. OBJECT-DETECTION SUBSYSTEM 

An a e r i a l pho tograph c o n t a i n s a v a r i e t y o f 
o b j e c t s such as c rop f i e l d s , f o r e s t a r e a s , grass 
l a n d s , r o a d s , r i v e r s , houses and so on . The 
d i v e r s e knowledge shou ld be i n c o r p o r a t e d to 
d e s c r i b e the s t r u c t u r e on the ground s u r f a c e . 
I n a d d i t i o n , these o b j e c t s , e s p e c i a l l y i n a sma l l 
c o u n t r y a s Japan, are i n t r i c a t e l y a r ranged w i t h ­
out d e f i n i t e s p a t i a l r e l a t i o n s h i p s . 

Tak ing these c o n d i t i o n s I n t o accoun t , i t seems 
to be n a t u r a l to d i v i d e the system i n t o a group 
of o b j e c t - d e t e c t i o n subsystems. Each of them is 
des igned t o f i n d out s p e c i f i c o b j e c t s u s i n g the 
knowledge o f t h e i r i n t r i n s i c p r o p e r t i e s and the 
env i ronments in wh ich they are embedded. The 
d i v e r s e knowledge o f the w o r l d i s d i s t r i b u t e d i n 
o b j e c t - d e t e c t i o n subsystems. Th i s f a c i l i t a t e s 
the imp lemen ta t i on o f the sys tem. 

The type of o b j e c t - d e t e c t i o n subsystems can be 
c l a s s i f i e d i n t o two c a t e g o r i e s a c c o r d i n g t o the 
i n f o r m a t i o n they use i n s e l e c t i n g the cand ida te 
r e g i o n s o f o b j e c t s . 
(1) P i c t u r e d a t a - d r i v e n subsystem 
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The subsystems of t h i s type check the ex­
i s tence o f the l o c a l areas w i t h s p e c i f i e d 
p r o p e r t i e s by combining c h a r a c t e r i s t i c 
r eg i ons . I f there are such l o c a l a reas , they 
examine them in d e t a i l by a c t i v a t i n g s p e c i a l 
purpose f e a t u r e e x t r a c t i o n programs. 

(2) Mode l -d r i ven subsystem 
The subsystems of t h i s type p i c k up the 
candidate reg ions by us ing the s p e c t r a l and 
s p a t i a l r e l a t i o n s h i p s w i t h a l ready recog­
n ized o b j e c t s . For example, i t i s ve ry d i f f i ­
c u l t to de tec t cars by a s imple knowledge 
tha t they are r ec tangu la r un less we impose 
the c o n d i t i o n t ha t they are on the roads or 
the p a r k i n g l o t s . There fore the subsystem 
f o r the d e t e c t i o n o f cars e n t a i l s the recog­
n i t i o n o f roads o r pa rk i ng l o t s . 

The present system has t h i r t e e n o b j e c t - d e t e c t i o n 
subsystems f o r e i gh t k inds o f o b j e c t s : crop f i e l d 
, bare s o i l ( c r o p f i e l d w i t hou t p l a n t a t i o n ) , 
f o r e s t , grass l a n d , r oad , r i v e r , car and house. 
F i g . 4 shows i n te rmed ia te r e s u l t s o f d e t e c t i o n 
o f these o b j e c t s . 

4. THE STRUCTURE OF THE BLACKBOARD 

Each o b j e c t - d e t e c t i o n subsystem i n t e r f a c e s w i t h 
the common data base, the b lackboa rd , in order 
to t e s t c o n d i t i o n s f o r a c t i v a t i o n and to w r i t e 

i n the r e s u l t o f the a n a l y s i s . A l l the communi­
c a t i o n s among o b j e c t - d e t e c t i o n subsystems are 
made v i a t h i s b lackboard . F i g . 5 shows the sche­
mat ic drawing of the s t r u c t u r e o f the b lackboard 

The b lackboard con ta ins g l o b a l parameters as 
w e l l as the p r o p e r t i e s of reg ions and o b j e c t s . 
They denote the g l o b a l p r o p e r t i e s o f the p i c t u r e 
d a t a , tha t i s , photographing c o n d i t i o n s o f an 
a e r i a l photograph such as the d i r e c t i o n of the 
sun, t h resho ld va lues f o r checking the s i m i l a r i ­
ty of m u l t i s p e c t r a l p r o p r e t i e s and so on. From 
these g l oba l parameters , each o b j e c t - d e t e c t i o n 
subsystem gets the i n f o r m a t i o n o f the q u a l i t y o f 
the p i c t u r e data under a n a l y s i s . T h e r e f o r e , i t 
can s u c c e s s f u l l y f i n d out o b j e c t s i n s p i t e o f 
uns tab le photograph ing c o n d i t i o n s o f a e r i a l 
photographs. 

