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ABSTRACT 

An a l g o r i t h m  t o  i m p r o v e  t h e  p e r f o r m a n c e  of  a 
P r o l o g  i n t e r p r e t e r  is i n t r o d u c e d .  The a l g o r i t h m ,  
u n l i k e  t h e  i n t e l l i g e n t  b a c k t r a c k i n g  schemes  which 
i m p r o v e  t h e  p e r f o r m a n c e  by a v o i d i n g  r e d u n d a n t  
r e d o s ,  a v o i d s  r e d u n d a n t  c a l l s .  The a l g o r i t h m  
i d e n t i f i e s  t h e  r e d u n d a n t  c a l l s  by m a i n t a i n i n g  a 
h i s t o r y  of  t h e  program e x e c u t i o n .  The a l g o r i t h m  
c a n  be used  i n  c o n j u n c t i o n  n i t h  a n  i n t e l l i g e n t  
b a c k t r a c k i n g  scheme f o r  a f u r t h e r  s p e e d - u p  of  t h e  
programs.  

1. INTRODUCTION 

Host  i n t e l l i g e n t  b a c k t r a c k i n g  ( I B )  schemes  f o r  
P r o l o g ,  r e p o r t e d  i n  l i t e r a t u r e  1 1 ,  4 ,  6, 8, 1 0 ,  
1 2 1 ,  c o n s i s t  o f  two p a r t s :  ( a )  a n  a l g o r i t h m  t o  
compute  t h e  s e t  o f  s u s p e c t s ;  and  ( b )  a n  a l g o r i t h m  
t o  c h o o s e  t h e  b a c k t r a c k - p o i n t s  u s i n g  a d a t a - b a s e  
of  t h e s e  sets. Much of  t h e  work h a s  c e n t e r e d  on 
t h e  f o r m e r  a l g o r i t h m  ( s e e  a l s o  1 2 ,  5,  9 1 ) .  The 
e m p h a s i s  h a s  b e e n  t o  d e s i g n  a l g o r i t h m s  t o  
c o n s t r u c t  s m a l l e r  se ts  of  s u s p e c t s  a t  l o n e r  
c o s t s .  I t  is t h e  a l g o r i t h m  t o  compute  t h e  se t  of 
s u s p e c t s  t h a t  d i s t i n g u i s h e s  o n e  b a c k t r a c k i n g  
scheme f rom t h e  o t h e r .  

We b e l i e v e  t h a t  t h e  I B  schemes  f o r  c h o o s i n g  t h e  
b a c k t r a c k - p o i n t s  do  n o t  make a f u l l  u s e  of  t h e  
a v a i l a b l e  i n f o r m a t i o n .  S p e c i f i c a l l y ,  a f t e r  a 
b a c k t r a c k ,  t h e  i n t e r p r e t e r  r e s u m e s  t h e  s e a r c h  
w i t h o u t  a v o i d i n g  t h e  f a i l e d  c a l l s  t h a t  h a v e  n o t  
y e t  been  a t t e n d e d  t o .  As a c o n s e q u e n c e ,  t h e  
i n t e r p r e t e r  r e p e a t s  s e v e r a l  f a i l u r e s  i n  t h e  
resumed s e a r c h .  The a l g o r i t h m  r e p o r t e d  i n  1 8 1  i s  
e x p e c t e d  t o  r e d u c e  t h e  s e a r c h  s p a c e  f o r  6 - q u e e n s  
problem ( c l e v e r  s o l u t i o n )  [ 1 1  by a b o u t  10%. I t  1s 
shown l a t e r  i n  t h i s  p a p e r  t h a t  t h e  r e d u c t i o n  
c a n  e x c e e d  35% t h r o u g h  a b e t t e r  u s e  of  t h e  
i n f o r m a t i o n .  

I n  t h i s  p a p e r ,  we i n t r o d u c e  a n  a l g o r i t h m  t o  
i m p r o v e  t h e  p e r f o r m a n c e  o f  a P r o l o g  i n t e r p r e t e r  by 
r e d u c i n g  t h r a s h i n g .  The a l g o r i t h m  a c h i e v e s  t h i s  
improvement  by a v o i d i n g  c a l l s  n h i c h  b e g i n  s e a r c h e s  
t h a t  a r e  d e s t i n e d  t o  e v e n t u a l l y  f a i l .  An I B  

scheme, on  t h e  o t h e r  hand, c o n t r o l s  t h e  t h r a s h i n g  
by s e l e c t i n g  t h e  a p p r o p r i a t e  g o a l s  f o r  r e d o .  The 
two schemes  a f f e c t  t h e  programs d i f f e r e n t l y ;  t h e r e  
may be r e d u n d a n t  c a l l s  t h a t  a n  I B  scheme f a i l s  t o  
e l i m i n a t e .  On t h e  o t h e r  hand, t h e  scheme d e s c r i b e d  
i n  t h i s  p a p e r  may n o t  s k i p  some u n p r o d u c t i v e  
r e d o s .  Thus,  t h e  two methods  c a n  be viewed a s  
c o m p l i m e n t i n g  e a c h  o t h e r .  I n d e e d ,  many d a t a -  
s t r u c t u r e s  and  p r o c e d u r e s  a r e  common i n  t h e  two 
schemes  and  c a n  b e  s h a r e d .  

I n  t h e  n e x t  s e c t i o n ,  we i l l u s t r a t e ,  n i t h  a n  
example ,  t h e  c a l l s  t h a t  c a n  b e  a v o i d e d  t o  r e d u c e  
t h e  s e a r c h  s p a c e .  S e c t i o n  2 a l s o  i n t r o d u c e s  
a d d i t i o n a l  t e r m i n o l o g y  t h a t  s u p p l e m e n t s  t h e  common 
P r o l o g  t e r m i n o l o g y  1 3 ,  71.  The a l g o r i t h m  is 
i n t r o d u c e d  i n  S e c t i o n  3. S e c t i o n  4 p r e s e n t s  t h e  
s t a t i s t i c s  o b t a i n e d  by r u n n i n g  c e r t a i n  
benchmarks  u s i n g  t h e  a l g o r i t h m .  I n  t h e  f i n a l  
s e c t i o n ,  t h e  p a p e r  i s  c o n c l u d e d  n i t h  some r e m a r k s  
a b o u t  t h e  p o s s i b l e  e x t e n s i o n s  of  t h e  scheme. 

2. PRELIMINARIES: EXAMPLE AND TERMINOLOGY 

C o n s i d e r  t h e  f o l l o w i n g  P r o l o g  program and its 
e x e c u t i o n  t r a c e  u n d e r  a n  I B  scheme: 

? < - -  r( A), r( B), s( A), t(  B) 
RI: r ( 1 ) .  
R2: r ( 2 ) .  
s1: S ( C )  < - -  t ( C ) .  
s 2 :  S(  1 ) .  
TI: t ( 2 ) .  

