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Abs t rac t 

An approach f o r b r i ng i ng semantic, as w e l l as 
s y n t a c t i c , i n fo rma t ion to bear on the problem of 
theorem-proving search f o r Question-Answering <QA) Sys
tems is descr i lsed. The approach is embodied in a 
search a l g o r i t h m , the 0* search a l g o r i t h m , developed to 
c o n t r o l deduct ive searches in an exper imental system. 
The Q* a lgo r i t hm is p a r t of a system, termed the Mary
land Re fu ta t i on Proof Procedure System (MRPPS), which 
incorpora tes both the Q* a l g o r i t h m , which performs the 
search requ i red to answer a ouery, and an i n f e r e n t i a l 
component, which performs the l o g i c a l manipulat ions 
necessary to deduce a c lause from one or two o ther 
c lauses. The i n f e r e n t i a l component inc ludes many r e 
f inements o f r e s o l u t i o n . 

The Q* a lgo r i t hm generates nodes in the search 
space, app ly ing semantic and syn tac t i c i n fo rmat ion to 
d i r e c t t he search. The use of semantics permi ts paths 
to be terminated and f r u i t f u l paths to be exp lo red . 
The paper is r e s t r i c t e d to a d e s c r i p t i o n of the use of 
syn tac t i c and semantic i n fo rma t ion in t he Q* a l g o r i t h m . 

Keywords and Phrases: deduct ive system, h e u r i s t i c s , 
p rob lem-so lv ing , proof procedure system, aues t ion -
answering, r e s o l u t i o n , search s t r a t e g i e s , semantic 
h e u r i s t i c s , s y n t a c t i c h e u r i s t i c s , theorem-proving. 

1 . I n t r o d u c t i o n 

The purpose o f t h i s paper is to descr ibe an 
approach f o r b r i ng i ng semantic, as w e l l as s y n t a c t i c , 
i n fo rma t ion to bear on the problem of theorem-proving 
search. The approach is embodied in a search 
a lgo r i t hm, the Q* search a lgo r i t hm, developed to con
t r o l the search in an experimental theorem-proving-
based quest ion-answering system. This system, termed 
the Maryland Re fu ta t i on Proof Procedure System (MRPPS), 
incorpora tes both t he Q* a lqo r i thm which performs the 
search requ i red to answer a ouery, and an i n f e r e n t i a l 
component which performs the l o g i c a l manipulat ions 
necessary to deduce a c lause f rom one or two o ther 
c lauses. 

The i n f e r e n t i a l component of MRPPS provides a 
v a r i e t y o f reso lu t ion-based in ference r u l e s . For a 
g i ven query, a user may se l ec t one, or a combinat ion of 
t he f o l l o w i n g in fe rence systems: u n r e s t r i c t e d b inary 
r e s o l u t i o n w i t h f a c t o r i n g , s e t - o f - s u p p o r t , i npu t re -
s o l u t i o n , P l -deduc t i on , A -o rde r i ng , paramodulat ion, 
l i n e a r and SL r e s o l u t i o n . A MRPPS user may a lso se lec t 
c e r t a i n search op t ions t h a t a re a v a i l a b l e i n t he sys
tem. 

The c lauses from the negat ion of a g iven i n p u t 
query and those in t he MRPPS data base together w i t h 
the se lec ted in fe rence system de f i ne a search space 

which is a d i r e c t e d graph whose nodes (states) are 
( labeled by) c lauses. The i n i t i a l s ta tes are nodes 
labe led bv clauses from the negat ion of the query, and 
a goa l s t a t e is a node labe led by t he n u l l c lause , □ . 

The Q* a lgo r i thm generates nodes in the search 
space, app ly ing semantic and syn tac t i c i n fo rmat ion to 
d i r e c t and l i m i t the search. Th is paper i s r e s t r i c t e d 
to a d iscuss ion of the Q* a lgo r i t hm. For a d e t a i l e d 
d e s c r i p t i o n of the a lgo r i t hm and of the e n t i r e MRPPS 
system, see Minker, e t a l . [1972].1 An overview of 
MRPPS and of i t s i n f e r e n t i a l component may be found in 
Minker, e t a l . [ 1973 ] . 2 

The Q* a lgo r i thm has been developed f o r eventual 
use in a quest ion-answering system of p r a c t i c a l sca le . 
Such a system would have a " l a r g e " number of axioms 
s tored in i t s data base. A subs tan t i a l m a j o r i t y o f 
these axioms would be f u l l y i n s t a n t i a t e d u n i t c lauses, 
termed "data axioms." The remaining axioms, c a l l e d 
"genera l axioms," d e f i n e the p red ica tes used and t h e i r 
i n t e r r e l a t i o n s h i p s . One would want such a system to 
be very r e s t r i c t i v e in pe rm i t t i ng axioms to enter the 
search, in order to l i m i t t he number o f I /O accesses 
to the data base as w e l l as to avo id c lause i n t e r 
a c t i o n and memory c l u t t e r . In a d d i t i o n , one would 
want to be ab le to answer simple quest ions s imp ly . An 
e f f e c t i v e theorem-proving search a lgo r i thm f o r a 
guest ion-answering system should generate the search 
space by: (1) se lec t i ng on l y those axioms from the 
data base t h a t a re relevant to the query, such t h a t 
the "more premis ing" ones enter the search f i r s t ; and 
(2) deducing clauses from clauses a l ready generated 
in as op t ima l an order as poss ib l e . 

Both of these problems are handled in the Q* 
a l go r i t hm. The a lgo r i t hm i s subdiv ided i n t o two d i s 
t i n c t bu t cooperat ing subalgpr i thms: the base c lause 
se lec t i on a lgo r i t hm which handles t he f i r s t problem, 
and the deduct ion a lgo r i t hm which handles the second 
problem. The base c lause a l go r i t hm uses p r i m a r i l y 
semantic i n f o r m a t i o n , wh i l e the deduct ion a lgo r i thm 
uses p r i m a r i l y syn tac t i c i n f o rma t i on . 

