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Log ic programming o r i g i n a t e d i n t h e f i e l d o f 
a r t i f i c i a l i n t e l l i g e n c e * I t was a r t i f i c i a l 
i n t e l l i g e n c e t h a t p r o v i d e d bo th t h e t h e o r e m -
p r o v i n g r e s e a r c h f o r i t s b a c k w a r d - r e a s o n i n g 
e x e c u t i o n s t r a t e g y [ 4 2 , 4 7 , 6 8 ] and i t s f i r s t 
i n t e n d e d a p p l i c a t i o n s i n n a t u r a l l a n g u a g e 
q u e s t i o n - a n s w e r i n g [ 1 4 ] - I t a l s o p r o v i d e d the 
c o n t r o v e r s y (see e.g« [ 3 2 , 8 1 ] ) . between t h e 
r e l a t i v e m e r i t a o f p r o c e d u r a l versus d e c l a r a t i v e 
r e p r e s e n t a t i o n s o f knowledge/ wh ich h e l p e d t o 
m o t i v a t e the p r o c e d u r a l i n t e r p r e t a t i o n o f Horn 
c l a u s e s , which i s the bas i s o f l o g i c programming, 
even today . 

In t h i s sho r t paper I w i l l ske tch some of t h e 
subsequent deve lopments i n l o g i c p rogramming, 
c o n c e n t r a t i n g e s p e c i a l l y on ex tens ions which have 
been deve loped to make l o g i c programming more 
s u i t a b l e f o r k n o w l e d g e r e p r e s e n t a t i o n i n 
a r t i f i c i a l i n t e l l i g e n c e , 1 w i l l f o c u s 
p a r t i c u l a r l y o n deve lopments i n non-monoton ic 
r eason ing , a b d u c t i o n , and metareason ing . I w i l l 
a l s o argue t h a t t h e u n r e s t r i c t e d use o f f u l l 
f i r s t - o r d e r l o g i c m igh t not be necessa ry o r 
u s e f u l f o r most a p p l i c a t i o n s . 

2, THE SCOPE OP LOftTP PROGRAMMING FOPM 

L o g i c p r o g r a m m i n g was o r i g i n a l l y r e s t r i c t e d t o 
s e n t e n c e s ( a l s o c a l l e d rules) in Horn clause 
f o r m : 

A i f B^ and . - . and B n 

w i t h a s i n g l e a t o m i c c o n c l u s i o n A a n d z e r o o r 
more a t o m i c c o n d i t i o n s B^ , A l l v a r i a b l e s / 
X } , , , . , x ^ , o c c u r r i n g i n a r u l e a r e u n i v e r s a l l y 
q u a n t i f i e d i n f r o n t o f t h e r u l e : 

f o r a l l X 1 # - -. f Xjfl [A if Bj and , , . and Bn] 

Today th« notion of logic programming also 
includes rules whose conditions are arbitrary 
formulae of f i rst-order logic. Lloyd and Topor 
[51/52] showed how to reduce such more general 
r u l e s to normal logic programming formr where 
each condition is either an atomic formula or the 
negation of an atomic formula. Similarly the 
conditions B: in queries 

596 Award and Invited Papers 

owalski 
Computing 
Technology and Medicine 

2BZ, UK 

? B̂  and . - . and Bn 

to a logic program can be arbitrary formulae of 
f i rst-order logic. Such queries can be reduced 
to a normal logic program together with a normaJ 
query, in which a l l conditions are atomic 
formulae or negations of atomic formulae. 

The basis of logic programming is the 
interpretation of rules as procedures: 

reduce problems of the form A 
to subproblems of the form B *̂ . . . , Bn. 

The s i g n i f i c a n c e o f t h i s p r o c e d u r a l 
i n t e r p r e t a t i o n i s t w o - f o l d : Not o n l y can 
d e c l a r a t i v e sentences be execu ted as p rocedures / 
but p rocedures in p r o b l e m - r e d u c t i o n form can be 
i n t e r p r e t e d d e c l a r a t i v e l y as s tatements o f l o g i c -
I n t h i s way l o g i c p rog ramming r e c o n c i l e s 
d e c l a r a t i v e and p r o c e d u r a l r e p r e s e n t a t i o n s o f 
knowledge. 