E x e c u t i o n  t r a c e  u n d e r  a n  IB: 

1: g o a l  r ( A )  
2: g o a l  r( B )  
3: g o a l  s(A) 
4 :  g o a l  t ( C )  
5: g o a l  s( A )  
6: g o a l  t( B) 
7: g o a l  r( B) 
8: g o a l  s( A )  
9: g o a l  t ( C )  

IO: g o a l  s ( A )  
11: g o a l  t ( B )  

c a l l s  c l a u s e  R1. A u n i f i e s  w i t h  1 .  
c a l l s  c l a u s e  RI. B u n i f i e s  n i t h  1 .  
c a l l s  c l a u s e  S I .  C u n i f i e s  n i t h  1. 
f a i l s .  Redo s ( A ) .  
c a l l s  c l a u s e  S2. 
f a i l s .  Redo r ( B ) .  
c a l l s  c l a u s e  R2. B u n i f i e s  wi th .2 .  
c a l l s  c l a u s e  S I .  C u n i f i e s  w i t h  1 .  
f a i l s .  Redo s( A ) .  
c a l l s  c l a u s e  52. 
c a l l s  c l a u s e  T1. 
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S t e p s  ( 8 )  and ( 9 ) ,  i n  t h e  a b o v e  t r a c e ,  a r e  
r e d u n d a n t  a s  t h e y  r e p e a t  s t e p s  ( 3 )  a n d  ( 4 )  
u n d e r  t h e  same b i n d i n g s .  We c a l l  a s e a r c h  
r e d u n d a n t  i f  i t  is known, f rom t h e  p a s t  b e h a v i o r  
of  t h e  i n t e r p r e t e r ,  t h a t  t h e  s e a r c h  w i l l  end  
u n s u c c e s s f u l l y .  The scheme t h a t  we d e s c r i b e ,  i n  
t h i s  p a p e r ,  a i m s  a t  m a i n t a i n i n g  t h e  e x e c u t i o n  
h i s t o r y  o f  t h e  i n t e r p r e t e r  i n  a form t h a t  c a n  b e  
u s e d  r e a d i l y  t o  i d e n t i f y  and  a v o i d  r e p e a t e d  
e x e c u t i o n  o f  t h e  r e d u n d a n t  c a l l s .  

To d e t e c t  t h e  r e d u n d a n t  c a l l s ,  t h e  e x e c u t i o n  
h i s t o r y  o f  a program is m a i n t a i n e d  a s  a n  AND-OR 
tree. I n d e e d ,  we a b s t r a c t  t h e  a c t i o n s  of  a P r o l o g  
i n t e r p r e t e r  a s  a t r a v e r s a l  ( a n d  c o n s t r u c t i o n )  o v e r  
t h i s  t ree.  I n  a h i s t o r y  t ree  a g o a l  is 
r e p r e s e n t e d  by a n  OR node. The c h i l d r e n  of  a 
g o a l - n o d e  r e p r e s e n t  t h e  c l a u s e s  i n  t h e  g o a l  
p r o c e d u r e .  A c l a u s e  is r e p r e s e n t e d  by a n  A N D  node 
w i t h  i t s  c h i l d r e n  r e p r e s e n t i n g  t h e  g o a l s  
( l i t e r a l s )  i n  t h e  body of  t h e  c l a u s e .  A s p e c i a l  
g o a l - n o d e  -- we c a l l  i t  GO -- c o n s t i t u t e s  t h e  r o o t  
of t h e  tree. A c l a u s e - n o d e ,  CO, i s  a t t a c h e d  a s  t h e  
o n l y  c h i l d  o f  GO. The u s e r  q u e r y  d e f i n e s  t h e  
c h i l d  g o a l - n o d e s  of  CO. The c h i l d r e n  of  t h e  
g o a l - n o d e s  a r e  o r d e r e d  by t h e  s e q u e n c i n g  of  t h e  
c l a u s e s  i n  t h e  program. S i m i l a r l y ,  t h e  c h i l d r e n  of  
a c l a u s e - n o d e  a r e  o r d e r e d  by t h e  l i t e r a l  o r d e r i n g  
i n  t h e  body o f  t h e  c l a u s e .  

For a g o a l - n o d e ,  G ,  we u s e  t h e  term p a r e n t  c l a u s e  
t o  r e f e r  t o  i ts p a r e n t  node i n  t h e  tree;  t h e  
p a r e n t  g o a l  r e f e r s  t o  t h e  p a r e n t  of  t h e  p a r e n t  
c l a u s e ;  t h e  s i b l i n g  o f  a g o a l  is i ts  r i g h t  s i b l i n g  
-- a s i b l i n g  s h a r e s  t h e  p a r e n t  c l a u s e  w i t h  t h e  
g o a l  and  is d e f i n e d  by t h e  l i t e r a l  i n  t h e  d e f i n i n g  
c l a u s e  t h a t  i m m e d i a t e l y  f o l l o w s  t h e  l i t e r a l  
d e f i n i n g  node  G. An a n a l o g o u s  t e r m i n o l o g y  i s  used  
f o r  t h e  c l a u s e - n o d e s .  For a c l a u s e - n o d e ,  i t s  
s i b l i n g  i s  t h e  node s h a r i n g  t h e  p a r e n t  g o a l  and  i s  
d e f i n e d  by t h e  n e x t  c l a u s e  i n  t h e  g o a l  p r o c e d u r e .  

2.1 PROLOG INTERPRETER 

I n i t i a l l y ,  a t ree  c o n s i s t s  of n o d e s  GO, CO and  t h e  
g o a l - n o d e s  r e p r e s e n t i n g  t h e  u s e r  q u e r y .  The 
i n t e r p r e t e r  s t a r t s  t h e  e x e c u t i o n  by v i s i t i n g  t h e  
l e f t m o s t  c h i l d  g o a l - n o d e  o f  CO and  i n v o k i n g  a c a l l  
f o r  t h e  g o a l .  

D u r i n g  a c a l l ,  t h e  i n t e r p r e t e r  e x e c u t e s  t h e  g o a l  
t h a t  i t  is c u r r e n t l y  v i s i t i n g  by u n i f y i n g  t h e  g o a l  
w i t h  t h e  head  o f  a c l a u s e .  A s  a c l a u s e  i s  
s e l e c t e d ,  a n  A N D  node  r e p r e s e n t i n g  t h e  c l a u s e  i s  
i n s e r t e d  a s  a c h i l d  o f  t h e  g o a l - n o d e  i f  i t  i s  n o t  
a l r e a d y  t h e r e .  ( I t  s i m p l i f i e s  t h e  p r e s e n t a t i o n  o f  
a l g o r i t h m s ,  i n  t h e  l a t e r  s e c t i o n s ,  i f  c h e  
i n t e r p r e t e r  a l s o  i n s e r t s  a dummy node r e p r e s e n t i n g  
t h e  s i b l i n g  o f  t h e  c l a u s e .  No dummy s i b l i n g  is 

needed  f o r  t h e  l a s t  c l a u s e  i n  t h e  g o a l  p r o c e d u r e . )  
The g o a l s  ( l i t e r a l s )  i n  t h e  body of  t h e  c l a u s e  a r e  
a t t a c h e d  t o  t h e  c l a u s e - n o d e  a s  i t s  c h i l d  g o a l -  

a c a l l  is nodes .  A f t e r  a s u c c e s s f u l  c a l l  -- 
s u c c e s s f u l  i f  a u n i f y i n g  c l a u s e  i s  f o u n d  -- t h e  
i n t e r p r e t e r  t r a v e r s e s  t o  t h e  l e f t m o s t  c h i l d  
( g o a l - n o d e )  of  t h e  u n i f y i n g  c l a u s e .  A c a l l  1s 
t h e n  i n v o k e d  f o r  t h e  new g o a l .  

