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Th is paper i s concerned w i t h the problem o f i n t r o d u c i n g u s e r - d e f i n e d h e u r i s t i c c o n t r o l over 
the deduc t i on process in a knowledge based system. C o n t r o l i n f o r m a t i o n is seen as be ing 
j u s t another p iece o f d a t a , separated f rom the knowledge base the use o f which i t c o n t r o l s 
and f rom the theorem p r o v e r . A d e c l a r a t i v e approach to c o n t r o l exp ress ion was r e t a i n e d . 
Con t ro l i n f o r m a t i o n is embedded in u s e r ' s meta ru les taken f rom the metalanguage presented 
in t h i s paper . Th is metalanguage and a theorem prover i n t e r p r e t i n g i t have been implemented. 
Examples of i t s use are g i ven and d i scussed . 

1. INTRODUCTION 

The process of deduc ing i n f o r m a t i o n f rom a know
ledge base and from deduc t i on r u l e s is c e n t r a l 
to many f i e l d s : p roo f t h e o r y , problem s o l v e r s , 
exper t systems in many a reas . Whatever the 
approach f o l l o w e d , be i t more d e c l a r a t i v e or 
more p r o c e d u r a l , the major problem encountered 
i s t h a t o f g u i d i n g the deduc t i on p rocess , namely 
the c o n t r o l p rob lem. 

Exp ress ing c o n t r o l over the deduc t i on process 
is bu t one aspect of metaknowledge, as shown in 
L3] ; we g i ve here an a p p l i c a t i o n - i n d e p e n d e n t 
f o rma l i sm f o r exp ress ing a p p l i c a t i o n - d e p e n d e n t 
c o n t r o l , which is a way o f h e u r i s t i c a l l y gu id ing 
a genera l p rocess . The meta ru les p resen ted here 
f o r t h a t purpose have been developed in a 
d e c l a r a t i v e con tex t and as such come c lose to 
ideas f rom [ 2 ] ; we were i n f l u e n c e d by [ 5 ] and 
[ 8 ] t o o . 

The paper is o rgan ized as f o l l o w s . Sec t i on 2 
p resen ts the framework of t h i s s tudy and the 
PROLOG system we use f o r knowledge and metaknow
ledge e x p r e s s i o n . Sec t i on 3 g ives an overv iew . 
of the p o s s i b l e l e v e l s and means f o r metaknow
ledge exp ress ion w h i l e s e c t i o n U p resen ts the 
metalanguage we have d e f i n e d and examples of 
i t s use. 

Study sponsored in p a r t by CNRS and DGRST. 

2. THE DERIVATION PROCESS 

2 . 1 . A p o i n t o f v iew f o r deduc t ion c o n t r o l 

Reasoning s t r a t e g i e s have been of main concern 
in many f i e l d s o f A . I i n v e s t i g a t e d a t CERT [ 9 ] , 
[ 1 2 ] . For i ns tance Data Base systems need to be 
enhanced w i t h deduc t i on o f i m p l i c i t i n f o r m a t i o n 
f rom the e x p l i c i t one or w i t h check ing o f 
i n t e g r i t y c o n s t r a i n t s to be s a t i s f i e d by the 
s t o red data ; CAD systems need problem s o l v i n g 
techn iques f o r e x h i b i t i n g some k ind o f i n t e l l i 
gence in the des ign process [ 1 0 ] , e t c . 

Most of the systems b u i l t at CERT r e l y on a 
d e c l a r a t i v e approach [ 1 5 ] . But we do not deny 
the p r a c t i c a l i n t e r e s t o f more p rocedura l 
approaches [ 1 5 ] . In these s tud ies the cho ice was 
guided by the i n t e r e s t in s e p a r a t i n g knowledge 
exp ress ion f rom the express ion o f a l g o r i t h m i c 
i n f o r m a t i o n on how to use i t , and in s t u d y i n g 
t h i s r e l a t i o n s h i p ; a d e c l a r a t i v e approach, toge
the r w i t h the use of l o g i c as a fo rma l ism,proved 
to p rov ide a ve ry i n t e r e s t i n g bas is f o r t h a t . 
I t s b e n e f i t s in knowledge r e p r e s e n t a t i o n - ease 
o f s p e c i f i c a t i o n , c l a r i t y , a d a p t a b i l i t y , ease 
of m o d i f i c a t i o n of the knowledge base, power of 
the deduc t i ve or p roo f mechanism - are w e l l 
known. Bes ides , we d o n ' t b e l i e v e the p roo f mecha
nism to be more complex, a l t hough i t is more 
p o w e r f u l , than dynamic p a t t e r n - d i r e c t e d i n v o c a 
t i o n ; i t i s reasonably e f f i c i e n t when improvements 
are made in s p e c i f i c areas such as c lause i n d e 
x i n g and r e t r i e v a l . 

As the d e c l a r a t i v e approach makes i t necessary 
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to express "how to use what we know" ie m e t a -
knowledge, i t g i v e s a good f ramework f o r e x p e r i 
m e n t i n g not o n l y the d i f f e r e n t p o s s i b l e l e v e l s 
o f meta knowledge e x p r e s s i o n bu t i t s d i f f e r e n t 
e f f e c t s on the same da ta t o o . Here s tands the 
b a s i c p o i n t o f t h i s pape r , namely t h a t metaru les 
- ie r u l e s on how to use the knowledge base [2] -
can a c t u a l l y he expressed in a d e c l a r a t i v e man-
nor s e p a r a t e l y f r om the knowledge the use of 
wh ich they c o n t r o l . I t i s i m p o r t a n t t o no te t h a t 
the n e c e s s i t y o f e x p r e s s i n g c o n t r o l i s not an 
a d d i t i o n a l work wh ich c o u l d be v iewed as a d e 
f a u l t of the d e c l a r a t i v e approach : as argued in 
[ 5 ] , the p o s s i b i l i t y f o r the user t o mix con t ro l 
t o h i s program i n the p r o c e d u r a l approach w i l l 
r a i s e a p rob lem o f i n t e r p r e t e r c o n t r o l i n s t e a d 
o f a program c o n t r o l p r o b l e m . 

T h i s s tudy on c o n t r o l o f the d e d u c t i o n mecha
nism r e s t s upon the l o g i c a l system PROLOG as a 
f o r m a l i s m and i n f e r e n c e mechanism b o t h f o r r u l e s 
and m e t a r u l e s . Ideas deve loped here c o u l d as w e l l 
he c a r r i e d over to o t h e r sys tems , such as r u l e -
based sys tems , p r o d u c t i o n sys tems , p r o v i d e d they 
o i l e r l e a t u r e s s i m i l a r to the s e c o n d - o r d e r log i c 
ones tha t PROLOG g i v e s . 