In t h i s system, elementary r e g i o n s , which are 
segmented accord ing to the m u l t i s p e c t r a l p roper ­
ty in segmentat ion, are cons idered as the bas ic 
u n i t s f o r a l l h igher l e v e l p rocess ings . The i r 
fundamental p r o p e r t i e s ( the average gray l e v e l 
in each s p e c t r a l band, s i z e , l o c a t i o n and some 
bas ic shape f ea tu res ) are s to red in the p r o p e r t y 
t a b l e i n the b l a c k b o a r d ( F i g . 5 ) . 

We s to re LABEL PICTURE in the b lackboard in 
order to denote the s p a t i a l r e l a t i o n s h i p s 
among elementary r e g i o n s . I t i s the symbol ic 
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p i c t u r e where each p i x e l i n a n e l e m e n t a r y r e g i o n 
i s l a b e l e d w i t h t h e same u n i q u e r e g i o n number( 
F i g . 6 ) . The reason f o r t h i s i s : 

The s p a t i a l r e l a t i o n s h i p s among r e g i o n s used by 
o b j e c t - d e t e c t i o n subsys tems a r e v e r y d i f f e r e n t 
and depend o n t h e p r o p e r t i e s o f o b j e c t s t h e y 
want t o f i n d o u t . T h e r e f o r e i t i s no t e c o n o m i ­
c a l , and i s even somet imes i m p o s s i b l e t o c a l c u ­
la te - a l l s p a t i a l r e l a t i o n s h i p s i n advance . For 
e x a m p l e , when we want to e s t i m a t e t h e l o c a t i o n 
o f a house by u s i n g t h e r e g u r a l i t y o f t h e 
s p a t i a l a r rangemen t o f a l r e a d y r e c o g n i z e d o n e s , 
i t w i l l t a k e a l o n g t i m e t o f i n d a c a n d i d a t e 
r e g i o n o f a house i f we do no t use t h e t w o -
d i m e n d i o n a l image. 

As each p i x e l in LABEL PICTURE c o n t a i n s an u n i q u e 
r e g i o n number,we can e a s i l y ge t the p r o p e r t i e s 
o f t h e r e g i o n t o w h i c h i t b e l o n g s . O n the o t h e r 
h a n d , t h e l o c a t i o n o f a r e g i o n in LABEL PICTURE 
i s deno ted b y t h e two c o o r d i n a t e p a i r s , ( B X , B Y ) 
and ( E X , E Y ) , i n t h e p r o p e r t y t a b l e ( F i g . 7 ) . When 
one wan ts to c a l c u l a t e a new f e a t u r e o f a r e g i o n , 
one o n l y has t o scan w i t h i n t he r e c t a n g l e a rea 
s p e c i f i e d b y t h e s e c o o r d i n a t e p a i r s ( M i n i m u m 
Bound ing R e c t a n g l e ) . T h i s i s v e r y u s e f u l t o save 
t h e p r o c e s s i n g t i m e o f p i c t u r e p r o c e s s i n g p r o g r a m s . 

Each c h a r a c t e r i s t i c r e g i o n i n t h e b l a c k b o a r d i s 
r e p r e s e n t e d by a c h a r a c t e r i s t i c r e g i o n node wh i ch 
d e n o t e s a g roup o f e l e m e n t a r y r e g i o n s . T w o - d i ­
m e n s i o n a l images o f c h a r a c t e r i s t i c r e g i o n s can 
a l s o be c o n s t r u c t e d f r om LABEL, PICTURE. These 
a re v e r y u s e f u l i n l o c a t i n g c l u s t e r s o f e l e ­
men ta ry r e g i o n s such a s f o r e s t and r e s i d e n t i a l 
a r e a s . 

When each o b j e c t - d e t e c t i o n subsys tem r e c o g n i / e s 
a n o b j e c t , i t g e n e r a t e s a n o b j e c t node i n t he 
b l a c k b o a r d , and t h e o b j e c t node and i t s c o n s t i ­
t u e n t e l e m e n t a r y r e g i o n s a r e connec ted b y p a r t / 
who le r e l a t i o n s . I f t h e r e c o g n i t i o n o f a n o b j e c t 
depends o n t h e p r o p e r t i e s o f a l r e a d y r e c o g n i z e d 
o n e s , t he node o f a new r e c o g n i z e d o b j e c t i s 

l i n k e d w i t h t hose o f o l d o n e s ( F i g . 5 ) . B y s t o r i n g 
t h e h i s t o r y o f the. r e c o g n i t i o n p r o c e s s , t h e 
sys tem c g i v e back t h e s t a t e o f t h e b l a c k b o a r d 
t o t he c o r r e c t one when i t f i n d s ou t a n e r r o r i n 
i t . 

'3. CONTROL MECHANISM OF THE SYSTEM 

As each o b j e c t - d e t e c t i o n subsys tem r e c o g n i z e s 
o b j e c t s i n d e p e n d e n t l y o f t h e o t h e r s , t h e sys tem 
i n c o r p o r a t e s t he mechanism t o s o l v e c o n f l i c t s 
between t h e s e subsys tems . 