E X I T  

The i n t e r p r e t e r  e x i t s  a g o a l - n o d e  i f  no d e s c e n d e n t  
of  t h e  g o a l  r e m a i n s  t o  i n v o k e  a c a l l .  A f t e r  a n  
e x i t  f rom a g o a l - n o d e  t h e  i n t e r p r e t e r  t r a v e r s e s  t o  
i ts s i b l i n g  and  i n v o k e s  a c a l l .  

I f  t h e  i n t e r p r e t e r  f a i l s  t o  e x e c u t e  a g o a l ,  i t  
t r a v e r s e s  back ,  i n  t h e  r e v e r s e  o r d e r  of c a l l  
i n v o c a t i o n s ,  t o  a p r e v i o u s l y  e x e c u t e d  g o a l  a n d  
i n v o k e s  a r e d o .  An a t t e m p t  is made t o  e x e c u t e  t h e  
g o a l  u s i n g  a d i f f e r e n t  c l a u s e .  A f t e r  a s u c c e s s f u l  
r e d o  t h e  i n t e r p r e t e r  t r a v e r s e s  t o  t h e  l e f t m o s t  
g o a l - n o d e  i n  t h e  u n i f y i n g  c l a u s e  a n d  i n v o k e s  a 
c a l l  f o r  t h e  new g o a l .  A g o a l  t h a t  h a s  u n i f i e d  
w i t h  a head ,  e i t h e r  d u r i n g  a c a l l  or r e d o ,  is 
c a l l e d  a n  e x e c u t e d  g o a l .  The set  of e x e c u t e d  
g o a l - n o d e s  and t h e i r  u n i f y i n g  c l a u s e - n o d e s  is 
c a l l e d  a s e a r c h .  

F A I L  

A g o a l  i s  s a i d  t o  h a v e  f a i l e d  i f  i t  c a n  n o t  Uni fy  
w i t h  t h e  head  of a n y  c l a u s e  d u r i n g  a c a l l  o r  a 
r e d o  s t e p .  The i n t e r p r e t e r  t r a v e r s e s  ( b a c k t r a c k s )  
t o  a n  e x e c u t e d  goa l -node ,  a s  d e s c r i b e d  e a r l i e r ,  
and  p e r f o r m s  a r e d o .  A s  t h e  i n t e r p r e t e r  
b a c k t r a c k s  i t  undoes  t h e  e f f e c t s  of  t h e  e x e c u t e d  
c a l l s  and  r e d o s .  

THE HOST RECENT SUSPECT 

When a g o a l  G f a i l s  t o  u n i f y  w i t h  t h e  head ,  H,  o f  
a c l a u s e  a n  I B  i n t e r p r e t e r  c o m p u t e s  a se t ,  S ( G , 8 ) ,  
o f  t h e  e x e c u t e d  g o a l s  t h a t  a r e  s u s p e c t e d  t o  be 
c o n t r i b u t i n g  b i n d i n g s  i m p e d i n g  t h e  u n i f i c a t i o n .  
Some I B  s c h e m e s  ( e . g . ,  [ 6 1 )  may do  s o  o n l y  when G 
f a i l s .  For a s e t  S ( G , K ) ,  l e t  L ( G , H )  d e n o t e  t h e  
most  r e c e n t l y  e x e c u t e d  g o a l  i n  t h e  set .  C l e a r l y ,  
i t  is u n n e c e s s a r y  t o  t r y  t o  e x e c u t e  g o a l  G u s i n g  H 
u n t i l  t h e  i n t e r p r e t e r  h a s  b a c k t r a c k e d  t o  L ( G , B ) .  
I t  i s  o n l y  a f t e r  t h e  i n t e r p r e t e r  h a s  b a c k t r a c k e d  
t o  g o a l  L ( G , K )  t h a t  t h e  b i n d i n g s  i n  G may c h a n g e  
t o  l e t  G u n i f y  w i t h  8. 

I n  n e x t  s e c t i o n ,  we i n t r o d u c e  a n  a l g o r i t h m  t o  
c o n t r o l  t h e  e x e c u t i o n  of  a n  i n t e r p r e t e r  t o  a v o i d  
t h e  r e d u n d a n t  c a l l s .  
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3. AN ALGORITHM TO AVOID REDUNDANT CALLS 

The a l g o r i t h m  f o r  i d e n t i f y i n g  t h e  r e d u n d a n t  c a l l s  
h a s  two main components .  One component remembers 
f o r  e a c h  c l a u s e - n o d e  t h a t  h a s  b e e n  removed f rom a 
s e a r c h ,  t h e  most  r e c e n t l y  e x e c u t e d  g o a l  among t h e  
g o a l s  s u s p e c t e d  t o  h a v e  c a u s e d  t h e  removal .  A 
c l a u s e - n o d e  t h a t  was t r i e d  b u t  f a i l e d  t o  b e  a p a r t  
o f  a s u c c e s s f u l  s e a r c h  i s  n o t  u s e d  a g a i n  a s  a 
c a n d i d a t e  c l a u s e  f o r  e x e c u t i n g  t h e  p a r e n t  g o a l  
u n t i l  t h e  i n t e r p r e t e r  h a s  b a c k t r a c k e d  t o  t h i s  
s u s p e c t  s i n c e  t h e  c l a u s e  a a s  removed f rom t h e  
s e a r c h .  The e x t e n t  of  t h e  b a c k t r a c k i n g  d o n e  by 
t h e  i n t e r p r e t e r  be tween two c o n s e c u t i v e  v i s i t s  o f  
a node  i s  d e t e r m i n e d  by t h e  o t h e r  component o f  t h e  
a l g o r i t h m .  The a l g o r i t h m s  f o r  t h e s e  components  
a r e  i n t r o d u c e d  i n  t h e  f o l l o w i n g  s u b s e c t i o n s .  