Before d iscuss ing t he a l g o r i t h m , we rev iew some 
of the background which precedes the present work and 
upon which t h i s work has been based. 

2, Background 

There has been a g rea t dea l of research in mech
a n i c a l theorem-proving s ince the r e s o l u t i o n p r i n c i p l e 
was in t roduced by Robinson [1965] . Most of the r e 
search has been centered on developing ref inements of 
r e s o l u t i o n which reduce the s i ze o f the search space. 
However, r e l a t i v e l y l i t t l e work has been repor ted in 

31 



d e v e l o p i n g improved sea rch s t r a t e g i e s o r u s i n g seman
t i c s f o r t heo rem-p rov ing sys tems. (We have r e c e n t l y 
l e a r n e d t h a t R e i t e r [1972]4 i s a t t e m p t i n g t o i n c o r p o r a t e 
semant ics w i t h a theorem p r o v e r by t h e use o f mode ls . ) 
R e s o l u t i o n t h e o r e m - p r o v i n g programs t y p i c a l l y use t h e 
u n i t p r e f e r e n c e sea rch s t r a t e g y , deve loped b y Vtos, e t 
a l . [1964]? i n wh i ch t h e m e r i t o f a c l a u s e i n t h e 
search i s based o n i t s l e n g t h . W h i l e t h i s i s a u s e f u l 
s t r a t e g y f o r p r o v i n g s i m p l e theorems, i t i s n o t n e a r l y 
p o w e r f u l enough t o s u c c e s s f u l l y g u i d e a search f o r 
even m o d e r a t e l y deep m a t h e m a t i c a l p r o o f s . F u r t h e r m o r e , 
i t i s n o t adequate f o r use i n q u e s t i o n - a n s w e r i n g 
a p p l i c a t i o n s w h i c h c o n s i s t l a r g e l y o f u n i t c l a u s e s , 
s i n c e i t g i v e s p r e f e r e n c e t o a i l u n i t c l a u s e s w i t h o u t 
r e g a r d t o t h e i r r e l e v a n c e t o t h e q u e r y . 

Green [1969]6 i n c o n s i d e r i n g t h e a p p l i c a t i o n o f 
t h e o r e m - p r o v i n g i n q u e s t i o n - a n s w e r i n g sys tems, p a r t i 
t i o n e d c l auses i n t o two s e t s , a c t i v e and p a s s i v e . A c 
t i v e c l auses are i n f e r r e d c l auses and axioms s e l e c t e d 
f r o m t h e d a t a base , whereas p a s s i v e c lauses a r e axioms 
w h i c h have n o t y e t been s e l e c t e d . On l y a c t i v e c l a u s e s 
may be used in i n f e r e n c e s . A p a s s i v e c l a u s e i s made 
a c t i v e o n l y i f i t r e s o l v e s w i t h a n e x i s t i n g a c t i v e 
c l a u s e ; p r e f e r e n c e i s g i v e n t o p a s s i v e u n i t c l a u s e s . 
Green i n c o r p o r a t e d t h i s sea rch approach w i t h t h e u n i t 
p r e f e r e n c e s t r a t e g y i n t h e QA3 system w h i c h employs , 
e s s e n t i a l l y , s e t - o f - s u p p o r t a s i t s i n f e r e n c e sys tem. 

Kowa lsk i [1970a, 1970b] 7 , 8 S e p a r a t e s t h e n o t i o n s o f 
an i n f e r e n c e system and a search s t r a t e g y and d e s c r i b e s 
t h e i r r e s p e c t i v e r o l e s i n t h e t h e o r e m - p r o v i n g sea rch 
p rob lem. I n a d d i t i o n , he d e f i n e s a c l a s s o f "upwards 
d i a g o n a l " search s t r a t e g i e s w h i c h may b e a p p l i e d t o 
a r b i t r a r y prob lem domains. These s t r a t e g i e s s i m u l 
t a n e o u s l y ex tend and r e f i n e t h e c l a s s o f sea rch s t r a 
t e g i e s , w h i c h i n c l u d e s t h e A * a l g o r i t h m d e s c r i b e d b y 
H a r t , N i l s s o n and Raphael [1968]9 K o w a l s k i a l s o p r e -
sen ts a p a r t i c u l a r upwards d i a g o n a l sea rch a l g o r i t h m , 
w h i c h h e c a l l s t h e J a l g o r i t h m . I n t h e J * a l g o r i t h m , 
t h e p a s s i v e / a c t i v e c l a u s e concep t i s employed. I n 
a d d i t i o n , t h e a l g o r i t h m employs a c l a u s e m e r i t e v a l u a 
t i o n f u n c t i o n i n w h i c h b o t h t h e l e n g t h and l e v e l o f a 
c l a u s e a r e c o n s i d e r e d . Upwards d i a g o n a l sea rch s t r a 
t e g i e s c o u l d a l s o b e d e f i n e d u s i n g h e u r i s t i c s o t h e r 
t h a n l e n g t h and l e v e l (see M i n k e r , e t a l . [1972] ) 1 

I n t h e 2 a l g o r i t h m , t h e m e r i t f ( C ) o f c l a u s e 
C is a t u p l e , ( i , j ) , in w h i c h i = l e n g t h ( c ) , and 
j = l e v e l ( C ) . K o w a l s k i d e f i n e s an o r d e r i n g on t h i s 
m e r i t f u n c t i o n w h i c h h e te rms "upwards d i a g o n a l m e r i t , " 
deno ted by t h e symbol u . G iven c l a u s e s C1 of 
m e r i t ( i , , j 1 ) and C 2 o f m e r i t ( i 2 , j 2 ) t n e n 
C 1 £_u C , ( I . e . , C , i s o f b e t t e r o r equa l upwards 
d i a g o n a l m e r i t t h a n C 2 ) i f 

( i ) i1 + j1 < i 2 + j 2 , o r 

( i i ) i1 + j1 = i 2 + j 2 and i1 < i 2 . 