The p r o p e r t y t a b l e has t h e f i e l d where each 
o b j e c t - d e t e c t i o n subsys tem r e t u r n s one o f t he 
f o l l o w i n g r e c o g n i t i o n s t a t u s e s : " u n a n a l y s e d " , 
" r e c o g n i z e d " , " i r r e g u l a r shaped" and " r e j e c t e d " , 
t h e sys tem checks t h i s f i e l d , and i f some e l e ­
men ta ry r e g i o n i s r e c o g n i z e d a s d i f f e r e n t o b j e c t s 
o y m u l t i p l e s u b s y s t e m s , i t e v a l u a t e s t h e r e l i a ­
b i l i t y v a l u e o f each o b j e c t t o w h i c h t h a t r e g i o n 
b e l o n g s . Then the o b j e c t s nodes excep t the most 
r e l i a b l e one a r e d e l e t e d , and t he c o r r e s p o n d i n g 
r e c o g n i t i o n s t a t u s e s o f t h e r e g i o n a re changed 
f rom " r e c o g n i z e d " t o " r e j e c t e d " . 

I f t h e r e a r e o t h e r o b j e c t s w h i c h have been r e c o g -
n i z e d i n c o n n e c t i o n w i t h r e j e c t e d o b j e c t s , t h e 
sys tem a l s o d e l e t e s t h o s e o b j e c t nodes b y t r a ­
v e r s i n g t h e dependency l i n k s f r o m r e j e c t e d 
o b j e c t s . I n t h i s c a s e , t he r e c o g n i t i o n s t a t u s e s 
o f t h e i r c o n s t i t u e n t r e g i o n s a r e g i v e n back t o 
" u n a n a l y s e d " , for t hey m igh t be r e c o g n i z e d by 
u s i n g t h e p r o p e r t i e s o f t he o t h e r o b j e c t s o f t he 
same k i n d . 

E r r o r s i n s e g m e n t a t i o n a re a l s o r e p a i r e d b y t he 
s y s t e m . O b j e c t - d e t e c t i o n subsys tems checks v a r i ­
ous p r o p e r t i e s o f r e g i o n s t o r e c o g n i z e o b j e c t s . 
They r e t u r n s t he r e c o g n i t i o n s t a t u s , " i r r e g u l a r 
s h a p e d " , i f t h e shape o f a r e g i o n i s not s u i t a b l e 
f o r a n o b j e c t w h i l e a l l the o t h e r p r o p e r t i e s 
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are s a t i s f a c t o r y . Then, the system re -ana lyses 
tha t reg ion by a p p l y i n g the s p l i t / m e r g e program. 
I f the reg ion has the b o t t l e - n e c k as shown in 
F i g . 8 , i t i s d i v i d e d i n t o smal l r eg ions . I f the 
boundary of the r eg i on is very rough and i r r e g u l a r 
( F i g . 9 ) , ne ighbo r ing smal l reg ions w i t h the 
s i m i l a r c o l o r are merged w i t h i t . These newly 
generated reg ions are added in the b lackboard as 
temporary reg ions and analysed by o b j e c t - d e t e c t i o n 
subsystems. I f a temporary reg ion is s u c c e s s f u l l y 
recogn ized , it is r e g i s t e r e d as a new elementary 
reg ion i n connect ion w i t h i t s r e l a t e d o b j e c t , and 
the o r i g i n a l r eg ion i s de le ted from the b lackboard 
I f the r e s u l t of the r e c o g n i t i o n of the new reg ion 
c o n t r a d i c t s w i t h tha t o f the o r i g i n a l one, the 
system d e l e t e s one of them depending on the r e l i ­
a b i l i t y . When the temporary reg ion is not recog­
n i z e d , i t is removed from the b lackboard , and the 
cor respond ing r e c o g n i t i o n s t a t u s o t the o r i g i n a l 
r eg ion i s changed to " r e j e c t e d " . 

In the case of F i g . 8 , the b o t t l e - n e c k r e s u l t s 
from the e r r o r of mismerging two ad jacent houses. 
When t h i s reg ion is s p l i t t e d i n t o two r e g i o n s , 
the house d e t e c t i o n subsystem comes to recognize 
them s u c c e s s f u l l y . The reg ion in F i g . 9 c o r r e ­
sponds a crop f i e l d , but i t i s not recognized 
because of the i r r e g u l a r i t y of the boundary. 
A f t e r the merging p rocess , i t comes to take the 
smooth boundary, and is recognized as a crop 
f i e l d . 

By the b e n e f i t s of the above-mentioned c o n t r o l 
mechanisms of the system, each o b j e c t - d e t e c t i o n 
subsystem can use the p r o p e r t i e s of a l ready r ec ­
ognized o b j e c t s w i t h o u t cons ide r i ng the r e s u l t s 
of r e c o g n i t i o n by the o t h e r s . The system stops 
the a n a l y s i s when no new o b j e c t s are recogn ized . 