T o d a y many a r t i f i c i a l i n t e l l i g e n c e 
a p p l i c a t i o n s are e x p l i c i t l y rep resen ted i n l o g i c 
p rog ramming f o r m , and many o f t h e s e a r e 
implemented in a l o g i c programming language such 
as P r o l o g . However, many o the r a p p l i c a t i o n s are 
r e p r e s e n t e d de facto as l o g i c programs, w i t h o u t 
e x p l i c i t acknowledgement o f t h e f a c t . The 
s i t u a t i o n c a l c u l u s and i t s a p p l i c a t i o n t o t h e 
Yale s h o o t i n g p rob lem [311 are among t h e most 
i n t e r e s t i n g examples . The case o f t h e Ya le 
s h o o t i n g p r o b l e m i s e s p e c i a l l y i n t e r e s t i n g , 
because as p o i n t e d ou t in [ 2 , 2 4 , 2 5 ] t h e use o f 
n e g a t i o n b y f a i l u r e i n l o g i c programming so l ves 
t he p rob lem o f non-monoton ic r e a s o n i n g wh ich 
a r i s e s i n t h e e x a m p l e . The p r o c e d u r a l 
i n t e r p r e t a t i o n and o p e r a t i o n a l seman t i c s o f 
n e g a t i o n by f a i l u r e a re d i s c u s s e d in s e c t i o n 4 
be low. 

I n a d d i t i o n t o these a r t i f i c i a l i n t e l l i g e n c e 
a p p l i c a t i o n s e x p l i c i t l y o r i m p l i c i t l y f o r m u l a t e d 
a s l o g i c p r o g r a m s , t h e r e a r e many o t h e r s 
implemented i n " i f - t h e n " languages [ 8 2 ] , wh ich 
app rox ima te l o g i c programming fo rm* Most o f 
these languages, many of which a re in t h e EMYCItf 
f a m i l y [ 7 9 ] , have o n l y t h e e x p r e s s i v e power o f 
v a r i a b l e - f r e e ( i . e . p r o p o s i t i o n a l ) l o g i c programs 
augrt\ented w i t h some forxcv of " i s a - h i e r a r c h y " f o r 
t a x o n o m i c r e a s o n i n g , c o m p e n s a t i n g f o r t h e 
p r o p o s i t i o n a l na tu re o f the r u l e s . 
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Such a n i n t e r p r e t a t i o n o f b e l i e f a s p r o v a b i l i t y 
i n a r t i f i c i a l i n t e l l i g e n c e has been a d v o c a t e d i n 
d i f f e r e n t ways b y K o n o l i g e [ 4 1 ] and P e r i l s [603 -
The u s e o f t h e demo p r e d i c a t e w i t h i n a l o g i c 
p r o g r a m m i n g f r a m e w o r k t o r e p r e s e n t m u I t i - a g e n t 
k n o w l e d g e and b e l i e f has been s t u d i e d b y K o w a l s k i 
and K im [ 4 6 ] -

The u s e o f met a l o g i c i s e s s e n t i a l a l s o when 
l o g i c p r o g r a m m i n g i s u s e d t o r e p r e s e n t 
l e g i s l a t i o n . I t i s n e e d e d , f o r e x a m p l e , t o 
r e p r e s e n t s i t u a t i o n s where one s t a t u t e r e f e r s t o 
a n o t h e r , o r whe re one p r o v i s i o n r e f e r s t o a n o t h e r 
p r o v i s i o n o f t h e same s t a t u t e . I t i s needed a l s o 
[ 4 5 ] t o r e p r e s e n t e x p l i c i t l y t h e e x e c u t i v e 
a g e n c y ' s r e a s o n i n g p r o c e s s . 

M e t a l o g i c g i v e s much o f t h e p o w e r o f h i g h e r 
o r d e r l o g i c . C o n v e r s e l y , h i g h e r e o r d e r l o g i c , a s 
i n c o r p o r a t e d i n M i l l e r ' s X ^ P r o l o g [ 5 6 ] f o r 
e x a m p l e , can a l s o b e u s e d f o r r o e t a p r o g r a m m i n g . 

8- TERMINQLOGTPAL REACHING 

B e g i n n i n g w i t h t h e l a n g u a g e KLONE [ 6 ] , t h e r e has 
b e e n much i n t e r e s t i n r e c e n t y e a r s i n l a n g u a g e s 
a n d l o g i c s s p e c i f i c a l l y d e s i g n e d f o r 
" t e r m i n o l o g i c a l r e a s o n i n g " . I n t h e s e l o g i c s , 
t e r m s d e n o t e s e t s , and l o g i c a l o p e r a t o r s such a s 
c o n j u n c t i o n , d i s j u n c t i o n , n e g a t i o n a n d 
q u a n t i f i c a t i o n , w h i c h c a n b e a p p l i e d t o t e r m s , 
d e n o t e o p e r a t i o n s o n s e t s - The i m p o r t a n t l o g i c a l 
p r o p e r t i e s o f s u c h s t r u c t u r e d t e r m s a r e w h e t h e r 
a t e r m is satisfi&ble ( d e n o t e s a n o n - e m p t y s e t ) 
and w h e t h e r one t e r m subsumes a n o t h e r ( d e n o t e s a 
s e t w h i c h i n c l u d e s t h e s e t d e n o t e d b y t h e o t h e r } . 