2 . 2 . N o t a t i o n s and i n t e r p r e t a t i o n s 
___________________________________________ 

We s h a l l use the F i r s t o r d e r p r e d i c a t e c a l c u l u s 
(FOPC) under c l a u s a l f o r m , r e s t r i c t e d to Horn 
c l a u s e s [8] and assume the reader to be f a m i 
l i a r w i t h theorem p r o v i n g [ I ] . W e use the f o l l o 
w i n g n o t a t i o n : 
(1) +A - B l . . -Bn s tands f o r 
(2) +A s tands f o r 
( J ) - H I . . -Bn s tands f o r 

L i t e r a l s a re e i t h e r p o s i t i v e (eg + A ) o r n e g a t i v e 
( e g - B i ) . A i s the head o f the c l a u s e , the r e s t 
of it i s i ts body. 

These Horn c l a u s e s can be i n t e r p r e t e d in many 
d i f f e r e n t ways . T h e i r s t a n d a r d i n t e r p r e t a t i o n 
i s : i f x , y . . a re a l l v a r i a b l e s i n the c l a u s e , 
t hen (1 ) a s s e r t s t h a t f o r a l l x , y . . A i f B l 
and . . . and B n ; (2 ) a s s e r t s t h a t f o r a l l x , y . . 
A ; and (3) a s s e r t s t h a t f o r no x , y . . B l a n d . 
. . . ] . O ther i n t e r p r e 
t a t i o n s a re p o s s i b l e , i n terms o f p rob lem s o l 
v i n g ( ( 1 ) b e i n g a n o p e r a t o r , (2 ) a n a s s e r t i o n , 
(3 ) a p r o b l e m ) , o r o f programming languages, ( ( 1 ) 
and (2 ) b e i n g p r o c e d u r e s , (3 ) a p rocedu re c a l l ) . 
We s h a l l s t i c k to the l o g i c language as much as 
p o s s i b l e i n the s e q u e l . 

As f o r the -proof p rocedu re we s h a l l o n l y c o n s i 
der d e r i v a t i o n o r r e f u t a t i o n p r o c e d u r e s , based 
o n r e s o l u t i o n , r e s t r i c t e d t o l i n e a r s t r a t e g i e s 

s t a r t i n g f r o m p u r e l y n e g a t i v e c l a u s e s . A t each 
s t e p i o f t he d e r i v a t i o n w e a r e g i v e n t h e f i r s t 
( n e g a t i v e ) p a r e n t c lause Ci (FPCL) ; we have to 
choose t h e l i t e r a l —Cij i n C i a s t h e l i t e r a l t o 
b e r e s o l v e d upon a t t h i s s t e p ( C i j i s c a l l e d 
SEL) ; we a l s o have to choose among a l l c l a u s e s 
t hose whose head u n i f i e s w i t h C i j ( m a k i n g t he 
UNIFCLSET) ; f i n a l l y we have to choose in 
UNIFCLSET the second p a r e n t c l a u s e (SELCL) ; 
r e s o l u t i o n y i e l d s r e s o l v e n t C ' i ; C i j i s s a i d t o 
be the p a r e n t o f t he l i t e r a l s i n t h e body o f 
SELCL. A l l t he above c h o i c e s w i l l be g u i d e d by a 
s t r a t e g y . 

__________________________ 

2 . 3 . Backg round on PROLOG 
_______________________________________ 

PROLOG [13] is a theorem p r o v e r w h i c h t a k e s as 
i n p u t a s e t o f Horn c l a u s e s o f t y p e (1 ) and (2 ) 
above and a t heo rem to be p r o v e d , or a c t u a l l y 
i t s n e g a t i o n o f t y p e ( 3 ) . I t uses a s t a t i c s t r a 
t e g y c o m p l e t e f o r Horn c l a u s e s , namely LUSH 
r e s o l u t i o n [ 6 ] ; i t i s " t o p - d o w n " , s t a r t i n g f r o m 
the p u r e l y n e g a t i v e c l a u s e i t i s g i v e n ; i t 
chooses as SEL the l e f t m o s t l i t e r a l i n FPCL, 
w o r k i n g " d e p t h - f i r s t " , and chooses c l a u s e s f r o m 
UNIFCLSET i n the exac t o r d e r t h e y were i n p u t t o 
t he t heo rem p r o v e r b y the u s e r . F u r t h e r , t he 
p r o c e s s i s c o n t r o l l e d by an a u t o m a t i c b a c k t r a 
c k i n g mechanism a c t i v a t e d i n case o f i n c o r r e c t 
c l a u s e c h o i c e and i n o r d e r t o f i n d a l l p r o o f s 

_____________________________________ 

o f t h e a l l e g e d t h e o r e m . V e r y i m p o r t a n t t o ou r 
work i s t h a t , due t o LUSH r e s o l u t i o n r e s u l t s , 
any o t h e r S E L s e l e c t i o n s t r a t e g y w o u l d p r e s e r v e 
c o m p l e t e n e s s . 

We must n o t e t h a t PROLOG i m p l e m e n t a t i o n is n o t 
c o m p l e t e , due t o t he unbound d e p t h - f i r s t mecha
n i s m and to t he l a c k o f l o o p c h e e k s . But PROLOG 
e x h i b i t s g r e a t a d v a n t a g e s f o r me taknow ledge e x 
p r e s s i o n : i t a l l o w s u s i n g c l a u s e s and p r e d i c a t e s 
as t e r m s , i . e as a rgumen ts o f o t h e r p r e d i c a t e s ; 
t h r o u g h b u i l t - i n p r e d i c a t e s i t o f f e r s access t o 
i n p u t - o u t p u t , t o the p r o o f t r e e (ETAT p r e d i c a t e ) 
and t o t he v a r i o u s p a r t s o f c l a u s e s and te rms 
(VAR, UNIV p r e d i c a t e s ) ; one can a l s o a l t e r t h e 
s e t o f ax ioms (ADD and SUPP p r e d i c a t e s ) ; i t is 
a l s o p o s s i b l e t o a l t e r the s t a n d a r d b a c k t r a c k 
s t e p b y e l i m i n a t i n g r e t u r n p o i n t s : any s e l e c 
t i o n o f t he ' / ' p r e d i c a t e i n a SELCL w i l l s u p 
p r e s s a l l r e m a i n i n g c h o i c e s f o r a l l t h e a l r e a d y 
s o l v e d l i t e r a l s i n SELCL and f o r t h e i r p a r e n t . 

Example : t he f o l l o w i n g i s a s e t o f ax ioms f o r 
p r o v i n g t h a t Z i s a n e l e m e n t o f l i s t L s a t i s f y 
i n g p r e d i c a t e P . The ' . ' i s t h e c o n c a t e n a t i o n 
symbol and N IL i s the empty l i s t . 