F i g . 10 shows the f i n a l r e s u l t o f the a n a l y s i s . 
A l though wh i t e reg ions w i t h no marks are l e f t 
unanalysed, we can see tha t almost a l l o b j e c t s 
which be long to c l e a r semantic ca tego r i es are 
s u c c e s s f u l l y recogn ized . (As we do not have the 
ground t r u t h d a t a , the e v a l u a t i o n o f the r e s u l t 
is done by v i s u a l i n s p e c t i o n . ) 

6. CONCLUSIONS 

The system f o r the s t r u c t u r a l a n a l y s i s of com-
p lex a e r i a l photographs has been p resen ted . The 
major conc lus ions on t h i s system are the f o l l o w ­
i n g : 

(1) The focuss ing mechanism r e a l i z e s the e f ­
f i c i e n t a n a l y s i s and s u c c e s s f u l l y i s o l a t e s 
o b j e c t s . Table 1 shows the e f f i c i e n c y of t h i s 
focuss ing mechanism. 

(2) The p roduc t i on system a r c h i t e c t u r e g ives us 
the f o l l o w i n g b e n e f i t s . 
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A. M o d u l a r i t y : D i v e r s e knowledge r e q u i r e d to 
d e s c r i b e the s t r u c t u r e o f the ground s u r f a c e 
can be i n d i v i d u a l l y Implemented in o b j e c t -
detection subsys t ems. 

B. M o d e l - d r i v e n a n a l y s i s : We can use the p rope r 
t i e s o f a l r e a d y recogn i zed o b j e c t s i n o rde r 
to ana lyse un recogn ized areas and to f i n d 
ou t c o n t e x t u a l - d e p e n d e n t o b j e c t s . 

C. Genera l c o n t r o l mechanism: The system takes 
— — - — ■ ■ -

t he f u l l r e s p o n s i b i l i t y f o r the maintenance 
o f t he b l a c k b o a r d . I t s o l v e s the c o n f l i c t s 
among o b j e c t - d e t e c t i o n subsystems and 
c o r r e c t s the e r r o r s i n s e g m e n t a t i o n . I f 
necessa ry , i t undoes the c o n t e n t o f the 
b lackboa rd to remove the e f f e c t s o f e r r o r s . 
These mechanisms of the system i n t e g r a t e 
m u t u a l l y independent o b j e c t - d e t e c t i o n sub­
systems. 
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Tab le 1 E f f i c i e n c y o f the f o c u s s i n g mechanism: 
Time denotes the p r o c e s s i n g t ime f o r t he c rop f i e l d d e t e c t i o n 
subsystem t o c a l c u l a t e s t r a i g h t n e s s o f r e g i o n b o u n d a r i e s . A s 
we focus o n l y on l a r g e homogeneous r e g i o n s , we can save p rocess 
i n g t ime v e r y much. 

* MBR denotes a minimun bound ing r e c t a n g l e ( s e e F i g . 7 ) 

Fig.10 F i n a l r e s u l t o f the a n a l y s i s : 
Whi te r e g i o n s w i t h o u t mark a re u n ­
recogn i zed (20% o f the whole p i c t u r e a rea) 
BS: bare s o i l 

( c rop f i e l d w i t h o u t p l a n t a t i o n ) 
CF: c rop f i e l d 
G : g rass land 
F : f o r e s t 
RD: road 
R : r o o f of a house 
C : car 
r : m i s r e c o g n i z e d r o o f 

( t hese r e g i o n s have s i m i l a r m u l t i -
s p e c t r a l p r o p e r t i e s t o t h a t o f t r u e 
r o o f ) 
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A new knowledge representat ion scheme ca l led S-Net is presented. The S-Net is a descendent of 
both semantic networks and recent ly developed AI languages. We are w i l l i n g to introduce 
procedures i n to our network notat ions as FRL and KRL do. However, these languages have a 
serious disadvantage that the programmer should spec i fy , e x p l i c i t l y by using ind ica to rs such 
as WHEN-FILLED, T0-F1LL e t c . , when the attached procedures are invoked. This resu l t s in the 
r e s t r i c t i o n of system's a b i l i t i e s of so lv ing problems. To avoid t h i s , the programmer should 
always pay a t t en t i on to the overal con t ro l issues dur ing the coding of h is procedures. In our 
new formalism, the e x p l i c i t spec i f i ca t i on is not necessary. The problem solver based on the 
S-Net dynamically determines which procedure is invoked when, according to the problem so lv ing 
s i t u a t i o n s , not to the pre-spec i f ied i nd i ca to rs . We also discuss the problems of property 
inher i tance through h ierarchy. The inher i tance mechanism provided so far is so r e s t r i c t i v e 
that the programmer should do a l l th ings in h is procedures. In the S-Net, the property 
inher i tance is fu r the r augmented by the ' e x p l i c i t path s p e c i f i c a t i o n ' . The de ta i led construc­
t i o n of the problem so lver , which performs both forward and backward reasonings appropr ia te ly , 
is also given. 