Thus, i f t h e l e n g t h and l e v e l o f two c l a u s e s sum t o 
t h e same v a l u e , i t i s b e t t e r t o gene ra te t h e s h o r t e r 
c l a u s e , s i n c e t h e g o a l o f t h e search s t r a t e g y i s t o 
gene ra te a c l a u s e o f l e n g t h z e r o . I t i s t h u s advan
tageous t o d i s c r i m i n a t e between c l a u s e s i n t h i s manner 
r a t h e r t h a n s o l e l y o n t h e b a s i s o f t h e sum o f t h e 
m e r i t components, a s i s done i n e a r l i e r sea rch a l 
g o r i t h m s such a s t h e A * a l g o r i t h m ( H a r t , e t a l . 
[1968] P . 

Based o n t h i s m e r i t f u n c t i o n , Kowa lsk i p a r t i t i o n s 
t h e search space i n t o m e r i t s e t s , c a l l e d A - s e t s , i n t o 
wh i ch c l a u s e s o f e q u a l m e r i t a r e g e n e r a t e d . The J * 
a l g o r i t h m gene ra tes c l a u s e s i n t o t h e s e m e r i t s e t s i n 
i n c r e a s i n g upwards d i a g o n a l o r d e r , I t f i r s t t r i e s t o 
genera te a c l a u s e i n t o A ( 0 , 0 ) w h i c h wou ld be p o s s i b l e 

o n l y i f t h e n u l l c l a u s e were i n t h e s t a r t i n g s e t o f 
base c l a u s e s . I t t h e n s u c c e s s i v e l y a t t e m p t s t o gen 
e r a t e (by s e l e c t i n g a c l a u s e f r o m t h e base s e t , o r by 
i n f e r e n c e ) c l a u s e s i n t o t h e s e t s A (0 ,1 ) , A (1 ,0 ) , 
A (0 ,2 ) , A { 1 , 1 ) , A ( 2 , 0 ) , A ( 0 , 3 ) , e t c . Any t i m e a 
c l a u s e i s g e n e r a t e d , a n a t t e m p t i s made t o r e c u r s i v e l y 
gene ra te a l l o f i t s successors and successors o f i t s 
successors w h i c h a r e o f b e t t e r m e r i t t h a n t h e c u r r e n t 
m e r i t t o w h i c h t h e a l g o r i t h m has sequenced. 

r* 
W h i l e t h e above d e s c r i p t i o n o f t he l a l g o r i t h m 

i s n e c e s s a r i l y t e r s e , t h e r e a d e r i s r e f e r r e d t o 
Kowa lsk i [1970a, 1 9 7 0 b ] , 7 ' 8 a n d t o M i n k e r , e t a l . 
[1972, 1 9 7 3 ] 1 ' 2 f o r more d e t a i l e d d i s c u s s i o n s . 

3 . A View of R e s o l u t i o n Theorem-Prov ing Search 
as Prob lem-Reduc t ion Search 

Be fo re d e s c r i b i n g t h e o p e r a t i o n o f t h e Q* a l -
g o r i t h m , i t w i l l b e u s e f u l t o d e s c r i b e how r e s o l u t i o n 
t h e o r e m - p r o v i n g search may be i n t e r p r e t e d as p r o b l e m -
r e d u c t i o n s e a r c h . I n a p r o b l e m - r e d u c t i o n s e a r c h , an 
o p e r a t o r i s a p p l i e d t o a p rob lem P t o reduce i t t o a 
s e t o f subproblems such t h a t s o l u t i o n o f a l l t h e 
successor subproblems i m p l i e s a s o l u t i o n to P . 
E q u i v a l e n t l y , t h e c o n j u n c t i o n o f t hese subproblems may 
be c o n s i d e r e d a new prob lem w h i c h must be s o l v e d f o r 
t h e g i v e n p rob lem t o b e s o l v e d . Th i s r e d u c t i o n p r o 
cess i s r e c u r s i v e l y a p p l i e d t o each gene ra ted subprob-
lem u n t i l t h e o r i q i n a l p rob lem has been reduced t o a 
s e t o f p r i m i t i v e subproblems wh ich a re t r i v i a l t o 
s o l v e . 

M o r e p r e c i s e l y , a p r o b l e m - r e d u c t i o n c o n s i s t s o f 
t h r e e s e t s : 

(1) a s e t o f s t a r t i n g p rob lems ; 
(2) a s e t o f o p e r a t o r s t h a t reduce a p rob lem to 

a s e t o f subproblems; and , 
(3) a s e t o f f i n a l problems wh ich a r e , by 

d e f i n i t i o n , s o l v e d . 

I n t h e c o n t e x t o f r e s o l u t i o n t h e o r e m - p r o v i n g , a 
c l a u s e co r responds to a p rob lem and a l i t e r a l c o r r e s 
ponds to a subprob lem. Thus, a c l a u s e is a conjunc
tion of subproblems s i n c e all subproblems must be 
s o l v e d f o r t h e p rob lem t o b e s o l v e d ( i . e . , a l l l i t 
e r a l s must b e e l i m i n a t e d ) . 

The s t a r t i n q s e t o f problems cor responds to a 
s t a r t i n g s e t o f base c l a u s e s . The a c t u a l members o f 
t h i s s e t w i l l depend upon t h e i n f e r e n c e system b e i n g 
u s e d . Fo r i n s t a n c e , i f t h e i n f e r e n c e system i s s e t -
o f - s u p p o r t , o r i f i t i n c l u d e s s e t - o f - s u p p o r t , t h e 
s t a r t i n g s e t o f p rob lems cor responds t o t h e c l auses i n 
t h e n e g a t i o n o f t h e cruery. For o t h e r i n f e r e n c e s y s 
tems , i t c o n s i s t s o f t h e e n t i r e s e t o f base c l a u s e s , 
i . e . , a l l o f t h e axioms t o g e t h e r w i t h t h e q u e r y 
c l a u s e s . 