( 1 ) 
( 2 ) 

+ELEM(X.Y,X) 
+ELEM(X.Y,Z) 

- P ( X ) 
-ELEM(Y,Z) 
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Reca l l t h a t PROLOG g ives a l l p o s s i b l e p roo f s ; 
hence when success is recorded an a l t e r n a t i v e is 
looked f o r . I n t h i s t r e e the arrows i n d i c a t e the 
o rde r in wh ich the nodes o f the t r e e are b u i l t . 
I f one wanted on l y one proof o f t h a t theorem, i t 
would be s imple to modi fy ( I ) and to w r i t e i t 
+ELEM(X.Y,X) - P(X) -/ . In t h a t case we would 
get a t r e e l i m i t e d to the one enc losed in the 
box above. 

3. PARAMETERS OF THE DERIVATION PROCESS 

A cho ice s t r a t e g y r e s t s upon a s e l e c t i o n f u n c 
t i o n . Such a f u n c t i o n may or may not depend on 
the o b j e c t on wh ich i t bears ; f o r i ns tance i t 
may depend on the s p e c i f i c c lause f rom which to 
e x t r a c t SEL, or i t may not depend on the s p e c i 
f i c UNIFCLSET f rom which to e x t r a c t SELCL. S i m i 
l a r l y i t may or may no t depend on the con tex t of 
the o b j e c t on which it bears ; by con tex t we 
mean the d e r i v a t i o n t r e e o r p a r t o f i t . 

The i n f o r m a t i o n needed by the s e l e c t i o n f u n c t i o n 
may be e i t h e r i m p l i c i t o r e x p l i c i t l y s p e c i f i e d 
by the use r . Autonomous s e l e c t i o n f u n c t i o n s use 
i m p l i c i t i n f o r m a t i o n (wh ich may even be v o i d , e g 

the l e f t m o s t - l i t e r a l - f i r s t r u l e seen in PROLOG) 
as in the l i t e r a l - w i t h - t h e - l e a s t - n u m b e r - o f - i n s -
t a n t i a t e d - v a r i a b l e s - f i r s t r u l e , o r i n the s h o r 
t e s t - c l a u s e - f i r s t r u l e , e t c . Such f u n c t i o n s w i l l 
not be d iscussed in t h i s paper , a l though an i n t e 
r a c t i v e cho ice o f such s t r a t e g i e s i s o f f e r e d to 
the user in some systems. 

Th is paper i s p r e c i s e l y concerned w i t h the expre 
ss ion of i n f o r m a t i o n to be used by s e l e c t i o n 
f u n c t i o n s ; we s h a l l on l y deal w i t h the means of 
e x p r e s s i o n , no t w i t h d e s i g n i n g s p e c i f i c c r i t e r i a . 
Impor tan t to t h i s work is the n o t i o n of contex t ; 
to express c o n t e x t i n f o r m a t i o n , the user must 
choose between a l o c a l con tex t ( p a r t of the p r o 
of t r e e , eg the parent of a l i t e r a l , i t s parame
t e r s , i t s descendants) and a more g loba l one 
(ances to rs o f a l i t e r a l , the whole proof t r ee 
i t s e l f ) . A l though the d e c l a r a t i v e approach tha t 
we f o l l o w , e s p e c i a l l y the l o g i c one, seems to be 
w e l l s u i t e d t o t h a t l a t t e r cho ice through the 
n o t i o n o f p r o o f , we have not i n v e s t i g a t e d i t , 
thus r e s t r i c t i n g ourse lves t o l o c a l con tex t ex 
p r e s s i o n . Ne i t he r s h a l l we d iscuss the pragmatic 
c o n t r o l express ion t h a t c lause w r i t i n g always 
conveys [ 7 ] . 

There are two bas ic ways f o r exp ress ing c o n t r o l 
o f the deduc t i on p rocess . 

a. As is t y p i c a l of the p rocedu ra l approach, 
c o n t r o l i n f o r m a t i o n can be mixed w i t h the know
ledge base, i e w i t h the a p p l i c a t i o n data ( c l a u 
ses) used in the d e r i v a t i o n p rocess . For i n s t a n 
ce the user can modi fy h i s set of c lauses so 
t h a t the o rde r o f h i s o r i g i n a l c lauses in the 
UNIFCLSET they be long to becomes dependent on 
SEL. We do not r e j e c t such an approach ; i t s 
sys temat ic use i s r epo r ted i n [ 9 ] . 

b . More c o h e r e n t l y w i t h the d e c l a r a t i v e a p p r o 
ach , one can separate c o n t r o l i n f o r m a t i o n f rom 
the knowledge base ; at the user l e v e l t h i s beco
mes another p iece of d a t a , ie a set of c lauses 
exp ress ing a h e u r i s t i c c o n t r o l . Th is i s the c h o i 
ce t h a t was made he re . 

We s h a l l now present our metalanguage f o r s t a 
t i n g the metaru les exp ress ing t h i s h e u r i s t i c 
c o n t r o l . I t uses c o n t e n t - d i r e c t e d i n v o c a t i o n [2] 
h e a v i l y - and we f e e l we have the c o r r e c t t o o l s 
f o r i t . Our metalanguage i s coherent w i t h the 
base language [ 5 ] . 

4. A PROPOSAL FOR A METALANGUAGE 

There are two types of me ta ru les in t h i s langua
ge, exp ress ing c o n t r o l e i t h e r over the cho ice o f 
SEL or over the cho ice of SELCL ; f o r the user 
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w r i t i n g them, such metarules are t rue assert ions, 
in the l o g i c a l sense, about p r i o r i t i e s and orde-
r ings as explained below ; they w i l l be used as 
axioms by the theorem prover. 

4 . 1 . Ordering «of UNIFCLSET 

The METAL metarules to be described here have as 
primary purpose the expression of assert ions on 
p r i o r i t i e s of i nd i v i dua l clauses in UNIFCLSET, 
SELCL being the clause of higher p r i o r i t y . Then 
l e t P, R be terms or v a r i a b l e s , l e t L be a term 
L I , L 2 . . . L r . N I L or a va r iab le (see 2.3 fo r the 
' . ' no ta t i on and fo r NIL) ; l e t C l , . . . C n be pos i 
t i v e l i t e r a l s ; then Metarule 

+ METAL(P,L,R,K) -CI . . . -Cn 

asserts that any user ' s clause matching (un i f y 
ing) w i t h clause +P-L1- . . -L r has p r i o r i t y K i n 
the UNIFCLSET it belongs t o , provided R matches 
the parent of SEL and the e x i s t e n t i a l c losure of 
ClA...ACn can be proved ; in the sequel we t a l k 
more simply of the proof of ClA. . .ACn. We must 
remark that : 

- L i ,R,P are terms in METAL but l i t e r a l s in user's 
clauses (second order featureX 

- when any of P, L is a v a r i a b l e , the process of 
matching w i l l i n s t a n t i a t e i t ; s i m i l a r l y when R 
is a va r i ab le i t is i n s tan t i a t ed to the value of 
SEL ; t h i s feature al lows to have metarules ap 
p l y i n g to many user 's c lauses, the target c l a u 
ses, thus avoid ing much redundancy, and making 
it , easier to w r i t e metarules by spec i fy ing j u s t 
what is necessary to match the t a r g e t c l a u s e ( s ) . 