1 • INTRODUCTION 
In t h i s paper, we discuss a graphical no ta t ion 
ca l led S-Net, which resu l ts in a foundation for 
recent ly developed AI languages. S-Net is a 
descendant of both semantic networks and recent­
ly developed AI languages. Semantic networks 
have been developed since the m id -s i x t i es as a 
formalism for the representat ion of knowledge. 
Though the o r i g i n a l idea of semantic networks 
is i n t u i t i v e l y a t t r a c t i v e , the recent formalisms 
of networks seem to lose the advantages which 
the researchers i n i t i a l l y conceived. G. Hendrix 
[1975] , L. Schubert[1976] and others have t r i e d 
to formal ize t he i r networks based on predicate 
l o g i c . As a r e s u l t , t h e i r notat ions have become 
graphica l analogues of l o g i c a l formula. On the 
other hand, since the appearance of 'Frame' 
[Minsky 1975], great e f f o r t s have been made to 
develop programming languages and systems which 
rea l i ze the frame idea [Winograd 1977, Bobrow 
1976, Goldstein 1977, Davis 1978]. They a l l 
have a ce r ta in data s t ruc tu re in to which various 
sor ts of knowledge, inc lud ing both procedural 
and dec la ra t i ve ones, are in tegra ted . However, 
t h e i r data s t ruc tures are based only on the vague 
idea 'Frame', and, more se r ious l y , lack r i g i d l y 

defined semantics. Espec ia l l y , the technique 
'procedural at tachment ' , though i t is powerful 
too l fo r descr ib ing knowledge, makes the s i t u a ­
t i on chaot ic . There are no general mechanisms 
for managing the attached procedures appropr ia te­
l y . In most languages, the programmer must spec­
i f y e x p l i c i t l y when an attached procedure should 
be invoked. Moreover, most aspects concerning 
the con t ro l of the i n te rac t i ons among the a t tach­
ed procedures are also l e f t to the programmer. 
As a r e s u l t , the programmer must always pay a t ­
ten t ion to the ove ra l l con t ro l issues dur ing the 
coding of h is procedures. We present in t h i s 
paper a framework ca l led S-Net on which descr ip­
t ions and operat ions of these languages can be 
appropr ia te ly founded. 

2. RELATED RESEARCH WORKS 

Among o thers , FRL [Goldstein 1978] and KRL 
[Bobrow 1977] are the bet ter known examples of 
recent AI languages. Because these two have 
both the advantages and disadvantages of recent 
at tempts, we w i l l consider them as t yp i ca l exam­
ples and compare them wi th the S-Net notat ions 
throughout t h i s paper. 
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As Golds te in s a i d , FRL is a programming syster, 
ra ther than a language. I t lacks the o v e r a l l 
con t ro l mechanisms. I t only provides a data 
s t r u c t u r e and a programming package fo r manipu­
l a t i n g i t . The data s t r u c t u r e , a frame system, 
cons is ts of a set of mutua l ly r e l a ted knowledge 
u n i t s c a l l e d * f rame1 . A frame, in t u r n , is an 
aggregat ion of d e s c r i p t i v e data and procedures. 
The core of a FRL frame is a proper ty l i s t . FRL 
genera l izes the LISP proper ty l i s t in the f o l l o w ­
ing ways: 

1. FRL supp l ies a mechanism fo r i nhe r i t ance 
of p rope r t i es through a g e n e r a l i z a t i o n h ie ra rchy . 

2. The proper ty value in a frame can be a 
procedure which knows how to get the ac tua l va lue . 

3. Procedures can be associated d i r e c t l y w i t h 
frames. The programmer is requ i red to spec i fy 
e x p l i c i t l y , by us ing facet i n d i c a t o r s such as 
$IF-ADDED, $1F-REM0VED, $IF-NEEDED e t c . , what 
so r t s of operat ions on the frames w i l l invoke 
the associated procedures. 

This approach seems very promis ing and a p p r o p r i ­
a t e . However, some p rope r t i es can be i n h e r i t e d 
through set /subset r e l a t i o n s but not through 
par t /who le r e l a t i o n s and v i ce versa. From the 
view po in t of l o g i c , p roper ty i nhe r i t ance is a 
s p e c i f i c mode of in ference associated w i t h a 
p red i ca te . In a extreme case, fo r example, 
c h i l d r e n may i n h e r i t t h e i r second names from 
t h e i r parents but not any other p r o p e r t i e s . 
This i nhe r i t ance r u l e is associated w i t h a pred­
i c a t e , say, CHILD-OF. In FRL, there are no ex­
p l i c i t p rov i s ions fo r represent ing such a kind 
of r e s t r i c t e d proper ty i n h e r i t a n c e . The only 
poss ib le s o l u t i o n is to embed such a ru le in a 
procedure ( F i g . 2 ) . This s o l u t i o n is not a rea l 
s o l u t i o n of the problem. The programmer should 
do a l l th ings in h i s procedures. Because prop­
e r t y i nhe r i t ance through h ierarchy provides only 
a very r e s t r i c t e d in ference mechanism, we need 
a d d i t i o n a l frameworks fo r suppor t ing other k inds 
of i nhe r i t ance mechanisms. 