3.1 REMEMBERING THE MOST RECENT SUSPECT 

The a l g o r i t h m  remembers t h e  most r e c e n t l y  e x e c u t e d  
s u s p e c t  f o r  a c l a u s e - n o d e  by a s s i g n i n g  t a g ,  c a l l e d  
L t a g ,  t o  t h e  node. An L t a g  o f  a node s p e c i f i e s  
t h e  most  r e c e n t  g o a l  t o  which t h e  i n t e r p r e t e r  mus t  
b a c k t r a c k  b e f o r e  e x e c u t i n g  a c a l l  by i n c l u d i n g  t h e  
node  i n  t h e  s e a r c h .  An a l g o r i t h m  t o  d e t e r m i n e  L 
t a g s  f o r  t h e  n o d e s  i n  t h e  h i s t o r y  tree,  a s  t h e  
i n t e r p r e t e r  t r a v e r s e s  o v e r  i t ,  is  d e s c r i b e d  i n  t h e  
f o l l o w i n g  p a r a g r a p h .  The a l g o r i t h m  a l s o  a s s i g n s  L 
t a g s  t o  t h e  g o a l - n o d e s  i n  t h e  tree. The t a g s  on  
t h e  g o a l - n o d e s  e n a b l e  t h e  i n t e r p r e t e r  t o  compute  L 
t a g s  f o r  t h e  c l a u s e - n o d e s  a s  i t  t r a v e r s e s  o v e r  t h e  
tree.  

A c l a u s e - n o d e  may b e  removed f rom a s e a r c h  f o r  
t h r e e  r e a s o n s :  

( i )  The c l a u s e  f a i l s  t o  u n i f y  w i t h  t h e  g o a l  
i n v o k i n g  t h e  c a l l  or r e d o .  I n  t h i s  c a s e  
L ( G , A ) ,  where G i s  t h e  g o a l  and  I t h e  head  of  
t h e  c l a u s e ,  i s  a s s i g n e d  a s  L t a g  w i t h  t h e  
c l a u s e - n o d e .  

( i i )  The c h i l d  g o a l s  of  t h e  c l a u s e - n o d e  f a i l .  I n  
t h i s  c a s e  L t a g  of  t h e  c l a u s e - n o d e  i s  computed 
f rom t h e  L t a g s  o f  t h e  i t s  c h i l d  g o a l - n o d e s .  
For t h e  c l a u s e - n o d e  i t s  L t a g  i s  t h e  e a r l i e s t  
e x e c u t e d  g o a l  t h a t  a p p e a r s  a s  L t a g  on a c h i l d  
goa l -node .  The c l a u s e  c a n  n o t  be i n  a 
SUCCeSsfUl s e a r c h  u n l e s s  a l l  i t s  c h i l d  g o a l s  
c a n  e x e c u t e  s u c c e s s f u l l y .  For a g o a l - n o d e ,  L 
t a g  is d e t e r m i n e d  by t h e  L t a g s  of  i t s  c h i l d  
c l a u s e - n o d e s .  A g o a l  c a n  be e x e c u t e d  u s i n g  a n y  
o n e  o f  t h e  c l a u s e s  i n  i ts  p r o c e d u r e .  Thus,  L 
t a g  o f  a g o a l - n o d e  is t h e  most  r e c e n t l y  
e x e c u t e d  g o a l  a p p e a r i n g  a s  a L t a g  on  i t s  c h i l d  
c l a u s e - n o d e s .  Or, 

(i i i)  A r e d o  s t e p  i s  e x e c u t e d  f o r  t h e  p a r e n t  g o a l  
of  t h e  c l a u s e - n o d e .  The c l a u s e - n o d e  r e m a i n s  a 
p o t e n t i a l  c a n d i d a t e  f o r  i n c l u s i o n  i n  a s e a r c h  
and  is u s e d  a s  a c a n d i d a t e  c l a u s e  i f  t h e  
p a r e n t  g o a l  i n v o k e s  a new c a l l .  

The L t a g s  f o r  t h e  n o d e s  a r e  computed and  a s s i g n e d  
t o  t h e  n o d e s  a s  t h e  i n t e r p r e t e r  b a c k t r a c k s  f rom a 
g o a l  t o  a n o t h e r  g o a l  t o  i n v o k e  a r e d o .  The t a g  f o r  
a c l a u s e - n o d e  i s  computed when t h e  i n t e r p r e t e r  
b a c k t r a c k s  f r o m  t h e  l e f t m o s t  g o a l  i n  t h e  c l a u s e  t o  
t h e  p a r e n t  g o a l .  

3.2 DETERMINING THE EFFECTIVE BACKTRACKING 

The o t h e r  m a j o r  component of  t h e  scheme i s  a n  
a l g o r i t h m  t o  d e t e r m i n e ,  a s  t h e  i n t e r p r e t e r  v i s i t s  
t h e  g o a l - n o d e s  and i n v o k e s  c a l l s ,  t h e  e a r l i e s t  
g o a l  t o  which t h e  i n t e r p r e t e r  h a s  b a c k t r a c k e d  
s i n c e  t h e  p r e v i o u s  v i s i t  o f  t h e  node. T h i s  
i n f o r m a t i o n  i s  compared n i t h  t h e  L t a g  on  a 
c l a u s e - n o d e  t o  d e t e r m i n e  i f  t h e  i n t e r p r e t e r  s h o u l d  
t r y  t o  e x e c u t e  t h e  g o a l  u s i n g  t h e  c l a u s e  or n o t .  
The s e a r c h  i n v o l v i n g  a c l a u s e - n o d e  r i l l  end  
u n s u c c e s s f u l l y  i f  t h e  i n t e r p r e t e r  h a s  n o t  
b a c k t r a c k e d  t o  t h e  g o a l  s p e c i f i e d  by t h e  L t a g  o f  
t h e  c l a u s e - n o d e .  The i d e a  b e h i n d  t h e  a l g o r i t h m  i s  
d e s c r i b e d  below: 

I m a g i n e  t h a t  e a c h  g o a l  h a s  a c h a r a c t e r i s t i c  c o l o r .  
A g o a l  e x e c u t e d  e a r l i e r  h a s  a d a r k e r  hue t h a n  t h e  
o n e  e x e c u t e d  l a t e r  -- a d a r k e r  hue  c a n  be p a i n t e d  
o v e r  a l i g h t e r  hue  b u t  n o t  t h e  v i s a  v e r s a .  The 
i n t e r p r e t e r  p i c k s  t h e  c o l o r  of  t h e  g o a l  Hhen i t  
p e r f o r m s  a r e d o .  I t  s p r e a d s  t h i s  c o l o r  by p a i n t i n g  
t h e  s i b l i n g  and  t h e  c h i l d  n o d e s  a s  i t  v i s i t s  t h e  
n o d e s  i n  i t s  t r a v e r s a l  o v e r  t h e  t r e e .  A s  t h e  
i n t e r p r e t e r  b a c k t r a c k s  a n d  i n v o k e s  more r e d o s ,  
s e v e r a l  b a l l o o n s  of  t h e s e  c o l o r s  a c c u m u l a t e .  I t  
is e s s e n t i a l  t h a t  t h e s e  c o l o r s  b e  s p r e a d  a h e a d  o f  
t h e  i n t e r p r e t e r  o v e r  t h e  h i s t o r y - t r e e .  I f  a d a r k e r  
hue  o v e r t a k e s  a l i g h t e r  hue  t h e  i n t e r p r e t e r  may 
economize  i t s  e f f o r t s  and  d i s c a r d  t h e  l i g h t e r  hue. 
The c o l o r  o f  a goa l -node ,  when t h e  i n t e r p r e t e r  
i n v o k e s  a c a l l  f o r  t h e  g o a l ,  i s  d e t e r m i n e d  by t h e  
d a r k e s t  h u e  t h a t  i s  p a i n t e d  on  t h e  node. Thus,  i f  
a g o a l - n o d e  is set  c o l o r l e s s  a h e n  i t  f a i l s ,  t h e  
c o l o r  of t h e  node  w i l l  d e t e r m i n e  t h e  e a r l i e s t  
g o a l  t o  which t h e  i n t e r p r e t e r  h a s  b a c k t r a c k e d  
s i n c e  i t  f a i l e d .  F o r  c e r t a i n  o t h e r  
c o n s i d e r a t i o n s ,  t h e  g o a l - n o d e s  a r e  se t  c o l o r l e s s  
a f t e r  t h e  i n t e r p r e t e r  h a s  i n v o k e d  a c a l l  f o r  t h e  
g o a l .  The c o l o r  is, however,  remembered by 
a s s i g n i n g  t h e  same t o  o n e  of  i t s  c h i l d  c l a u s e -  
nodes .  