- the matching process is constrained not to i ns 
t a n t i a t e any un ins tan t ia ted va r i ab le of the target 
clauses or of the parent of SEL at the time mat
ching takes place ; t h i s r e s t r i c t i o n , enforced 
by the theorem prover means that a metarule 
shou ldn ' t be used when it aims at a special case 
of a target c lause. This r e s t r i c t i o n impl ies that 
dur ing the proof of ClA...ACn no va r i ab le in P, 
L,R is i n s t a n t i a t e d . 

- there is a de fau l t metarule asser t ing a MEAN 
p r i o r i t y value fo r clauses which a r e n ' t target 
of any metarule : +METAL(P,L,R,MEAN) where P, 
L,R are va r i ab l es . 

- the set of metarules may be c o n f l i c t i n g ie a 
clause might be the target of two metarules ; as 
no meta-metarule has been introduced y e t , we can
not handle it d i f f e r e n t l y from PROLOG, ie the 
f i r s t metarule that i s proved i s r e ta i ned . 

- the Ci predicates can be def ined by any v a l i d 

PROLOG set of axioms. 

Example : +METAL(P(X,a),L,R(X,Y),0) 
-PREDl(X,a) -PRED2(Y) 
-PRED3(L,F) 

This metarule asserts that p r i o r i t y 0 is the pr io
r i t y of any ru le the head of which u n i f i e s w i t h 
P(X,a) , the parent of SEL un i f y i ng w i t h R ( X , Y ) , 
provided the condi t ions PRED are provable. The 
matching process must comply w i t h the above res 
t r i c t i o n s - eg as ' a ' is constant , X v a r i a b l e , 
t h i s is not allowed to match P(T,U) where T,U 
are v a r i a b l e s , but P(b,a) would pass the tes t ; 
dur ing a proof of PREDl(X,a) it is not allowed 
to i n s t a n t i a t e X more than i t is a l ready. 

4 .2 . Choice of SEL 

We are to introduce loca l context eva luat ion fo r 
SEL se lec t ion ; there are two se lec t ion fac to rs : 

- backtracking b lock ing corresponding to a dyna
mic ' / ' i n t r oduc t i on 

- l i t e r a l f reez ing prevent ing the theorem prover 
from choosing as SEL a frozen l i t e r a l ; t h i s f ea 
t u r e , the most i n t e r e s t i n g of a l l features we 
present, al lows fo r very dynamic con t ro l regimes. 

Let P ,L ,C l , . . ,Cn be as described fo r METAL meta
ru les ; l e t I and F be terms to be described be
low ; then 

+METAX(P,L,I,F) -CI . .. -Cn 

asserts that if +P -L) -. . - L r matches the cand i 
date SELCL, and if ClA...ACn is provable, then : 

- if I is the term INH( I1 • . . . Im .N IL ) where each 
Ij matches some Lh, any backt rack ing on Lh and 
on i t s parent w i l l be blocked ; INH (NIL) blocks 
P only ; if I is NIL no b lock ing occurs. 

- if F is the term FRZ(F1,V1) FRZ(Fs,Vs).NIL 
where each Fj matches some Lh, then Lh w i l l be 
frozen as long as none of i t s arguments appea
r i n g in l i s t V j i s i n s tan t i a t ed ( i e anything but 
a pure va r iab le ) ; if F is NIL no l i t e r a l is to 
be f rozen . 

We must remark that much of what was noted fo r 
METAL metarules appl ies to METAX ones and is not 
repeated here, espec ia l l y fo r i n s t a n t i a t i o n . 
A lso , there might be cases where a l l l i t e r a l s 
are frozen ; we unblock the s i t u a t i o n by choosing 
the le f tmost one (de fau l t r u l e ) . We are now to 
see examples and to examine more deeply the f ree
zing c a p a b i l i t y , already inves t iga ted but solved 
d i f f e r e n t l y by Colmerauer [ 1 6 ] . 
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4.3 - Implementation p r i nc i p l es 

There is no major problem in such an implementa
t i o n , although p a r t i c u l a r a t t e n t i o n is to be 
paid to a l low correct backt rack ing, f a i r selec
t i o n of f rozen l i t e r a l s . The theorem prover has 
been coded in PROLOG mainly fo r ease of modif ica
t i o n and fo r i t s u n i f i c a t i o n a lgor i thm. As we 
p i l ed up leve ls of i n t e r p r e t a t i o n the resu l t is 
ra ther i n e f f i c i e n t , but our goal is a t t a i ned . We 
emphasize how usefu l both the non f i r s t - o r d e r 
features of PROLOG and the p o s s i b i l i t y to exami
ne i t s own data s t ruc tu res , i . e . terms and c l au 
ses, are. Due to the very simple access to those 
s t ruc tures (UNIV, VAR, . . . ) i t is possible to 
b u i l d powerful mechanisms. 

Of course t h i s theorem prover is not a major i n 
novat ion in the f i e l d ; one can argue that i t 
behaves w i t h respect to PROLOG in a manner qu i te 
s i m i l a r to CONNIVER1s behaviour w i t h respect to 
MICROPLANNER. This is b a s i c a l l y t rue from the 
viewpoint of the theorem prover ; what we gave 
back to the user is some con t ro l over l i s t s of 
p o s s i b i l i t i e s , over backtrack, over the context 
mechanism [ 1 4 ] . This s i m i l a r i t y is only s u p e r f i 
c i a l . We give more to the user because what he 
can examine in our case is not j u s t a l i s t of 
p o s s i b i l i t i e s , but i t i s a l i s t o f methods in 
the CONNIVER sense ; the method body can be scru
t i n i z e d , mod i f ied , reordered whereas i t cannot 
happen w i t h CONNIVER ; t h i s is due to the con
ten t -d i r ec ted invocat ion feature that we men
t ioned e a r l i e r and of which we saw some impor
tant e f f ec t s in 4 .2 . We recognize that out con
tex t handl ing mechanisms, which are roughly the 
SUPP and ADD predicates of PROLOG, are not as 
powerful as CONNIVER*s. Our goal was d i f f e r e n t 
and th i s remains a possible extension fo r t h i s 
work. 