C lauses may a l s o be rega rded as o p e r a t o r s w h i c h 
a r e a p p l i e d t o prob lems b y means o f i n f e r e n c e r u l e s . 
However, t h e s e t o f o p e r a t o r s t h a t m a y b e a p p l i e d w i l l 
v a r y depend ing o n t h e i n f e r e n c e r u l e used , e . g . , f a c 
t o r i n g , p a r a m o d u l a t i o n , and v a r i o u s r e f i n e m e n t s o f r e 
s o l u t i o n . Fo r a r e s o l u t i o n o p e r a t i o n , two c l a u s e s a r e 
i n v o l v e d . I n g e n e r a l , t h e c h o i c e o f w h i c h c l a u s e i s 
t h e p rob lem and w h i c h i s t h e o p e r a t o r i s somewhat 
a r b i t r a r y . However, f o r c e r t a i n i n f e r e n c e systems, i t 
seems n a t u r a l to make a c l e a r e r d i s t i n c t i o n between 
t h e t w o . For i n s t a n c e , i f i n p u t r e s o l u t i o n i s used , 
each c l a u s e of a l i n e a r c h a i n may be rega rded as a 
p rob lem and a l l base c l a u s e s may be rega rded as o p e r 
a t o r s . For l i n e a r and SL r e s o l u t i o n , a n c e s t o r s o f a 
p rob lem may a l s o b e cons i de red a s o p e r a t o r s , i n 
a d d i t i o n t o a l l t h e base c l a u s e s . 
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A clause may a lso be a f i n a l problem. In p a r t i 
c u l a r , the n u l l clause is the on ly such clause when 
one is at tempting to r e fu te a conjecture. Thus, when 
a n u l l clause is generated, we know t h a t a s t a r t i n g 
problem has been solved. Determining when a subprob-
lem is solved is more d i f f i c u l t . This may be seen by 
consider ing the process involved in so lv ing a subprob-
lem. A subproblem P (which corresponds to a l i t e r a l 
in a c lause) , may be solved in e i the r of two wavs: 
1) it may be solved in a s ing le step bv applving an 
operator t ha t re fu tes i t (a u n i t c lause) ; 2 ) a l t e r 
na te l y , an operator may be appl ied to P t ha t spawns 
a set of subproblems such t ha t P is solved if and 
only i f a l l o f the subproblems are solved. In prac
t i c e , the determinat ion of when a given subproblem has 
been solved may be qu i t e d i f f i c u l t . Depending on the 
inference system used, subproblems are attacked in 
a r b i t r a r y order . Consequently, the bookkeeping r e 
quired to keep t rack of which l i t e r a l s of a given 
clause have been spawned by which subproblems may be 
qu i t e invo lved. 

However, one inference system, SL reso lu t ion 
{Kowalski and Kuehner [1971]},10 stands out as being 
p a r t i c u l a r l y w e l l su i ted f o r t h i s task . I n the f i r s t 
p lace, SL reso lu t i on requi res t ha t only one subproblem 
be attempted at a given l e v e l . Secondly, the required 
bookkeeping i s b u i l t i n t o the clause representat ion 
used in SL r e s o l u t i o n . In t h i s representat ion, a 
clause is re fe r red to as a cha in . In SL reso lu t i on , a 
subproblem to which a so lu t i on is sought is ac tua l l y 
ca r r i ed along (and duly tagged) in each of the success
or chains. Such l i t e r a l s are ca l l ed "A l i t e r a l s " in 
the successor c lauses. As new l i t e r a l s ( ca l l ed "B l i t 
e ra ls " ) are introduced in the attempt to solve a sub-
problem, they are placed to the r i g h t of the A l i t e r a l . 
When a l l such B l i t e r a l s have been resolved awav ( re 
so lu t i on is on ly performed on r ightmost B l i t e r a l s ) and 
an A l i t e r a l is exposed on the r i g h t , then t ha t con
s t i t u t e s a so lu t i on to the subnroblem from which t ha t 
A l i t e r a l descended. At t h i s t ime, SL reso lu t i on r e 
qu i res t ha t the exposed A l i t e r a l be removed from the 
clause - an operat ion which is ca l led t runca t i on . 
Only at t h i s t ime, (and not before as w i t h other r e 
finements of reso lu t ion) may a new subproblem from the 
o r i g i n a l problem be selected fo r so l u t i on . 

4. The Q* Algor i thm 

The Q* a lgor i thm is based upon the I a lgor i thm 
of Kowalski together w i t h the idea of Green to a l low 
on ly c e r t a i n base clauses to enter the ac t i ve clause 
space. Both of these approaches have been extended in 
the cur ren t a lgor i thm. The Q* a lgor i thm is subdivided 
i n t o two major components: 

1) the deduction a lgor i thm which uses p r i m a r i l y 
syn tac t ic in fo rmat ion ; and, 

2) the base clause se lec t ion a lgor i thm which 
uses p r i m a r i l y semantic in format ion. 

The deduct ion a lgor i thm generates new problems by 
the app l i ca t i on of operators to problems already in 
the search space. Any operator tha t is appl ied must 
i t s e l f have been prev ious ly generated e i t he r bv i n f e r 
ence or by the se lec t i on of a base c lause. 

Problems and operators are generated bv two major 
subalgori thms, FILL and RECURSE, which are adaptations 
of analogous subalgorithms of the £ a lgor i thm. As a 
clause i s generated, i t i s placed i n t o an A-set cor res
ponding to i t s m e r i t . The a lgor i thm uses a general ized 
upwards diagonal mer i t f unc t ion to ca lcu la te the mer i t 
of a c lause, and generates clauses in approximately 
upwards diagonal order . (Further d e t a i l s on t h i s 
f unc t i on as w e l l as on the deduction a lgor i thm are con

ta ined i n Minker, e t a l . [1972, 1973] 1 , 2 . ) 

I n using t h i s mer i t f unc t i on , i t i s hoped t ha t 
clauses of be t te r mer i t w i l l be more use fu l to answer
ing the query than those of worse mer i t . However, in 
p r a c t i c e , i t i s extremely d i f f i c u l t t o develop c o m -
nonents o f the mer i t func t ion t h a t adequately r e f l e c t 
the relevance of clauses w i t h respect to the query. 
Most components used to date have been syntac t ic in 
nature, ra ther than semantic, and have led to very i n 
e f f i c i e n t search s t ra teg ies . (See Slagle and F a r r e l l 
[1971]11 and Minker, et a l . [1972]1 f o r examples.) Con
sequently, theorem-provers using such a search s t r a 
tegy are o f t en deluged w i t h i r r e l evan t clauses and 
thus are inadequate f o r most app l ica t ions . 