3.3 THE ALGORITHM 

Let G b e  a g o a l  t h a t  h a s  j u s t  f a i l e d .  L e t  L b e  
i t s  L t a g .  As e v e r y  g o a l  i n  a s e a r c h  must  e x e c u t e  
s u c c e s s f u l l y ,  no  s e a r c h  t h a t  i n v o l v e s  G c a n  b e  
s u c c e s s f u l  u n l e s s  t h e  i n t e r p r e t e r  b a c k t r a c k s  t o  L. 
The i n t e r p r e t e r  may, t h e r e f o r e ,  d i r e c t l y  i n v o k e  a 
r e d o  f o r  L w i t h o u t  e x p l o r i n g  t h e  i n t e r v e n i n g  g o a l s  
f o r  a s o l u t i o n .  T h e r e ,  however,  may b e  a n  
a l t e r n a t e  s e a r c h  t h a t  d o e s  n o t  i n v o l v e  g o a l  G. The 
i n t e r p r e t e r  may b e g i n  t h i s  s e a r c h  by p e r f o r m i n g  a 
r e d o  f o r  t h e  p a r e n t  g o a l  of  G. To s y s t e m a t i c a l l y  
e x p l o r e  a l l  s e a r c h e s  t h e  a l g o r i t h m  d i r e c t s  t h e  
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INITIALIZATION: 

1 .  I n i t i a l i z e  t h e  h i s t o r y  t ree  by c r e a t i n g  a 
g o a l - n o d e  G O  n i t h  c h i l d  c l a u s e  CO. I n s e r t  
g o a l s  i n  t h e  u s e r  q u e r y  a s  c h i l d r e n  o f  CO. 
L e t  G1 b e  t h e  l e f t m o s t  c h i l d .  S e t  C0.C = GO. 
F o r  e a c h  c h i l d  G i  o f  CO s e t  G i . C  = n o - c o l o r ,  
and  G i . L  = n i l .  

2. S e t  GOAL = G1. S e t  COLOR = GO. 

3. Goto  CALL. 

CALL: 

S e t  GOAL. C = n o - c o l o r ;  s e t  GOAL. L = n i l .  

( P a i n t  t h e  s i b l i n g )  I f  GOAL h a s  a s i b l i n g  
a n d  t h e  c a l l  for COLOR was i n v o k e d  b e f o r e  
t h e  c a l l  f o r  SIBL1NG.C t h e n  s e t  S I B L 1 N G . C  = 
COLOR. T h i s  a s s i g n m e n t  i s  a l s o  d o n e  i f  
SIBLING. C n a s  n o - c o l o r .  

Goto  GET-UNIFYING-CLAUSE. 

REDO: 

( I f  t h i s  a l g o r i t h m  i s  used  n i t h  a n  I B  
scheme, t h e  g o a l  c h o s e n  f o r  r e d o  by t h e  I B  
scheme m i g h t  h a v e  i n v o k e d  t h e  c a l l  b e f o r e  
t h e  c a l l  by GOAL. I n  t h i s  c a s e  s e t  GOAL = 
t h e  g o a l  c h o s e n  by t h e  I B  s c h e m e . )  

Set COLOR = GOAL. 

( P a i n t  t h e  s i b l i n g )  I f  GOAL h a s  a s i b l i n g  
a n d  t h e  c a l l  f o r  COLOR n a s  i n v o k e d  b e f o r e  
t h e  c a l l  f o r  SIBL1NG.C t h e n  set  SIBL1NG.C = 
COLOR. 

Goto  GET-UNIFYING-CLAUSE. 

GET-UNIFYING-CLAUSE: 

Choose t h e  n e x t  c l a u s e  i n  t h e  p r o c e d u r e  f o r  
GOAL. I f  no  c l a u s e  r e m a i n s  t h e n  g o t o  FAIL. 
O t h e r w i s e ,  l e t  CLAUSE be t h e  c h o s e n  C l a u s e .  
L e t  READ be i t s  head. 

( I n s e r t  i n  t h e  t ree)  I f  CLAUSE is n o t  a 
c h i l d  of GOAL, i n s e r t  CLAUSE a s  a c h i l d  of  
GOAL. A dummy c l a u s e - n o d e  r e p r e s e n t i n g  t h e  
s i b l i n g  o f  CLAUSE i s  a l s o  i n s e r t e d  a s  a 
c h i l d  of  GOAL i f  CLAUSE is n o t  t h e  l a s t  
c l a u s e  i n  t h e  g o a l  p r o c e d u r e .  Insert  c h i l d  
g o a l - n o d e s  o f  CLAUSE. A n e n l y  i n s e r t e d  node  
i n  t h e  t r ee  h a s  i t s  C t a g  s e t  t o  n o - c o l o r  
and  L t a g  se t  t o  n i l .  

3.  

4 .  

5 .  

6. 

7. 

8. 

I f  t h e  c a l l  f o r  CLAUSE.C n a s  i n v o k e d  b e f o r e  
t h e  c a l l  f o r  COLOR t h e n  set COLOR = 
CLAUSE. C. 

Set CLAUSE.C = n o - c o l o r .  ( P a i n t  t h e  
s i b l i n g )  I f  CLAUSE h a s  a s i b l i n g  and  t h e  
c a l l  f o r  COLOR was i n v o k e d  b e f o r e  t h e  c a l l  
f o r  SIBL1NG.C t h e n  s e t  SIBL1NG.C = COLOR. 

( D o e s  CLAUSE b e g i n  a r e d u n d a n t  s e a r c h ? )  I f  
t h e  c a l l  f o r  CLAU.5E.L a a s  i n v o k e d  b e f o r e  t h e  
c a l l  f o r  COLOR t h e n  goback  t o  s t e p  1 .  