In sho r t , the essen t i a l fea tures of FRL are 
1. Inher i tance of p rope r t i es through a 

h ie ra rchy . 
2. Procedural at tachment. 

Though these two ideas are i n t u i t i v e l y a t t r a c t i v e , 
there remain a l o t of d i f f i c u l t problems before 
they can be r e a l i z e d . We w i l l consider these 
problems in t h i s s e c t i o n . Note tha t because we 
r e s t r i c t the d iscuss ion in t h i s paper to the 
top ic of problem so l v i ng mechanisms and t h e i r 
foundat ions , we w i l l neglect many c h a r a c t e r i s t i c 
fea tures of FRL or KRL which are very i n t e r e s t i n g 
in t h e i r own r i g h t . 

2 .1 Property Inher i tance Through a Hierarchy 

F i g . 1 shows an example in [Go lds te in 1977]. 
The frame MINSKY i n h e r i t s the p rope r t i es STREET, 
CITY, STATE and ZIP from the frame MIT-AI . In 
FRL, ' t he AKO (A Kind OF) l i n k es tab l i shes a 
mapping by which p rope r t i es of one frame may be 
d i s t r i b u t e d to r e l a t e d frames. Semant ica l l y , 
the mapping can represent a se t / subse t , p a r t / 
whole, or other r e l a t i o n s h i p s [ G o l d s t e i n 1977]. 

(FASSERT 

(STREET 

(CITY 

(STATE 

(ZIP 

MIT-AI 

($VALUE ( /545 Technology Square/ ) ) ) 

($VALUE ( /Cambr idge / ) ) ) 

($VALUE ( /MA/ ) ) ) 

($VALUE ( / 0 2 1 3 9 / ) ) ) ) 

F ig . 2. Res t r i c ted Property Inher i tance Embedded 
in a Procedure. 

2.2 Procedural Attachment 

One of the 
attachment 
eva lua ted , 
programmer 

d i f f i c u l t problems i n procedural 
is how to decide when a procedure 

In most of the AI languages, the 
should e x p l i c i t l y spec i fy t h i s . 

i s 

DAY Frame 

Year 
Monrh 
Day- Number 

Day-of-Week 

A S C I I - f o r m * 

WHEN-FILLED 
(CHECK-RELATION day-number , month) 

TO-FILL 
(APPLY c a l e n d e r - l o o k u p 

TO y e a r , mon th , day-number) 
(APPLY a n c h o r - d n t e - m e t h o d 

TO y e a r , mon th , day-number) 
WHEN-FILLED 

(F ILL y e a r , mon th , day-number) 

* A S C I I - f o r m f o r J u l y 4, 1978 la 780704. 

(FASSERT 

(AKO 

(OFFICE 

MINSKY 

($VALUE ( MIT-AI ) ) ) 

($VALUE ( 821 ) ) ) 

F i g . 1 Desc r i p t i on of an AKO Hierarchy in FRL. 

F i g . 3. Desc r ip t ion fo r 'Day' in KRL. 

$IF-ADDED in FRL and WHEN-FILLED in KRL i n d i c a t 
ors are used to i n d i c a t e that the at tached p ro ­
cedure should be invoked when a c e r t a i n value 
i s s tored in the s l o t . However, t h i s ; t y l e o f 
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s p e c i f i c a t i o n is o f t e n inadequate . Some p roce­
dures should be t r i g g e r e d when more than one 
s l o t is f i l l e d . F i g . 3 is an example by Winograd 
[ 1975 ] , The procedure Check -Re la t i on , which 
checks the cons is tency between the Day-Number and 
the Month, w i l l be t r i g g e r e d when the Day-Number 
s l o t is f i l l e d . T f the Month s l o t has not been 
f i l l e d when the Day-Number i s f i l l e d , the execu­
t i o n of the procedure should be suspended, and 
resumed again when the Month s l o t is f i l l e d . 
The c o n t r o l of such suspension and resuming of 
procedures may become very comp l i ca ted , i f i t i s 
implemented w i t h o u t any c l ea r f o r m a l i z a t i o n . 
Moreover, the s p e c i f i c a t i o n of TO-FILL and WHEN-
FILLED i n d i c a t o r s r e s u l t s i n the r e s t r i c t i o n o f 
the system's a b i l i t i e s . Consider a s imple example 
in which we have two procedures which compute the 
s l o t - B ' s va lue from the s l o t - A ' s v a l u e , and the 
s l o t - C ' s va lue from s l o t - B ' s va lue r e s p e c t i v e l y . 
There are four p o s s i b i l i t i e s to embed such p roce ­
dures by us ing TO-FILL and WHEN-FILLED i n d i c a t o r s 
( F i g . 4 ] . I n the f i r s t t h r e e , the s l o t - C ' s va lue 
can be ob ta ined when the s l o t - A ' s va lue is g i v e n . 
However, i t i s not the case i n the l a s t rep resen ­
t a t i o n . 