There are two ways to a l l e v i a t e t h i s problem. 
F i r s t , a f t e r a problem is generated by an inference 
step, var ious de le t i on ru les may be appl ied so t ha t 
the problem may be e l iminated in case i t is redundant 
or semant ical ly meaningless. Thus, tau to log ies , 
a lphabet ic va r ian ts and subsumed clauses may be 
e l iminated. Furthermore, subproblems as w e l l as prob
lems mav be e l iminated by predicate eva lua t ion . This 
mav be done bv referencing stored semantic in format ion 
about the problem domain. For instance, l e t 
C v F(Mary, x) be a generated problem, where C is 
the remainder o f the c lause. I f i t i s known tha t the 
f i r s t argument of the fa ther predicate must be male, 
and we know tha t Mary is female, then the l i t e r a l 
F(Marv, x) w i l l never have a so lu t i on ( i . e . , no u n i t 
c lause/ F{Mary, a) , can be t r u e , f o r any person a ) . 
We can thus evaluate the l i t e r a l F(Mary, x) as being 
t rue r e l a t i v e to the i n t e r p r e t a t i o n given to the prob
lem domain and may e l iminate the en t i r e problem from 
the search space since i t is unsolvable. With most 
inference systems completeness should not be v i o l a ted 
bv de le t i ng the c lause. On the other hand, i f a l i t 
e ra l of a clause is evaluated as f a l s e , tha t l i t e r a l 
alone, mav be removed, since it corresponds to a sub-
problem tha t is solved. 

Although predicate evaluat ion using semantic i n 
format ion about the problem domain w i l l be usefu l in 
theorem-proving, i t does not prevent i r r e l e v a n t 
clauses from being generated and entered in the search 
snace. We thus f e e l t ha t a more e f f e c t i v e method by 
which to cut down the s ize of the search space is to 
avoid generating i r r e l e v a n t clauses in the f i r s t 
p lace. In p a r t i c u l a r , t h i s can be accomplished by 
c a r e f u l l y se lec t ing those operators t ha t are most r e 
levant to the search in progress and by i n h i b i t i n g 
those which are i r r e l e v a n t . This is the func t ion of 
the base clause se lec t ion a lgor i thm. 

Depending on the inference system, the a lgor i thm 
t r e a t s one or a l l o f the l i t e r a l s o f a generated 
clause as a s p e c i f i c a t i o n w i t h which to se lec t axioms. 
Thus, each l i t e r a l is termed a "spec l i t e r a l . " (This 
mav be viewed as the se lec t ion of operators to apply 
to a subproblem.) In order to se lec t axioms re levant 
to the querv, the Q* a lgor i thm i n i t i a l l y generates 
clauses from the negat ion of the query. Each spec 
l i t e r a l is used to locate those axioms which e i the r 
resolve w i t h the generated clause on t ha t l i t e r a l , 
o r , in some cases, which possess a l i t e r a l which w i l l 
u n i f y w i t h the spec l i t e r a l . The axioms t ha t have 
been located f o r a p a r t i c u l a r spec l i t e r a l may be r e 
duced in number by filtering out those which are found 
to be semant ical ly inappropr ia te ( e . g . , because of i n 
compatible argument t ypes) . The remaining operators 
f o r a g iven subproblem then become candidates fo r 
generat ion and must be ordered so t h a t "more promis
i ng " operators are t r i e d f i r s t . The l i s t o f cand i 
dates f o r a spec l i t e r a l is placed on a l i s t c a l l e d 
the SPECLIST, which is i t s e l f ordered by using var ious 
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h e u r i s t i c c r i t e r i a . Thus, the o rde r i ng o f the SPECLIST 
r e f l e c t s the judgment of t he base clause a lgor i thm as 
to which subproblems from among a l l subproblems in a l l 
generated clauses should be at tacked f i r s t . That i s , 
from among a l l l i t e r a l s i n a l l generated clauses t h a t 
are e l i g i b l e f o r r e s o l v i n g , the base clause se lec t i on 
s t ra tegy p i cks the best one. 

As a r e s u l t of the c o n t r o l maintained over the 
base clauses by the base c lause s e l e c t i o n a lgo r i thm, 
the FILL operat ion o f the deduct ion a lgo r i thm w i l l n o t , 
in genera l , acquire a l l base clauses of a g iven FILL 
m e r i t . I t ob ta ins o n l y those base clauses made a v a i l 
ab le to i t by the base clause se lec t i on a lgo r i t hm. As 
a r e s u l t , the base clauses t h a t are selected w i l l not 
necessar i l y be generated in m e r i t o rder . Consenuently, 
and in con t ras t to the J* a l go r i t hm , the Q* a lgo r i thm 
is not admiss ib le . However, as the exanples in Sect ion 
5 demonstrate, the loss of a d m i s s i b i l i t y may be of 
on ly t h e o r e t i c a l importance s ince i t would seem to be 
more important in p r a c t i c a l QA ampl icat ions to f i n d anv 
s o l u t i o n q u i c k l y ra the r than to f i n d a s implest s o l u 
t i o n a t great expense, a t the r i s k o f f i n d i n g no s o l u 
t i o n a t a l l because o f space and t ime cons idera t ions . 