I f  GOAL d o e s  n o t  u n i f y  n i t h  HEAD t h e n  s e t  
CLAUSE. L = L(GOAL,  READ) a n d  goback  t o  s t e p  
1. 

( C L A U S E  h a s  u n i f i e d  n i t h  GOAL) S e t  CLAUSE. L 
= n i l .  I f  CLAUSE h a s  no  c h i l d  g o a l  t h e n  
g o t o  EXIT. 

( T r a v e r s e  t o  t h e  t h e  l e f t m o s t  g o a l  i n  t h e  
u n i f y i n g  c l a u s e )  S e l e c t  l e f t m o s t  g o a l  i n  
CLAUSE a s  t h e  n e x t  GOAL a n d  g o t o  CALL. 

EXIT: 

1 .  I f  GOAL h a s  a s i b l i n g  t h e n  
SIBLING. C, se lect  SIBLING a s  
a n d  g o t o  CALL. 

2. O t h e r w i s e ,  se t  p a r e n t  g o a l  o f  
new GOAL and  g o t o  EXIT. 

FAIL: 

se t  COLOR = 
t h e  n e x t  GOAL 

GOAL a s  t h e  

Compute a n d  a s s i g n  L t a g  t o  GOAL. T h i s  t a g  
is c h o s e n  f rom t h e  L t a g s  o f  t h e  c h i l d  
c l a u s e - n o d e s  of  GOAL by s e l e c t i n g  t h e  o n e  
t h a t  h a s  i n v o k e d  i t s  c a l l  mos t  r e c e n t l y .  If 
o n l y  n i l  and  GOAL a p p e a r  a s  L t a g s  on  t h e  
c h i l d  c l a u s e - n o d e s  o f  GOAL t h e n  L t a g  
a s s i g n e d  t o  GOAL is t h e  g o a l  t h a t  was 
e x e c u t e d  j u s t  b e f o r e  GOAL. 

I f  L, computed i n  s t e p  1 ,  is a g o a l  t h a t  had 
i t s  c a l l  i n v o k e d  a f t e r  t h e  c a l l  by t h e  
p a r e n t  g o a l  of  GOAL t h e n  s e t  L a s  t h e  new 
GOAL a n d  g o t o  REDO. 

O t h e r w i s e ,  compute  a n d  a s s i g n  L t a g  t o  t h e  
p a r e n t  c l a u s e  o f  GOAL. T h i s  t a g  is t h e  g o a l  
t h a t  i n v o k e d  its c a l l  e a r l i e s t  among t h o s e  
t h a t  a p p e a r  a s  a L t a g  on  t h e  c h i l d r e n  of  
t h e  c l a u s e - n o d e .  A f t e r  a s s i g n i n g  t h e  L t a g  
t o  t h e  c l a u s e - n o d e ,  c l e a r  t h e  L t a g s  ( s e t  
them t o  n i l  v a l u e )  o f  a l l  c h i l d r e n  of t h e  
c l a u s e - n o d e .  

S e t  GOAL = t h e  p a r e n t  g o a l  o f  GOAL and  g o t o  
REDO. 

Algorithm 1: An augmenting algorithm to control a Prolog interpreter. 

485 



i n t e r p r e t e r ,  when G f a i l s ,  t o  g o a l - n o d e  L,  i f  t h e  u n i f y i n g - c l a u s e ,  E x i t  and  F a i l .  The c o n t r o l  i s  
c a l l  f o r  L was i n v o k e d  a f t e r  t h e  c a l l  f o r  t h e  p a s s e d  be tween t h e s e  p r o c e d u r e s  t h r o u g h  g o t o  
p a r e n t  of G. O t h e r w i s e ,  t h e  i n t e r p r e t e r  i s  s t a t e m e n t s .  Tag C on a node s p e c i f i e s  t h e  c o l o r  
d i r e c t e d  t o  i n v o k e  a r e d o  f o r  t h e  p a r e n t  o f  G. ( g o a l )  o f  t h e  node. The a l g o r i t h m  u s e s  a g l o b a l  

v a r i a b l e ,  COLOR, t o  s p r e a d  c o l o r s  from t h e  g o a l s  
t o  t h e i r  c h i l d  g o a l - n o d e s .  E x e c u t i o n  t r a c e  of t h e  

A c o m p l e t e  d e s c r i p t i o n  of t h e  a l g o r i t h m  i s  g i v e n  a l g o r i t h m  when e x e c u t i n g  t h e  example  program is 
i n  A l g o r i t h m  1 .  The a l g o r i t h m  c o n s i s t s  of s i x  shown i n  F i g .  1 and  F i g .  2. 
p r o c e d u r e s :  I n i t i a l i z a t i o n ,  C a l l ,  Redo, Get -  

0 .  Assume t h a t  i n i t i a l l y  t ree  ( F i g .  2 )  h a s  n o d e s  
G O ,  CO, and  G1 t h r u '  G 4 .  L e t  

COLOR = GO; GOAL = G1; CO. C = GO; 
G i . C  = n o - c o l o r ,  f o r  i : =  1 t h r u '  4; and  
G i . L  = n i l ,  f o r  i : =  1 t h r u '  4 .  

1 .  CALL G1: ( 1 )  G1.C : =  n o - c o l o r ;  G1.L : =  n i l ;  
( 2 )  G 2 .  C : = GO. 

( 2 )  I n s e r t  C1 and  (dummy) C 2  a s  c h i l d r e n  
of  G1. 

( 4 1  C2. C : =  GO. 

GET-UNIFYING-CLAUSE: ( 1 )  CLAUSE : = C1. 

2 .  E X I T  G 1 :  ( 1 )  G O A L  : = G2. 

3. CALL 62: ( 1 )  G 2 .  C : = n o - c o l o r ;  G 2 .  L : = n i l .  
( 2 )  G3. C : = GO. 

( 2) I n s e r t  C3 and  (dummy) C4 a s  c h i l d r e n  
of  G2. 

( 4 )  C 4 .  C : = GO. 

GET-UNIFYING-CLAUSE: ( 1 )  CLAUSE : = C3. 

4 .  E X I T  G2: ( 1 )  GOAL : =  G3. 

5. CALL 03: ( 1 )  G3. C : = n o - c o l o r ;  63. L : = n i l .  
( 2 )  G4. C : = GO. 

( 2 )  I n s e r t  C5 and  (dummy) C6 a s  c h i l d r e n  
of G3. I n s e r t  G5 a s  a c h i l d  of C5. 

( 4 )  C6. C : = GO. 
( 8 )  G O A L  : =  G5. 

GET-UNIFYING-CLAUSE: ( 1 )  CLAUSE : = C5. 

6.  CALL 65: ( 1 )  G5. C : = n o - c o l o r ;  G5. L : = n i l .  
GET-UNIFYING-CLAUSE: ( 1 )  CLAUSE : = C8. 

( 2 )  Inser t  C8 a s  a c h i l d  of  65. 
( 6 )  C8.L : =  G1. 