In s h o r t , the p r e - s p e c i f i c a t i o n o f the usages o f 
a t tached procedures i s too r e s t r i c t i v e . 

Our problem so l ve r based on the S-Net a l t e r n a t e ­
ly performs backward and forward reason ings . In 
t ha t p rocess , an a t tached procedure w i l l be 
u t i l i z e d e i t h e r i n forwards o r backwards, accord­
i ng to the problem s o l v i n g s i t u a t i o n s . I n o rder 
to accompl ish such mechanism, we i n t roduce the 
concept o f ' p a r t i a l l y i n s t a n t i a t e d r e l a t i o n s h i p s ' 
in the S-Net, which are dynamica l l y c rea ted 
d u r i n g the problem s o l v i n g process [See 4 . 1 and 
4 . 2 ] . 

3. S-NET REPRESENTATION 

S-Net c o n s i s t s of seve ra l types of nodes and 
l i n k s . The node types which are used in the 
S-Net are shown in F i g . 5. The D i s j o i n t node 
and the Cond i t i on node p lay the r o l e of l o g i c a l 
connec t i ves . They are used f o r augmenting the 
g e n e r a l i z a t i o n h i e r a r c h y ( 3 . 1 ) . A p r o p e r t y o r 
a s l o t is represented in the S-Net by a node 
c a l l e d Proper ty node. A l l v a r i a b l e nodes i n the 
S-Net are typed by c e r t a i n data t ypes . The de f ­
i n i t i o n o f a type p lays a c e n t r a l r o l e in the 
S-Net. 

To avo id t h i s , we should c a r e f u l l y d i s t i n g u i s h 
the two d i f f e r e n t k inds of knowledge: what l o g i c 
a l o r conceptua l r e l a t i o n s h i p s the a t tached 
procedure embodies, and when the procedure w i l l 
be invoked. I t is o f t e n known beforehand tha t 
the e v a l u a t i o n of a c e r t a i n procedure r equ i r es 
much more resources ( t ime or space) than the 
o the rs or t ha t a c e r t a i n d i r e c t i o n o f search ing 
o f t e n leads us to success. These s o r t s of knowl 
edge are c a l l e d ' h e u r i s t i c s ' and the programmer? 
have been encouraged to embed them in t h e i r r e p ­
r e s e n t a t i o n . However, i t i s our c o n t e n t i o n tha t 
such h e u r i s t i c s are on ly h e u r i s t i c s , i . e . , they 
may be r e f l e c t e d on the problem s o l v i n g process 
on ly t o the ex ten t t ha t they w i l l not r e s t r i c t 
the system's a b i l i t i e s . TO-FILL (WHEN-FILLED) 
i n d i c a t o r s not on ly recommend the backward 
( fo rward ) usages of the a t tached procedures but 
a l so i n h i b i t t h e i r forward (backward) usages. 

F i g . 5. Node Types in the S-Net. 

A Type D e f i n i t i o n node desc r ibes the basic-
behaviour of a data t y p e . I t corresponds to an 
atom in LISP. In LISP, an a r b i t r a r y cha rac te r 
s t r i n g i d e n t i f i e s an atom, and a l l occurrences 
of the same cha rac te r s t r i n g in LISP programs 
and data are represented i n t e r n a l l y by a p o i n t e r 
which p o i n t s to the atom. The behaviour of an 
atom is descr ibed by the p rope r t y l i s t a t tached 
to the atom. Accord ing to t h i s conven t i on , a 
data type in the S-Net i s i d e n t i f i e d un ique ly 
by i t s name, and the re is one type d e f i n i t i o n 
node f o r each data t ype . 

3.1 Augmentat ion of G e n e r a l i z a t i o n H ie ra rchy 

Data types can be organ ized in a h i e r a r c h i c a l 
s t r u c t u r e . We use the term SORT, i ns tead of 
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AKO or ISA, to r e f e r to the l i n k . In our problem 
so l v i ng procedure, the h ie ra rchy of data types 
plays the c e n t r a l r o l e f o r d i s t r i b u t i n g proper­
t i e s , though e x p l i c i t path s p e c i f i c a t i o n (See 
3.3) w i l l f u r t h e r augment the i nhe r i t ance mecha­
nisms. When a problem d e s c r i p t i o n is g i ven , the 
instance nodes of the corresponding data types 
are c rea ted . Because each instance in a problem 
d e s c r i p t i o n has i t s own data type name, the i n i ­
t i a l p o s i t i o n o f the instance in the h ie rarchy 
is determined by i t s name. However, the p o s i ­
t i o n should be determined not on ly by i t s type 
name but a lso i t s whole d e s c r i p t i o n s . For exam­
p l e , the instance 