A i t K a s i and Nasr [ 1 ] have shown how t o e x t e n d 
l o g i c p r o g r a m m i n g t o i n c l u d e s t r u c t u r e d t e r m s -
Such e x t e n s i o n s c o m b i n e t h e a d v a n t a g e s o f l o g i c 
p r o g r a m m i n g w i t h t h o s e o f t e r m i n o l o g i c a l 
r e a s o n i n g . M o r e r e c e n t l y , B i i r k e r t [ 7 ] a n d 
H o h f e l d a n d Smolka [ 3 3 ] have shown t h a t s u c h a 
c o m b i n a t i o n o f l o g i c p r o g r a m m i n g a n d 
t e r m i n o l o g i c a l r e a s o n i n g c a n b e o b t a i n e d b y 
i n c o r p o r a t i n g e q u a t i o n s o v e r s t r u c t u r e d t e r m s a s 
c o n s t r a i n t s w i t h i n a c o n s t r a i n t l o g i c p r o g r a m m i n g 
f r a m e w o r k , 

9, CONSTRAINT hOGTC PROGRAMMING 

I n c o n s t r a i n t l o g i c p r o g r a m m i n g , t h e c o n d i t i o n s 
o f r u l e s a r e p a r t i t i o n e d i n t o t w o k i n d s ♦ One 
k i n d i s e x e c u t e d n o r m a l l y b y b a c k w a r d r e a s o n i n g . 
The o t h e r k i n d i s t r e a t e d i n a d o m a i n - s p e c i f i c 
m a n n e r a s a c o n s t r a i n t . C o n s t r a i n t s a r e 
s i m p l i f i e d a n d t e s t e d f o r s a t i s f i a b i l i t y u s i n g 
a l g o r i t h m s s p e c i f i c t o t h e g i v e n p r o b l e m d o m a i n . 

The f i r s t l a n g u a g e i n c o r p o r a t i n g a n e a r l y 
n o t i o n o f c o n s t r a i n t l o g i c p r o g r a m m i n g was 
C o l m e r a u e r ' s P r o l o g I I [ 1 3 ] , s i n c e e x t e n d e d t o 
P r o l o g 1 1 1 [121 ♦ The u n d e r l y i n g t h e o r y was 
d e v e l o p e d by J a f f a r , L a s s e z , a n d Maher [36] * 
Some o f t h e mos t s u c c e s s f u l a p p l i c a t i o n s h a v e 
been i m p l e m e n t e d u s i n g CHIP [ 2 1 ] , t h e l a n g u a g e 
d e v e l o p e d a t ECRC. 

C o n s t r a i n t l o g i c p r o g r a m m i n g has p r o v e d t o b e 
a f r u i t f u l p a r a d i g m f o r i n t e g r a t i n g l o g i c 
p r o g r a m m i n g w i t h s p e c i a l - p u r p o s e p r o b l e m - s o l v i n g 
m e c h a n i s m s f o r m a t h e m a t i c a l p r o g r a m m i n g , 
f u n c t i o n a l p r o g r a m m i n g , and f i n i t e d o m a i n s . I t 
may b e t h a t many o f t h e s p e c i a l - p u r p o s e p r o b l e m 
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s o l v i n g m e t h o d s d e v e l o p e d i n a r t i f i c i a l 
i n t e l l i g e n c e can u s e f u l l y b e i n t e g r a t e d w i t h 
l o g i c programming i n t h i s way* 

10. FpftMft^ METHODS 

L o g i c h a s t r a d i t i o n a l l y been used t o f o r m a l i s e 
p rog ram s p e c i f i c a t i o n s f o r p rog ram v e r i f i c a t i o n 
and s y n t h e s i s . F o r s u c h p u r p o s e s , l o g i c 
p r o g r a m m i n g has t h e a d v a n t a g e o v e r o t h e r 
p r o g r a m m i n g a p p r o a c h e s t h a t p r o g r a m s a n d 
s p e c i f i c a t i o n s a re w r i t t e n i n t h e same l o g i c a l 
f o r m a l i s m - M o r e o v e r p r o g r a m e x e c u t i o n , 
v e r i f i c a t i o n , and s y n t h e s i s can a l l b e p e r f o r m e d 
u s i n g s i m i l a r l o g i c a l r e a s o n i n g t e c h n i q u e s . 
These c h a r a c t e r i s t i c s o f l o g i c p rog ramming have 
m o t i v a t e d m a n y i n v e s t i g a t i o n s ( e . g . 
[ 1 0 , 1 1 , 3 4 , 3 5 ] ) i n t o t h e p r o b l e m o f d e r i v i n g 
e f f i c i e n t l o g i c p r o g r a m s f r o m more o b v i o u s l y 
c o r r e c t , bu t i n e f f i c i e n t , l o g i c a l s p e c i f i c a t i o n s . 
These s t u d i e s a r e i m p o r t a n t f o r a r t i f i c i a l 
i n t e l l i g e n c e , because t h e y show how r i g o r o u s , 
f o r m a l me thods can b e a p p l i e d t o a r t i f i c i a l 
i n t e l l i g e n c e a p p l i c a t i o n s . 