The f o l l ow ing sect ions descr ibe the manner in 
which axioms are l oca ted , the way c e r t a i n of these are 
f i l t e r e d o u t , and the way those t h a t remain are o rde r 
ed. Sect ion 4.4 presents a d iscuss ion of a olanned 
extension of the search s t ra tegy in which the base 
clause a lgo r i t hm may prune the search space and de le te 
c e r t a i n candidates from the SPBCLIST upon the r ecogn i 
t i o n o f c e r t a i n events i n t he search process. 

4.1 Locating Candidate Axioms 

As a l ready i nd i ca ted , t he l i t e r a l s o f generated 
clauses are used to l oca te axioms which may become 
candidates f o r generat ion. The in fe rence system t h a t 
i s being used by the deduct ion a lgo r i thm w i l l d e t e r 
mine which generated clauses should be used f o r t h i s 
purpose, and what c r i t e r i o n should be app l ied to 
se lec t the axioms. I f the in fe rence system in use i s 
se t -o f - suppor t , o r i f i t incorporates se t -o f - suppo r t 
as does SL r e s o l u t i o n , then on ly the l i t e r a l s of 
supported clauses w i l l be used. Furthermore, the 
axioms which become candidates w i l l be those which 
could resolve w i t h the generated c lause. On the o ther 
hand, i f the in ference system does not inc lude s e t - o f -
support then a l l genera-ted c lauses, i nc l ud ing generat
ed axioms, w i l l be used to l oca te axioms. In a d d i t i o n , 
the r e s o l u t i o n c r i t e r i o n must be weakened, so t h a t an 
axiom w i l l p o t e n t i a l l y become a candidate i f i t con
t a i n s a l i t e r a l which unifies w i t h a l i t e r a l of a gen
erated c lause. The weakening of t he r e s o l u t i o n 
c r i t e r i o n i s necessary i n order t o assure the r e f u t a 
t i o n completeness o f the a l go r i t hm , e . g . , i n cases 
where the on ly r e f u t a t i o n s f o r a g iven ouery invo lves 
the use of a lemma, and the ouery is not used u n t i l 
the lemma has been es tab l i shed . 

Not on ly does the in fe rence system d i c t a t e which 
clauses are to be used i n l o c a t i n g axioms, i t a l so 
d i c t a t e s which l i t e r a l s should be used. Thus, in 
" s i n g l e l i t e r a l " in ference systems such as SL r e s o l u 
t i o n o r A -o rde r ing , o n l y one designated l i t e r a l o f 
each generated clause i s used, w h i l e f o r o ther i n f e r 
ence systems, a l l o f the l i t e r a l s w i l l be used f o r 
t h i s purpose. 

The approach to l o c a t i n g axioms which may enter 
i n t o the search, may, f o r a g iven query, preclude the 
generat ion of c e r t a i n axioms. That i s , there may be 
axioms which are completely unre la ted to the ouery in 
t h a t they concern a d i f f e r e n t problem domain. But 
s ince these are completely i r r e l e v a n t to the query, 

the search s t r a tegy w i l l not be hindered from f i n d i n g 
a r e f u t a t i o n i f one i s a t t a i n a b l e . 

4.2 Semantic F i l t e r i n g of Candidate Axioms 

Once the p o t e n t i a l candidates f o r a g iven spec 
l i t e r a l are found, these may be subjected to semantic 
f i l t e r i n g , and on ly those which are semant ica l ly con
s i s t e n t w i t h t he spec l i t e r a l and i t s host c lause may 
become candidates. Th is f i l t e r i n g may be done on the 
bas is of the c lass membership, or type, of a v a r i a b l e 
or constant in the spec l i t e r a l . For example, suppose 
the generated clause l i t e r a l is ~PARENT (Dan, Bre t t ) 
and i t i s known t h a t Dan i s a male, o r the l i t e r a l i s 
~PARENT (x, B r e t t ) and, from con tex t , i t is known t h a t 
x corresponds to a male. Suppose f u r t h e r t h a t the 
two p o t e n t i a l base clause candidates: 

(1) ~FATHER(u,v) V PARENT(u,v) , and 
(2) ~MOTHER (u,v) V PARENT (u,v) 

were found in t he data base. Apply ing the f i l t e r , 
axiom (2) would be found semant ica l ly incons is ten t 
w i t h the spec l i t e r a l s ince the v a r i a b l e u in the 
PARENT l i t e r a l is found to be of type female f rom con
t e x t , ( i . e . , from i t s use in MOTHER l i t e r a l ) , and 
what is necessary is a PARENT l i t e r a l whose f i r s t 
argument is of type male. Thus, o n l y (1) would be 
come a candidate. 

A f u r t h e r type of f i l t e r i n g may a lso be perform-
ed. When a l l of the so lu t i ons to a subproblem a re ex
p l i c i t i n the data base, i t becomes unnecessary t o 
generate any general axioms which might be used to de
duce a s o l u t i o n to the subproblem. For example, l e t 
~MOTHER(x, Emily) be a generated clause l i t e r a l . 
A lso assume t h a t i t i s known t h a t every i n d i v i d u a l has 
exac t l y one mother. I f t he axiom MoTHER(Roz, Emily) 
were found in the data base, t hen , since t h i s com-
p l e t e l y solves the subproblem at hand, i t would be-
come the on ly candidate. No other axioms t h a t could 
reso lve w i t h ~MOTHER{x, Emily) would be entered to 
s a t i s f y t h i s subproblem. 

The f i l t e r i n g we have descr ibed can be seen to 
reduce the number of axioms which are generated i n t o 
the search space. As a r e s u l t , fewer clauses w i l l be 
ava i l ab l e to i n t e r a c t l o g i c a l l y and so the t o t a l num-
ber of clauses which may be generated is thereby r e 
duced, c l e a r l y , t he clauses o f the i m p l i c i t search 
space which have become ungeneratable as a r e s u l t of 
t h i s f i l t e r i n g cou ld not have con t r i bu ted to a r e f u 
t a t i o n so t h a t a l though the search a lgo r i thm f a i l s t o 
be complete ( i n the sense of exhaustive), i t remains 
refutation complete. 