(OBJECT-1 NAME = ALCOHOL 

(! TEMPARATURE) - 28°C) ) 

is i d e n t i f i e d w i t h the data type ALCOHOL by i t s 
type name. Moreover, because ALCOHOL is a sub-
sor t of MATERIAL and because an instance of 
MATERIAL whose temparature is between the b o i l i n g 
po in t and the conge la t ion po in t is an instance 
of LIQUID, i t should be i d e n t i f i e d as an instance 
of LIQUID. A l l p r o p e r t i e s of LIQUID should be 
d i s t r i b u t e d to t h i s ins tance . In order to accom­
p l i s h such an i d e n t i f i c a t i o n process, we need a 
framework in the S-Net f o r s p e c i f y i n g when an 
instance is located lower in the h ie ra rchy . For 
t h i s purpose we in t roduce in the S-Net a new l i n k 
SUBSORT and a new type of node Cond i t ion Node 
(See F i g . 6 ) . A SUBSORT l i n k is a l i n k from a 
h igher data type to a lower one. A Cond i t ion 
Node holds a c o n d i t i o n when the t r a n s i t i o n from 
the higher to the lower data type is p e r m i t t e d . 
Moreover, because new in fo rma t ion about an 
instance may be der ived dur ing the problem s o l v ­
ing process or accumulated through the d ia logue 
w i t h the user , the p o s i t i o n I d e n t i f i c a t i o n may 
be performed du r ing the problem so l v i ng process. 

We o f t en f i n d the f o l l o w i n g type of d e c l a r a t i v e 
sentences. 

Acid which d isso lves copper is 
H y d r o c h l o r i c - A c i d , N i t r i c - A c i d 
Su lphu r i c -Ac id . 

e i t h e r 
or 

These statements descr ibe mutua l ly exc lus ive 
r e l a t i o n s h i p s among se t s . A data type and a set 
do not necessar i l y correspond but they are c lose 
l y r e l a t e d . 

We c a l l a set of data types ' D i s j o i n t S e t ' , i f 
the data types in the set s a t i s f y the f o l l o w i n g 
c o n d i t i o n s : 

1 . I f an instance is a c e r t a i n data type in 
the se t , i t can never be o ther data types in the 
se t . 

2. We can determine the data type of an i n ­
stance by determin ing which data type i t is not 
equal t o , i . e . by e l i m i n a t i o n . 

In the S-Net, we represent a d i s j o i n t set by a 
node c a l l e d D i s j o i n t Node ( F i g . 7 ) . D i s j o i n t 
nodes are o f t en use fu l to i n h i b i t semant ica l l y 
i r r e l e v a n t i n fo rma t i on from en te r i ng i n t o the 
search space. By combining the Condi t ion nodes 
and D i s j o i n t nodes, the g e n e r a l i z a t i o n h ie rarchy 
in the S-Net becomes very power fu l . 

3.2 Re la t i on Nodes 

A r e l a t i o n node in the S-Net expresses a c e r t a i n 
dependency r e l a t i o n s h i p among the s l o t s , and a lso 
func t i ons as entrance to some ex te rna l procedures 
from the S-Net. Based on the dependency r e l a ­
t i o n s h i p s , the S-Net problem so lver determines 
how to solve a problem. For each r e l a t i o n node, 
a bunch of procedures is i n t e r n a l l y de f i ned . 
The procedures embody how to u t i l i z e the r e l a t i o n 
in the problem s o l v i n g . The problem so lver 
decides which i n t e r n a l procedures is invoked, 
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based on both the dependency re la t ionsh ips and 
the problem so lv ing s i t u a t i o n s . 

Logical predicates of ce r t a i n k inds , a r i thmet ic 
operators, ex terna l data bases and procedures in 
general are a l l equal ly represented in the S-Net 
by r e l a t i o n nodes. , A r e l a t i o n node essen t i a l l y 
corresponds to a l o g i c a l pred icate . A l o g i c a l 
predicate ex ten t i ona l l y spec i f ies a se t , possib ly 
i n f i n i t e , o f tuples which s a t i s f y the pred icate . 
We assume that ex terna l data bases are const ruc t ­
ed according to the r e l a t i o n a l data model. It 
consists of the tuples which sa t i s f y a predicate 
or r e l a t i o n s h i p , whi le a procecure in general 
expresses the mechanism fo r computing those 
tup les . 

The descr ip t ion of a procedure in a r e l a t i o n node 
consists of two pa r t s : Declarat ion part and Proce­
dure body. The dec la ra t ion part shows in which 
d i r e c t i o n the procedure u t i l i z e s the r e l a t i o n ­
ship. This pa r t , as demonstrated below, is 
f a i r l y simple: 
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