7. FAIL G5: ( 1 )  G5. L : = 01. 
( 3 )  C5.L : =  G1; G5. L : =  n i l  
( 4 )  G O A L  : = G3. 

8.  REDO 63: ( 1 )  COLOR : =  G3. 
GET-UNIFYING-CLAUSE: ( 1 )  CLAUSE : = C6. 

( 3 )  COLOR : = GO; 
( 4 )  C6.C : =  n o - c o l o r .  

9. E X I T  G3: ( 1 )  GOAL : =  G4. 

i o .  C A L L  GI: ( 1 )  G4. C : = n o - c o l o r ;  G I .  L : = n i l .  
GET-UNIFYING-CLAUSE: ( 1 )  CLAUSE : = C7. 

( 2 )  I n s e r t  C7 a s  a c h i l d  of G 4 .  
( 4 )  C7. C : = n o - c o l o r .  
( 6 )  C7. L : = G2. 

11 .  FAIL G4: ( 1 )  G 4 .  L : = 02. 
( 2 )  GOAL : = 62. 

12 .  REDO 62: ( 1 )  COLOR : = G2. 
( 2 )  G3. C : = G2. 

( 3 )  COLOR : = GO; 
( 4 )  C4.C : =  n o - c o l o r .  

GET-UNIFYING-CLAUSE: ( 1 )  CLAUSE : = C4. 

13. E X I T  G2: ( 1 )  COLOR : = G2; G O A L  : = 6 3  

1 4 .  CALL 03: ( 1 )  G3. C : = n o - c o l o r ;  G3. L : = n i l .  
( 2 )  G 4 .  C : = G2. 

GET-UNIFYING-CLAUSE: ( 1 )  CLAUSE : = C5. 
( 4 )  C6. C : = 6 2 .  
( 5)  goback  t o  s t e p  1 .  
( 1 )  CLAUSE : = C6. 
( 4 )  C6. C : = n o - c o l o r .  

15.  E X I T  03. ( 1 )  COLOR : = 62;  G O A L  : = 04. 

16 .  CALL G4: ( 1 )  G 4 .  C : = n o - c o l o r ;  G 4 .  L : = n i l .  
GET-UNIFYING-CLAUSE: ( 1 )  CLAUSE : =c7.  

( 4 )  C7.C : =  n o - c o l o r .  

17 .  E X I T  G4: ( 1 )  GOAL : = GO. 

1 8 .  E X I T  GO: DONE. 

F i g .  1 :  E x e c u t i o n  t r a c e  of A l g o r i t h m  1 f o r  t h e  e x a m P l e  P r o l o g  p r o g r a m .  T h e  
n u m b e r s  i n  t h e  p a r e n t h e s i s  r e f e r  t o  s t e p  n u m b e r s  i n  A l g o r i t h m  1 .  F o r  b r e v i t y  
s a k e ,  t h e  s t e p s  t h a t  do n o t  c h a n g e  v a l u e s  o r  a f f e c t  t h e  c o n t r o l - f l o w  a r e  n o t  
s h o w n  i n  t h e  t r a c e .  
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4. PERFORHANCE 

He h a v e  implemented  t h e  scheme on  a n a i v e  
i n t e r p r e t e r .  An a l g o r i t h m  b a s e d  on  t h e  scheme 
i n t r o d u c e d  i n  [ E l ,  is u s e d  t o  compute  L(G,A). T h e  
a l g o r i t h m  r e t u r n s  a g o a l ,  c o n t r i b u t i n g  some 
b i n d i n g  t o  G, t o  which t h e  i n t e r p r e t e r  mus t  
n e c e s s a r i l y  b a c k t r a c k  t o  remove a c a u s e  of  t h e  
n o n - u n i f i a b i l i t y  o f  g o a l  G and  head  E. The 
a l g o r i t h m  ( see A l g o r i t h m  2 ) ,  t h o u g h  less s e l e c t i v e  
t h a n  t h e  o n e  d e s c r i b e d  i n  [ E l ,  is c l o s e r  t o  t h e  
a l g o r i t h m  i m p l i c i t  i n  [ 6 1  t o  c o n s t r u c t  t h e  s u s p e c t  
sets. Thus, i t  w i l l  a l l o w  u s  t o  draw m e a n i n g f u l  
c o n c l u s i o n s  a b o u t  t h e  e f f e c t i v e n e s s  of  t h e  scheme 
by c o m p a r i n g  t h e  e x e c u t i o n  s t a t i s t i c s .  The 
a l g o r i t h m s  used  i n  C l 1  and [ 4 1  f o r  c o n s t r u c t i n g  
t h e  se t s  o f  s u s p e c t s  a r e ,  however,  more s e l e c t i v e  

t h a n  t h e  o n e  i m p l i c i t  i n  o u r  c h o i c e .  

The s t a t i s t i c s  c o l l e c t e d  d u r i n g  t h e  e x p e r i m e n t s  
a r e  summar ized  i n  T a b l e  1. T h e  co lumns  i n  t h e  
t a b l e  show t h e  d a t a  a b o u t  t h e  s e a r c h  s p a c e ,  t h e  
e x e c u t i o n  time and t h e  s i z e  of  t h e  h i s t o r y  tree.  
T h e  s e a r c h  s p a c e  is d e f i n e d  a s  t h e  t o t a l  number o f  
a t t e m p t e d  u n i f i c a t i o n s ,  s u c c e s s f u l  or o t h e r w i s e ,  
be tween t h e  g o a l s  and  t h e  h e a d s  of t h e  c l a u s e s .  

T a b l e  2 c o m p a r e s  t h e  s p e e d - u p s  and  t h e  r e d u c t i o n s  
i n  t h e  s e a r c h  s p a c e  w i t h  some I B  schemes. The 
s p e e d - u p s  m e n t i o n e d  u n d e r  scheme KL a r e  b a s e d  on  
t h e  number o f  H a r r e n  A b s t r a c t  H a c h i n e  ( H A M  [ 1 1 1 )  
c y c l e s  C61.  

TABLE 1: A c o m p a r i s o n  b e t w e e n  a n  i n t e r p r e t e r  u s i n g  t h e  p r o p o s e d  
s c h e m e  a n d  a n a i v e  i n t e r p r e t e r .  