5. DISCUSSION 

The points we want to stress are the fo l l ow ing : 

a. User r e s p o n s i b i l i t y - Metarules give the 
user much freedom ; a correct use of metarules 
goes through an understanding of how the de r i va 
t i o n process should go ; then the user w i l l be 
tempted to use th i s knowledge and modify h is own 
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a lgo r i t hm so as to take advantage of t h i s under
s tand ing d i r e c t l y . This is the reason why we d id 
not g ive rea l examples f o r METAL metarules nor 
f o r back t rack ing use of METAX metarules ; simple 
examples can e a s i l y be f i x e d w i thou t me ta ru les , 
a l though t h i s usua l l y in t roduces much redundancy 
and awkwardness in the set of axioms. From our 
s tud ies in p lan gene ra t i on , we are aware of ca
ses where a ' / ' could be dynamica l ly in t roduced 
w i t h much b e n e f i t . 

b. Extensions - Any time a language is d e f i n e d , 
one may propose extensions to i t . Among a l l the 
extensions we have been t h i n k i n g o f , one is to 
a l l ow user -de f ined FRZ pred ica tes ; such a 
need has been found in another p lan generat ion 
program where redundant t es t s could be avoided 
by p roper l y def ined f r e e z i n g cond i t i ons ; such 
an ex tens ion is q u i t e simple to i nco rpora te to 
our theorem prover . 

c. Re la ted t o p i c s - Much of the i n t e r e s t of me
t a r u l e s comes f rom the dynamic o r d e r i n g o f l i t e 
r a l s ( 4 . 2 ) ; c l e a r l y t h i s i s r e l a t e d to the many 
producer-consumer d i s c u s s i o n s , to the c a l l by op
p o r t u n i t y o r c a l l by n e c e s s i t y cho ice ; the P r i 
mes problem is d iscussed in [11 ] and in a d i f f e 
r e n t framework in [ 4 ] ; we b e l i e v e the s imple 
t o o l s g i v e n here compare f a v o r a b l y w i t h those 
g i ven t h e r e . We use a data f l o w mechanism ( i n s 
t a n t i a t i o n ) ; more e x p l i c i t c o n t r o l mechanisms 
such as message pass ing have not been looked f o r . 
Note t h a t i t i s p o s s i b l e t o d e f i n e and implement 
a theorem prover wh ich cou ld take advantage of 
the connec t ions between v a r i a b l e s t o s e l e c t l i t e 
r a l s ; f o r i n s t a n c e , in the Prime example the 
i n s t a n t i a t i o n o f a v a r i a b l e un f reezes j u s t one 
l i t e r a l , and u s u a l l y a theorem p rover can watch 
such i n s t a n t i a t i o n s . Express ing s p e c i f i c p rope r 
t i e s o f p r e d i c a t e s , e . g . t h a t they are t r u e f u n c 
t i o n s , i s no t covered here a l t hough i t i s a n im
p o r t a n t domain to be i n v e s t i g a t e d . We b e l i e v e 
" i n t e l l i g e n t " b a c k t r a c k i n g to be an impo r tan t t o 
p i c dese rv i ng more a t t e n t i o n ; we o n l y note t h a t 
to be i n t e l l i g e n t i t must be prepared d u r i n g the 
d e r i v a t i o n process ; the t o o l s we g i ve are bu t 
one s tep i n t h a t d i r e c t i o n . F i n a l l y i n t e r a c t i v e 
c o n t r o l exp ress ion has not been covered a t a l l . 
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Presented Is an implemented program understanding system c a l l e d CAN. CAN r e l i e s on a 
m e t a - i n t e r p r e t a t i o n process which b r ings to l i g h t two new concepts concern ing 
m e t a - I n t e r p r e t a t i o n o f r e c u r s i v e programs: v i c i o u s c i r c l e s and c o n s t r u c t i v e i n d u c t i o n . 
These no t i ons express CAN's a b i l i t y to e x t r a c t from program code c lasses of data f o r 
which I n t e r p r e t a t i o n of the code would not s top , and in gene ra l , to r e l a t e c lasses of 
data w i t h a b s t r a c t values and environments. 

keywords: M e t a - i n t e r p r e t a t Ion, un i f icat ion, conceptuaI represen ta t ions, 
unders tand ing , p ropaga t ion , v i c i o u s c i r c l e , c o n s t r u c t i v e I nduc t i on . 

program 

1. INTRODUCTION 

Works on program v e r i f i c a t i o n [10] C133 have 
brought many u s e f u l techniques f o r p rov ing 
p r o p e r t i e s o f programs, but a l l the Implemented 
systems which de r i ved from them were to be used 
by exper t mathematic ians r a t h e r than exper t 
programmers. That i s , those systems may do 
no th ing w i t h a program on i t s own. They are 
intended to be i n t e r a c t i v e l y used by 
programmers who are acquainted w i t h formal 
s p e c i f i c a t i o n s man ipu la t ions and who understand 
t h e i r programs. 
Recent works on program understanding have 
demonstrated the need of domain dependent 
knowledge [7] [153 and o ther types of pragmat ic 
knowledge [19] [203. However, systems in these 
areas are not equa l l y e f f i c i e n t . More 
p r e c i s e l y , the systems which support these 
works may f a l l on s imple tasks which are beyond 
the scope o f t h e i r e f f e c t i v e s p e c i f i c i t y . That 
i s , t h e i r domain o f a p p l i c a t i o n i s f a r from 
f i t t i n g w i t h what an exper t programmer would 
cons ider as " s i m p l e " , or " v i s u a l l y 
unders tandab le " . 
CAN is a power fu l t o o l f o r such systems s i n c e : 

- I t understands programs independent ly of 
t r a d i t i o n n a l a p p l i c a t i o n s f o r 
unders tand ing ( v e r i f i c a t i o n , c o r r e c t i o n , 
Improvement) 

i n t r i c a t e problems. This is a necess i ty 
if CAN is expected to be a t o o l f o r 
problem s o l v e r s . A pa r t of CAN has been 
e s p e c i a l l y developed fo r the v i s u a l 
understanding of programs which manipulate 
f l a t l i s t s . 