4.3 Order ing of Candidate Axioms and Subproblems 

Once the candidate axioms have been loca ted and 
subjected to semantic f i l t e r i n g , they must be ordered 
so t h a t the "more promis ing" ones w i l l be generated 
f i r s t . As a l ready noted, there i s a two- leve l o rde r 
i n g t h a t i s performed: the candidates associated w i t h 
a p a r t i c u l a r spec l i t e r a l must be ordered ( t h i s 
corresponds to t he o rde r ing o f operators to be app l ied 
to a subproblem), and the l i s t s o f candidates f o r the 
va r ious spec l i t e r a l s a re ordered w i t h respect to one 
another ( t h i s corresponds to the order ing o f subprob-
lems) . 

In o rde r ing the candidates f o r a p a r t i c u l a r spec 
l i t e r a l , two d i f f e r e n t approaches may be employed. In 
one approach, they may be ordered according to a 
Teooimendation by the user . Th is is analogous to the 
recommendation l i s t s in PLANNER (Hewi t t , [1971] ) 1 2 . 
Another approach i s to order candidates according to 
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the mer i t o rder ing , f , used by the deduction s t ra tegy, 
making sure t ha t data axioms ( i . e . , f u l l y i ns tan t i a ted 
u n i t clauses) precede any general axioms. 

With respect to order ing the subproblems, a 
h e u r i s t i c gu ide l ine is appl ied when one or more con
s tants occur in l i t e r a l s o f the query clauses. In 
t h i s event, the candidates located by using constant-
ca r ry ing l i t e r a l s o f generated clauses w i l l precede i n 
the order ing those candidate axioms located by the use 
of general l i t e r a l s . The reasoning behind t h i s heu r i s 
t i c i s t h a t (1) constant -carry ing l i t e r a l s w i l l gen
e r a l l y resolve (or un i fy ) w i t h fewer base clauses than 
w i l l general l i t e r a l s , and (2) i f a query is about a 
p a r t i c u l a r i n d i v i d u a l (constant) , then the search 
mechanism w i l l make more informed decisions about the 
relevance o f candidate axioms i f i t concentrates on 
t h i s i n d i v i d u a l , -and to others which are found to be 
re la ted to i t , ra ther than going o f f b l i n d l y on the 
basis of some general l i t e r a l . In many cases, the 
general l i t e r a l may a c t u a l l y un i f y w i t h a large subset 
of the axioms in the data base wh i le on ly a few of 
these may be re levan t . Furthermore, by pursuing t h i s 
p o l i c y , l i t e r a l s which are un ins tant ia ted a t one l e v e l 
of the search may become i ns tan t i a ted at a subsequent 
l e v e l . Thus, i n t h i s approach, i t w i l l o f ten b e the 
case t h a t clues ( i n the form of constants) to d i r e c t 
the search w i l l be passed from one subproblem to 
another as the search progresses. 

Figure 1 i l l u s t r a t e s a proof t ha t was der ived 
g i v i ng preference to those l i t e r a l s t ha t contain con
s tan ts . I n Figure 1 , clause ( l ) y i e l d s two l i t e r a l s 
f o r the SPECLIST. The l i t e r a l M(y, Sal ly) would be 
given preference on t h i s l i s t since i t contains a con
s tan t . The axioms t ha t can i n t e r a c t w i t h the l i t e r a l 
M(y, Sal ly) are entered i n t o the search before other 
axioms t ha t may apply to that_c lause. S i m i l a r l y , in 
clause (3), the constant in H(v, Ri ta) gives t h i s 
l i t e r a l preference. Although proofs can be found 
w i thout using t h i s h e u r i s t i c , such proofs w i l l tend to 
generate many unneeded clauses. 

I t i s reasonable t o assume tha t i n quest ion-
answering app l i ca t ions a large percentage of the 
queries w i l l conta in constants. Even i f constants 
appear in a given l i t e r a l , i t may be reasonable to 
g ive preference to a l i t e r a l conta in ing only var iab les 
based upon a lower est imate of p o t e n t i a l candidates 
s a t i s f y i n g each of these l i t e r a l s . However, we would 
expect t h i s to happen in f requen t l y in quest ion-
answering systems. 

There may be several subproblems (spec l i t e r a l s ) 
conta in ing constants which must be ordered w i t h r e 
spect to one another on the SPECLIST. In t h i s case, 
the order ing o f candidate l i s t s by t h e i r spec l i t e r a l s 
is accomplished by using a prediction of the m e r i t , f , 
of a resolvent between the spec l i t e r a l ' s host clause 
and the f i r s t axiom in the ordered l i s t o f candidates 
from tha t l i t e r a l . One consequence of t h i s order ing 
i s t h a t i f a generated u n i t clause i s contradic ted by 
a u n i t axiom, then t h i s axiom surely w i l l have become 
a candidate, and i t w i l l be placed f i r s t i n the order
ing so t h a t i t w i l l be the very next axiom to be gen
era ted . Each t ime an axiom is removed from the l i s t 
o f candidates, the next candidate i n the l i s t i s used 
f o r a new p r e d i c t i o n , and the corresponding SPBCLIST 
e n t r y i s re inser ted i n t o an appropr iate p o s i t i o n o f the 
l i s t — i t may remain on top of the l i s t , or some other 
subproblem may emerge as "most promis ing. " 

In some data bases, there may be ce r ta i n constants 
which occur in a la rge number of the data axioms. 
General ly , these would be non-spec i f i c , c lass spec i fy -
i ng types of constants such as MALE and SINGLE as used 

in the data axiom. 

PERSON(JOHN, SMITH, ID475, MALE, FEMALE) . 

Since such constants do not designate p a r t i c u l a r i n 
d i v i d u a l s , and since they do occur throughout the data 
base, thev w i l l be o f l i t t l e value i n d i r e c t i n g the 
search. Thus, f o r the purpose of order ing the 
SPECLIST, spec l i t e r a l s conta in ing these types of con
s tants alone are t reated as general l i t e r a l s . 