1U LEfcRMIHG 

i t i s n o t a l w a y s p o s s i b l e o r c o n v e n i e n t t o 
r i g o r o u s l y f o r m u l a t e a p r o g r a m s p e c i f i c a t i o n , 
e i t h e r b e f o r e o r a f t e r w r i t i n g a p r o g r a m . I n 
many s u c h c a s e s , howeve r / i t i s n a t u r a l t o 
s p e c i f y t h e i n t e n d e d p rog ram i n f o r m a l l y b y means 
o f examples* The s i m p l e f o r m o f l o g i c p rograms 
makes them e s p e c i a l l y amenable t o such l e a r n i n g 
methods , 

E h u d S h a p i r o ' s e a r l y w o r k [ 7 2 ] was 
s p e c i f i c a l l y o r i e n t e d t o w a r d l e a r n i n g l o g i c 
p rog rams* Many o t h e r l e a r n i n g methods g e n e r a t e 
l o g i c p r o g r a m s i m p l i c i t l y w i t h o u t e x p l i c i t l y 
a c k n o w l e d g i n g t h a t f a c t . I t has been shown, f o r 
examp le , t h a t e x p l a n a t i o n - b a s e d l e a r n i n g can b e 
v i ewed a s p a r t i a l e v a l u a t i o n o f l o g i c p rog rams 

Recent work (see e . g . M u g g l e t o n [59 ] and De 
Raedt [ 2 0 ] ) has begun t o show t h a t non t r i v i a l 
l o g i c p r o g r a m s can b e g e n e r a t e d a u t o m a t i c a l l y 
f r o m examples + Techn iques wh i ch t r e a t n e g a t i v e 
examples a s e x c e p t i o n s t o r u l e s t h a t g e n e r a l i s e 
p o s i t i v e e x a m p l e s [41 seem t o b e e s p e c i a l l y 
a p p r o p r i a t e f o r f o r m u l a t i o n a s l o g i c p r o g r a m s 
comb in i ng r e a l n e g a t i o n w i t h n e g a t i o n b y f a i l u r e . 

12, CONCLUSION 

I have a r g u e d t h a t , t o b e more u s e f u l f o r 
k n o w l e d g e r e p r e s e n t a t i o n a n d r e a s o n i n g i n 
a r t i f i c i a l i n t e l l i g e n c e , normal l o g i c programming 
needs t o b e e x t e n d e d t o i n c l u d e such a d d i t i o n a l 
f e a t u r e s a s r e a l n e g a t i o n , a b d u c t i o n , 
m e t a r e a s o n i n g , t e r m i n o l o g i c a l r e a s o n i n g a n d 
c o n s t r a i n t s o l v i n g . O t h e r e x t e n s i o n s such a s 
t e m p o r a l r e a s o n i n g a n d u n c e r t a i n t y can b e 
imp lemented c o n v e n i e n t l y b y m e t a l o g i c p rogramming 
t e c h n i q u e s . D i s j u n c t i v e l o g i c p r o g r a m m i n g , i n 
wh i ch c o n c l u s i o n s o f r u l e s can b e d i s j u n c t i o n s , 
has a l s o been d e v e l o p e d , n o t a b l y by L o v e l a n d [53 ] 
a n d M i n k e r [ 5 7 ] a n d t h e i r c o l l e a g u e s , 
C h a r a c t e r i s t i c a p p l i c a t i o n s f o r t h e s e sys tems 
rema in t o b e i d e n t i f i e d . 



The f i e l d of logic programming enjoys a 
healthy interaction between i t s theory and i t s 
practice. It also enjoys good connections with 
diverse areas of computing including database 
systems, formal methods and a r t i f i c i a l 
intel l igence, as well as with areas outside of 
computing including mathematics and legal 
reasoning. In my opinion, however, it is the 
l inks which logic programming retains with 
a r t i f i c i a l intell igence and the emerging links 
with legal reasoning which w i l l be most important 
for the development of logic programming in the 
future. 
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