CAN m e t a - i n t e r p r e t s program bodies in abs t rac t 
environments [1] [2] [4] [5] [9] [14] [19] 
[ 21 ] . We use conceptual rep resen ta t ions [21] 
in order to represent abs t rac t values of 
program v a r i a b l e s and r e l a t i o n s among them. 
Our conceptual rep resen ta t i ons are e i t h e r 
pat te rns , o r p r e d i c a t e - s t y l e asser t ions which 
may not be t r a n s l a t e d i n to pa t t e rns . Our 
p a t t e r n s invo lve e lement- type and segment-type 
v a r i a b l e s . segment-type va r i ab les inc lude 
Index mathematical n o t a t i o n s fo r f l a t l i s t s . 
They a lso Involve au to - re fe rences . 
Conceptual r ep resen ta t i on of meanings Is our 
bypass of the t r a d l t i o n n a l "se t o f p r o p e r t i e s " . 
Conceptual r ep resen ta t i ons may be con f ron ted 
and compared more e a s i l y than a s s e r t i o n s , most 
o f t e n w i t h u n i f i c a t i o n procedures, which y i e l d 
va luab le and n o n - t r i v i a l i n fo rmat ion [ 6 ] . 
CAN invo lves a s o p h i s t i c a t e d u n i f i c a t i o n 
process of conceptual r e p r e s e n t a t i o n s . 

- I t I s p a r t i c u l a r l y w e l l s u i t e d f o r 
e x t r a c t i n g on i t s own on ly what Is 
" v i s u a l l y unders tandable" in a program. 
Th is p reven ts CAN from g e t t i n g s tuck on 

When conf ron ted w i t h LISP code, the 
m e t a - i n t e r p r e t e r most o f t e n faces the case 
where a f u n c t i o n is app l i ed on i t s arguments. 
The m e t a - I n t e r p r e t a t i o n of (F Al A2 . . . An) 
invo lves the f o l l o w i n g s teps : 
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8. TERMINATION 

The me ta - i n te rp re ta t i on of a program y i e l d s a 
set of ru les which conta in recurs ive c a l l s , as 
a f i r s t approximat ion. As uas shown, the same 
me ta - i n te rp re ta t i on process may be pursued. 
So, CAN may f i nd which ru les data can "go" t o , 
when "coming out" of a recurs ive r u l e . That 
i s , f i n d which ru l es r e f e r to which r u l e s . 
I f a recurs ive r u l e r e f e r s only to i t s e l f , o r 
if a group of ru les which r e f e r to one another 
r e f e r s to no r u l e " o u t s i d e " , then a c lass of 
data is determined for which simple 
I n t e r p r e t a t i o n of the program never ends. Here 
are some simple examples: 
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back - re fe renc ing works f i n e , he may f i r s t 
b u i l d seve ra l k i nds o f a b s t r a c t values fo r 
MATCH'S arguments by the " focus on" technique 
descr ibed above, and then c a l l MATCH on them 

One f u t u r e work w i l l be to develop a system for 
p rov ing theorems about l i s t s t r u c t u r e s by 
s t r u c t u r a l I n d u c t i o n , which uses CAN as a 
s i m p l i f i c a t i o n sub-system. 
We expect tha t CAN w i l l g r e a t l y help the task 
of p rov ing theorems by s t r u c t u r a l induct ion 
s i n c e , f o r ins tance , many of the LISP theorems 
proved in [22] a l ready meta-evaluate to the 
LISP t r u t h - v a l u e T when g iven to CAN. 

1 0 . CONCLUSION 

We have designed a system whose job is to 
understand what an exper t programmer could 
cons ider as " v i s u a l l y unders tandab le" . CAN 
does no problem s o l v i n g . CAN's 
m e t a - i n t e r p r e t a t i o n process Is s t r a i g h t f o r w a r d , 
end s imple i n t e r p r e t a t i o n is a s imple case of 
m e t a - i n t e r p r e t a t i o n [ 5 ] . Ue then- th ink that 
CAN should be put in the se rv i ce of expert 
programmers, or program understanding systems 
which would be s p e c i a l i s e d in narrow areas, 
s ince conceptual r ep resen ta t i ons are much more 
e a s i l y manipulated than LISP code, f o r 
ins tance. I t may e f f e c t i v e l y be expected that 
the s i ze of program understanding systems is 
d i r e c t l y r e l a t e d to the number of ways of 
r ep resen t i ng a r e l a t i o n w i t h i n a programming 
language. 
The CAN system is w r i t t e n in VLISP-10 [3] C81 
and occupies about 20K words. 

S - l l 



[6] GOOSSENS (1978) " L ' u n l f l c e t l o n au serv ice 
de le comprehension" RT-14. Dept. 
d ' In fo rmat Ique , Un ive rs i t y de 
Ylncennes. 

[7] GREEN & BARSTOU (1975) "A hypo the t l ce l 
dialogue e x h i b i t i n g e knowledge bese 
fo r e progrem understanding system" 
Stanford A . I . Lab. MA 258, Cpt 
Science Dept. Report n. 
Stancs-75-476. 

[8] GREUSSAY (1977) "Con t r i bu t i on a la 
d e f i n i t i o n i n t e r p r e t a t i v e et a 
L' implementstIon des X-tengages" 
These, Un i ve r s i t y PARIS 8. 

[9] HEUITT & SMITH (1975) "Towerds e 
programming apprent ice" IEEE Trans, 
on s o f t . eng ineer ing, Vo l . SE-1. 
pp. 26-45. 

[10] HOARE & LAUER (1973) "Consistent and 
complementary formal theor ies of the 
sementics of programming languages" 
I b i d 3, pp. 145-182. 

[ I l ] HUET (1975) "A u n i f i c a t i o n a lgor i thm fo r 
typed lambda-calculus" T h e o r l t l c e l 
computer science 1. pp 27-57 

[12] HULLOT J.M. (1979) 
"Assoc iat Ive-commutatIve 
pat tern-match ing" 6 th IJCAI. Aug 
1979. Tokyo. 

[13] IGARASHI, LONDON, LUCKHAM (1975) 
"Automatic program v e r i f i c a t i o n I : A 
l o g i c a l basis and I t s Implementation" 
Acta In fo rmat lea , Vo l . 4, pp. 
145-182. 

[14] KING (1975) "A new approach to program 
t a s t i n g " I n t . Conf. on r e l i a b l e 
sof tware, A p r i l 1975, pp. 228-233. 

[15] RICH & SCHROBE (1975) "Understanding LISP 
programs: Towards a programming 
apprent ice" Master 's Thesis, EECS 
M. I .T . 

[16] SIEKMANN (1975) " S t r i n g u n i f i c a t i o n " Essex 
u n i v e r s i t y , Memo CSM-7. 

[17] SIEKMANN LIVESEY (1975) "Terminat ion and 
d e c i d a b i l i t y r e s u l t s fo r s t r i n g 
un i f Icat lon1 ' Essex u n i v e r s i t y , 
CSM-12. 