C i r c u i t  d e s i g n  [ 6 1  
F i r s t  s o l u t i o n  7 0 0 3  2 2 8 7  6 7  
F o u r  s o l u t i o n s  7 4 0 8  2 4 2 7  6 7  

_ _ _ _ _ _ _ _ _ _ _ _ _ _ _ _ _ _ _ _ _ _ _ _ _ _ _ _ _ _ _ _ _ _ _ _ _ _ _ _ -  
H a p  c o l o u r  - -  g o o d  o r d e r  [ I 1  

F i r s t  s o l u t i o n  2 6 0  1 8  

H a p  c o l o u r  - -  b a d  o r d e r  [ 11  
F i r s t  s o l u t i o n  

6 - q u e e n s  - -  s i m p l e  s o l u t i o n  [ 11 
F i r s t  s o l u t i o n  1 0 4 5 0  7 0 8 1  32  

42491  2 9 5 6 3  37 

6 - q u e e n s  -- c l e v e r  s o l u t i o n  [ 11 
F i r s t  s o l u t i o n  1 8 6 8  1 1 5 7  3 8  
A l l  s o l u t i o n s  1 0 3 4 5  6 2 4 4  40  

44.  5 3. 6 1 2 .  4 
527  1 6 . 0  3 3  

1 3 . 7  1 3 .  6 1 . 0  
5 5 . 9  5 7 . 1  1 . 0  

3. 2 3. 6 0. 9 
1 7 . 7  1 9 . 9  0. 9 

_ _ _ _ _ _ _ - _ - - - - - - - - - - - - - -  
6 - q u e e n s  - -  c l e v e r  s o l u t i o n  1 1 1  w i t h  c a l l s  i n  N o a t t a c k  r e a r r a n g e d  

F i r s t  s o l u t i o n  1 0 8 4  7 6 5  29  2. 2 2. 7 0. 8 
A l l  s o l u t i o n s  5821  3 9 8 2  3 2  1 1 . 7  1 4 . 3  0 . 8  

D a t a b a s e  q u e r y  [ I 1  
F i r s t  s o l u t i o n  51 9 277  46 0. 3 0. 3 -1 
F o u r  s o l u t i o n s  7 5 9  4 7 2  37 0. 3 0.  3 - 1  

Q u i c k  s o r t  
1 0  e l e m e n t s  9 5  9 5  0 0. 1 6  0. 1 9  0.  9 

0, 3 0  0. 32  0. 9 1 5  e l e m e n t s  1 5 1  1 5 1  0 

B i n a r y  t r e e  [I] 
1 8 7  1 8 7  0 0. 3 8  0. 41 0. 9 - - -_____-____-___________________________ . . . . . . . . . . . . . . . . . . . . . . .  , -------------------------____-----_-____-~______----------------- 
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CO n 

65 t i 0  s 
Fig. 2: The history t r e e  for  the  example Prolog program. 

5. CONCLUSIONS 

Compar isons  show t h a t  t h e  scheme r e s u l t s  i n  
c o n s i d e r a b l e  r e d u c t i o n  i n  t h e  s e a r c h  s p a c e .  The 
improvement  i n  e x e c u t i o n  t i m e ,  t h o u g h  m o d e r a t e ,  i s  
s i g n i f i c a n t .  I n d e e d ,  mos t  o f  t h e  o v e r h e a d s  -- 
e . g . ,  m a i n t e n a n c e  of  t h e  t a g s  and  c o n s t r u c t i o n  of  
t h e  s e t  of  s u s p e c t s  -- a r e  common w i t h  t h e  I B  
schemes .  A s  a result, ne  e x p e c t  a good r e d u c t i o n  
i n  t h e  e x e c u t i o n  time i f  t h e  a l g o r i t h m  is u s e d  
a l o n g  w i t h  a n  I B  i n t e r p r e t e r .  The more s e l e c t i v e  
i s  a n  I B  scheme i n  c h o o s i n g  t h e  b a c k t r a c k  p o i n t s ,  
t h e  b e t t e r  i s  t h e  e x p e c t e d  improvement  f rom t h e  
combined scheme. A b e t t e r  I B  scheme i s  e x p e c t e d  t o  
c r e a t e  a l a r g e r  number o f  p a t h s  o v e r  n h i c h  t h e  
i n t e r p r e t e r  may make r e d u n d a n t  s e a r c h e s .  I n d e e d ,  
t h e  a l g o r i t h m  b e n e f i t s  t h e  I B  scheme t o o .  S m a l l e r  
number of  p a t h s  o v e r  which t h e  i n t e r p r e t e r  makes 
s e a r c h e s  i m p l i e s  t h a t  t h e  s m a l l e r  w i l l  b e  t h e  
d a t a b a s e  of  se t s  of  s u s p e c t s .  T h i s ,  i n  t u r n ,  w i l l  
r e d u c e  t h e  number of s p u r i o u s  b a c k t r a c k - p o i n t s  -- 
t h e  b a c k t r a c k - p o i n t s  t h a t  d o  n o t  r e s u l t  i n  a 
s u c c e s s f u l  s e a r c h .  

s t o r a g e  by removing  t h e  n o d e s  w i t h  no d e s c e n d e n t  
g o a l - n o d e s .  Even t h i s  s i m p l e  h e u r i s t i c  p r o m i s e s  a 
g r a c e f u l  t r a d e o f f  be tween t h e  s e a r c h  s p a c e  and  t h e  
s t o r a g e  f o r  t h e  h i s t o r y  tree.  
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T A B L E  2 :  A c o m p a r i s o n  w i t h  some i b  s c h e m e s .  

f u n c t i o n  u n i f y (  g,  h: t e r m ;  p: g o a l ) :  g o a l ;  
b e g i n  

i f  g i s  a n  unbound v a r i a b l e  
t h e n  b e g i n  

b i n d  g n i t h  h; 
remember G a s  t h e  g o a l  t h a t  b i n d s  g; 
SPECIAL CASE: i f  g and  h a r e  b o t h  v a r i a b l e s  

and  g i s  i n  a v a r i a b l e  i n  head  H 
t h e n  i n s t e a d  of  b i n d i n g  g n i t h  h 

ire make g a n  a l i a s  of  h; 
r e t u r n  n u l l ;  

end;  
i f  h is a n  unbound v a r i a b l e  
t h e n  r e t u r n  u n i f y (  h, g,  p) ; 
i f  g is a bound v a r i a b l e  
t h e n  b e g i n  

l e t  g p r i m e  be  t h e  term bound t o  g and 
l e t  q be  t h e  g o a l  t h a t  bound g t o  g p r i m e ;  
i f  q i n v o k e d  i t s  c a l l  a f t e r  p 
t h e n  r e t u r n  u n i f y  ( g p r i m e ,  h, q) 
e l s e  r e t u r n  u n i f y  ( g p r i m e ,  h, p ) ;  

end;  
i f  h i s  a bound v a r i a b l e  
t h e n  r e t u r n  u n i f y  ( h ,  g,  p ) ;  
i f  f u n c t o r (  g) # f u n c t o r (  h) 

t h e n  r e t u r n  p; 
f o r  e a c h  p a i r  g i ,  h i  o f  c o r r e s p o n d i n g  

b e g i n  

/ *  g and  h c a n  n o t  u n i f y  "/ 

a r g u m e n t s  i n  g , h  do 

X : = u n i f y  ( g i ,  h i ,  p ) ;  
i f  x # n u l l  
t h e n  r e t u r n  X; 

end; 
r e t u r n  n u l l  

end .  
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