[18] STICKEL (1975) "A complete u n l f l c e t l o n 
a lgo r i thm fo r assoclat Ive-commutetIve 
func t ions" 4 th I j c a l , T b i l i s i Georgia 
USSR. sept. 1975. 

[19] UERTZ (1978) "Un system© da comprehension, 
de programmes incorrectsM Proc. 3eme 
co l loque sur la programmetIon, Par i s 
B. Rob Inst ed. pp 31-49. 

[20] WERTZ (1978) "Un systeme de comprehension, 
d ' a m e l i o r a t i o n , et de co r rec t i on de 
programmes incor rec ts" These de 3eme 
cyc l e , Univ. P. et M. CURIE. 

[21] YONEZAUA & HEWITT (1976) "Symbolic 
eva lua t ion using conceptual 
represente t ions for progrems w i th 
s i d e - e f f e c t s " M . I .T . , A . I . Leb. , 
AI-Memo 399. 

[22] BOYER & MOORE (1973) "Proving theorems 
about LISP func t i ons " , Stanford 
U n i v e r s i t y , Stanford CA. 486-493. 

$-12 



HUGE PROCESSING BY EXPERIMENTAL ARRAYED PROCESSOR 

Hitoshi Matsushima Takeshi Uno Hasakazu E J i r i 

Cen t ra l Research Laboratory 
H i t a c h i L t d . , 
Higaahi-koigakubo 1-280, 
Kokubun j i , Tokyo l 8 5 , Japan 

An image processor based on an arrayed s t r u c t u r e was implemented.. It has 
f i v e design f e a t u r e s : (1) memory u n i t separa t ion i n t o a p i c t u r e memory f o r 
images and a c o n t r o l data memory f o r programs, (2 ) processing u n i t separat ion 
i n t o a p a r a l l e l processing pa r t and a s e r i a l process ing p a r t , (3) p a r a l l e l 
process ing by an arrayed s t r u c t u r e , ( i f ) use of a spec i a l micro-processor f o r 
an a r r a y ' s process ing element, and (5) d i r e c t c o n t r o l o f p a r a l l e l processing 
by programming. It deals w i t h images c o n s i s t i n g of 256 x 256 p i x e l s and 
processes them by s i x t een processing elements. The o r i g i n a l images are given 
by a TV camera* The processed images are ou tpu t ted to CRT d isp lay equipments. 
The basic opera t ions in the ar ray are data convers ions, l o c a l ope ra t i ons , 
sequen t ia l p rocess ings , manipu la t ions between two images and so on. By 
us ing those o p e r a t i o n s , many k inds of image processing can be done in t h i s 
processor . 

1. INTRODUCTION 

Many proposals f o r p a t t e r n process ing 
have been made to d a t e , and soma have 
been p r a c t i c a l l y implemented, e s p e c i a l l y 
f o r c e r t a i n i n d u s t r i a l and medical 
a p p l i c a t i o n s , i n which spec ia l processors 
such as image analyzers are in p r a c t i c a l 
use* However, most image processors cam 
on ly dea l w i t h b inary images..[I] 

On the o ther hand, r e c e n t l y l a r g e - s c a l e 
p a t t e r n processors have been s tud ies 
in some research l a b o r a t o r i e s . [ 2 ] However 
there are s t i l l problems i n developing 
image processors f o r m u l t i - l e v e l e d Images 
Tor example, processors tend to become 
too b i g and expensive.. 

However, recent developments in 

Th is work was con t rac ted w i t h the 
Agency of I n d u s t r i a l Science and 
Technology, M i n i s t r y o f I n t e r n a t i o n a l 
t r ade and I n d u s t r y , as a p a r t of the 
N a t i o n a l Research and Development Program 
" P a t t e r n I n fo rma t i on Processing System? 

commercial ly a v a i l a b l e I C ' s have had a 
profound e f f e c t on the s i z e * speedy and 
cost of hardware- In a d d i t i o n * the need 
f o r general purpose image processors Is 
g e t t i n g s t r onge r . Thus, the image 
processor presented here was experimental
ly developed*. The outs tand ing fea tu re 
in our Image processor IP is p a r a l l e l 
processing a b i l i t y . 

*PM * nanor riAftcrlhfid the ttfincinles and 

Z. DESIQM PLINCIPLSS 

The main po in t s considered in e s t a b l i s h 
i n g our IP are discussed below. 

I n fo rma t ion inc luded in Images depesds 
on the two-dimensional arrangement of 
p i x e l 1 6 values.. So two-dimensional 
memory access is employed f o r data 
u t i l i z a t i o n . The re fo re , the memory was 
separated i n t o two d i s t i n c t p a r t s , one 
f o r images and the o ther f o r c o n t r o l 
da ta . The former has u s e f u l f unc t i ons f o r 
p a r a l l e l processing o f images. 
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In image p rocess ing , the same opera t ions 
are repeated many t imes* In these cases, 
i nc reas ing process ing speed by o rd ina ry 
computer a r c h i t e c t u r e s i s not e f f i c i e n t . 
The re fo re , the execut ion u n i t i n our IP 
was separated i n t o a con ren t i ona l m i n i 
computer 's c e n t r a l p rocess ing u n i t and 
a p a r a l l e l p rocess ing p a r t . The former 
main ly deals w i t h c o n t r o l data and 
sometimes processes p i x e l s one by one, 
w h i l e the l a t t e r usua l l y processes p i x e l s 
by the p a r a l l e l p rocess ing . 

I n the p a r a l l e l p rocess ing p a r t , an 
ar rayed s t r u c t u r e was adopted, mainly 
to increase process ing speed* In pre-
process ing of f e a t u r e - e x t r a c t i o n of images 
the same operator is executed at every 
sampling p o i n t * For such p o s i t i o n -
i n v a r i a n t processes. an arrayed s t r u c t u r e 
is very u s e f u l . Many sampling data are 
i n p u t t e d to many process ing elements at 
a t i m e . Then a l l p rocess ing elements 
execute the same ope ra t i on s i m u l t a n i o u s l y . 
I nc reas ing the mumber of process ing 
elements by a c e r t a i n f a c t o r should cause 
the process ing t ime to decrease by the 
same f a c t o r . 

3. SYSTEM OUTLINE 

A b lock diagram of our IP is shown in F i g * 
1 . I t cons i s t s o f a p a r a l l e l p rocess ing 
p a r t and the o ther p a r t . The former 
comprises a process ing element array(PE 
A r r a y ) , a p i c t u r e memory(PM), l o c a l 
r e g i s t e r s (LR) a m i c r o - i n s t r u c t i o n 
contro l (MC) and i n p u t / o u t p u t c o n t r o l ( I O C ) . 

Image data are i n p u t t e d through the IOC 
and s to red in the PM. They are o r i g i n a l l y 
obta ined 6 b i t s in the IOC. The image 
data are then t r a n s m i t t e d to the PE Array 
through the LR. The LR can s to re a 4 x 4 
loca l - image or an 8 x 8 one. The PE Array 
processes i t p a r a l l e l l y , and the r e s u l t s 
are s to red again in the PM. 

The PM is a memory f o r images c o n s i s t i n g 
of three banks of 256 x 256 p i x e l s . The 
access to the PM is c o n t r o l l e d by m ic ro 
i n s t r u c t i o n s in a program* The accessing 
u n i t is a 4 x 4 square w i t h the upper-
l e f t corner address (4n ,4m) , o r one p i x e l . 
The l e t t e r s n and m stand f o r i n t e g e r 
from 0 to 63 . 

The PE Array cons i s t s of s i x t een process
i n g element(PE). Each PE is a s p e c i a l 
micro-processor compr is ing a c o n t r o l l e r , 
which i n t e r p r e t s commands and c o n t r o l s 
c a l c u l a t i o n s i n synch ron i za t i on w i t h an 
e x t e r n a l c l o c k . The commands comprise 
a d d i t i o n , s u b t r a c t i o n , m u l t i p l i c a t i o n , 
summing p roduc ts , l o g i c a l o p e r a t i o n , 
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t a b l e look up and so on . Each PE has a 256 
words 16 b i t s sc ra t ch pad memory. The 
sc ra t ch pad memory can s to re a sequence of 
PE commands. Therefore each PE can execute 
i t s own program. The depth of c a l c u l a t i o n s 
is twelve b i t s l o n g . The execut ion t ime 
is 0.35 #$ and the cyc le t ime of the PM 
i s 0.7 >uS. 

The LR has s h i f t f unc t i ons in an 8 x 8 
l o c a l image. The PE Array can ob ta i n 
the f r ee 4 x 4 square p i x e l s from the PM 
by these f u n c t i o n s . A l so , PEs can 
comunicate each o ther through the LR. 

An image processor based on an arrayed 
s t r u c t u r e was implemented. I t deal6 w i t h 
images c o n s i s t i n g of 256 x 256 p i x e l s and 
processes them by a 4 x 4 processing 
elements1 a r r a y . I t was const ructed 
in 1977 and used to study processor 's 
a r c h i t e c t u r e f o r the ob jec t r e c o g n i t i o n , 
ny these s t u d i e s , i t has been es tab l i shed 
tha t the ar ray o f our IP is use fu l f o r 
h igh 6peed process ing . 

The basic operat ions in the ar ray are data 
convers ions, l o c a l ope ra t i ons , sequen t ia l 
p rocess ings, manipu lat ions between two 
images.and so on . By them, many k inds of 
image processing can be done in t h i s ar ray 
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O k a d a - T , Tsugawa, Vamos, Y e r a z u n i s 

F u l e - B a s e d I n f e r e n c e - see a l s o P r o d u c t i o n Systems A i k i n s , A n z a i , 
B e n n e t t , B e r w i c k , B r o o k s - R A , C a r b o n e l l , C l a n c e y , E n g e l m o r e , G r e e n , 
K o n o l i g e , M i z o g u c h i - F , R o s e n b e r g , R y c h e n e r , W i l k i n s 

Scene I n t e r p r e t a t i o n B r a d y , I s h i k a w a , Kanade, Nagao 

Search - see a l s o B a c k t r a c i n g B a r s t o w , B e n s o n , B e r l i n e r , C h u r c h , 
C f l s c b n i g , H a r e l i c k , I m a i , M i t c h e l l , Nakagawa, N i s h i d a - F , R e i t m a n , 
S h a p i r o , S t n r k e y , W i l k i n s 

S e g m e n t a t i o n H e n n e r y , J a i n , P e r k i n s , Y a c h i d a 

I n d e x - 9 



TOPIC INDEX FOR TECHNICAL PAPERS 

S e l f - O r g a n i z i n g Systems - see L e a r n i n g and I n d u c t i o n 

S e m a n t i c s . . . . . . F u j l s a k l , G u l d a , L e h n e r t , Schank , S h l m a z u , W l l k s , Y o s h l d a 

Semant i c N e t w o r k s B rown-DJH, L a u b s c h , Nagao, R e d e r , R y c h e n e r , S a n g s t e r , 
S h a p i r o , Y o s h l d a 

Shad ing & Shape B r a d y , B r o o k s - M J , I k e u c h l , K o s h l k a w a , Woodham 

S i g n a l U n d e r s t a n d i n g E n g e l m o r e , I s h l z a k l , Oka, Okada-N , S h l g e n a g a , 

T s u k l y a m a , Y a m a z a k l , Y a c h l d a 

S p a t i a l Knowledge K u l p e r s , M c C a l l a , T h o r n d y k e 

Speech A c t s - see I n t e n t i o n 
Speech T r a i n i n g Sh lgenaga 

Speech U n d e r s t a n d i n g d e M o r i , I s h l z a k l , K o b a y a s h i , M c C r a c k e n , Nakagawa, 
Oka 

S t e r e o V i s i o n G e n n e r y , I k e u c h l , M o r a v e c , S a t o - T , Tsugawa 

S t o r y U n d e r s t a n d i n g C a r b o n e l l , Schank 

Symmetry B o l l e s , B rady 

Tempora l Knowledge F a g a n , L i t v i n t s e v a 

T e x t u r e K e n d e r , N e v a t i a , T o m i t a , Y a c h l d a 

Theorem P r o v i n g - see a l s o R e s o l u t i o n B l e d s o e , Chang , de Champeaux, 
Degano, G o t o - S , H l r a t a , Honda, H u l l o t , K l a h r , Manna, N a k a n l s h l , Ogawa, 
Sh lmura 

T r u t h M a i n t e n a n c e D o y l e , M c D e r m o t t - D , Thompson 

V i s i o n A k i t a , B o l l e s , B o l l e s , B r a d y , B r a d y , B r o o k s - M J , B r o o k s - R A , J a i n , 
Enomoto , G e n n e r y , H o s h l n o , I k e u c h l , I s h l k a w a , Kanade , K e n d e r , 
K o s h l k a w a , M a t s u s h l m a , M o n t a l v o , M o r a v e c , Nagao, N e v a t i a , N e v a t i a , 
O h t a , P e r k i n s , P r a z d n y , S a t o - T , S h n e i e r , Suenaga, S u g l h a r a , T o m i t a , 
T s o t s o s , Tsugawa, T s u j l , T s u k l y a m a , Vamos, Woodham, Y a c h l d a , Z u c k e r 
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