4.4 Semantic Act ions During the Search 

It was noted in Section 4.2 t ha t some subproblems 
may be comnletelv solved by data axioms stored in the 
data base, More genera l ly , some subproblems have an 
exact number of so lu t ions whi le others have an i n 
d e f i n i t e number of so lu t ions . I f the number of so lu 
t i ons to a g iven subproblem is known, then, dur ing the 
course of the search, the progress of the search r e l a 
t i v e to f i n d i n g these so lu t ions can be monitored. 
When a l l of the so lu t ions have been found, tha t por
t i o n of the search graph which has been unnecessari ly 
generated in the attempt to f i n d these so lu t ions can 
be pruned. In a d d i t i o n , the candidate axioms located 
through the use of l i t e r a l s in the pruned clauses or 
in clauses along the so lu t i on path w i l l have t h e i r 
candidate status removed. The e f f e c t of t h i s pruning 
is to reduce the number of i r r e l evan t clauses in the 
search space. Of even greater s ign i f i cance is tha t 
the p o t e n t i a l successors of these clauses are e f f ec 
t i v e l y prevented from being generated. 

The bookkeeping requi red to apply these semantic 
act ions would be qu i t e complex when a r b i t r a r y i n f e r 
ence systems are employed, s ince, f o r a given clause 
(problem), attempts to solve a l l o f the subpro-
blons are ca r r ied out s imultaneously. However, 
SL reso lu t i on i s p a r t i c u l a r l y w e l l su i ted fo r t h i s 
approach, since only one subproblem is attacked at a 
t ime and because the bookkeeping required to detect 
the so lu t i on of a subproblem is b u i l t i n t o the SL 
clause representat ion, as noted in Section 3. Seman
t i c act ions are taken when t runca t ion occurs, since 
t runca t ion on ly occurs when a subproblem has been 
solved. The semantic ac t i on taken is to increment a 
count and t e s t i t against the number of so lu t ions 
sought. I f t h i s number is met, then pruning can be 
performed. 

The above approach does not requ i re tha t a l l 
so lu t ions to a g iven subproblem be obtained before 
progressing to another subproblem. I t would seem to 
be des i rab le , in some cases, to continue the search 
fo r add i t i ona l so lu t ions to the subproblem, wh i le a t 
the same t ime advancing to the next subproblem. 

5. Example Runs With MRPPS 

The MRPPS system incorporates a pre l iminary ver 
sion of the Q* a lgor i thm p lus an op t ion fo r se lec t ing 
the a lgor i thm. The current implementation of Q* 
does not ye t include the semantic f i l t e r i n g of cand i 
dates, and no mechanism has been included to take 
semantic ac t i ons . The cur ren t vers ion includes the 
deduction s t ra tegy as o u t l i n e d , together w i t h a base 
clause se lec t ion s t ra tegy which locates and orders 
axioms e s s e n t i a l l y as descr ibed. A l l d e t a i l s concern
ing the cur ren t implementation are described in 
Minker, et a l . [ 1 9 7 2 ] l . The implementation of the £ 
a lgor i thm uses the same deduction st rategy as Q*, but 
the base clause se lec t ion s t ra tegy merely locates 
axioms in m e r i t order , t h a t i s to say, by l eng th , 
w i thou t regard to other clauses generated by the 
search. 
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W e p r e s e n t compara t i ve s t a t i s t i c s f o r two d i f f e r 
e n t q u e r i e s , i n w h i c h s e t - o f - s u p p o r t and S L r e s o l u t i o n 
were t h e chosen i n f e r e n c e sys tems, and t h e m e r i t com
ponents were c l a u s e l e n g t h and l e v e l . C lause l e n g t h 
and l e v e l bounds were b o t h s e t a t e l e v e n , and an f 
v a l u e bound (= l e n g t h + l e v e l ) was s e t a t e l e v e n . The 
da ta base used c o n t a i n s 295 da ta axioms w h i c h e x p l i 
c i t l y s t a t e t h e (1) mo the r , (2) f a t h e r , (3) b i r t h d a t e , 
and (4) b i r t h p l a c e o f i n d i v i d u a l s i n te rms o f t h e i r 
i d e n t i f i c a t i o n ( i . d . ) numbers, and (5) w h i c h r e l a t e 
t h e f i r s t and l a s t name o f each i n d i v i d u a l t o t h e i r 
i d e n t i f i c a t i o n number. The da ta base a l s o i n c l u d e s 88 
g e n e r a l ax ioms w h i c h d e f i n e t h e v a r i o u s p r e d i c a t e s i n 
te rms o f o t h e r p r e d i c a t e s . 

Ques t i on 1 . "What i s t h e name o f B r e t t F ishman 's mo th -

The s i g n i f i c a n t aspec ts o f t h i s s i m p l e q u e s t i o n i s 
t h a t i t s n e g a t i o n i n c l a u s e fo rm i s a u n i t c l a u s e c o n 
t a i n i n g c o n s t a n t s . W i t h t h e da ta base u s e d , i t r e 
q u i r e s f o u r axioms and f o u r l e v e l s o f sea rch t o a c h i e v e 
a r e f u t a t i o n . 

v* 
Both t h e l and Q* a l g o r i t h m s s u c c e s s f u l l y com-

p l e t e d t h e s e a r c h , however a s t h e s t a t i s t i c s i n Tab le 
2 demons t ra te , w i t h c o n s i d e r a b l y d i f f e r e n t l e v e l s o f 
work and r e s o u r c e s r e q u i r e d . Whereas t h e Q* a l g o r i t h m 
f o r t u i t o u s l y genera ted t h e m i n i m a l number o f base 
c l a u s e s , t h e } * a l g o r i t h m has t o genera te a l l axioms 
o f l e n g t h one ( i . e . , a l l t h e da ta ax ioms) , t w o , and 
t h r e e and some axioms o f l e n g t h f o u r b e f o r e t h e r e 
q u i r e d g e n e r a l ax iom (of l e n g t h f o u r ) was o b t a i n e d . 
Once t h i s g e n e r a l axiom was r e s o l v e d a g a i n s t t h e q u e r y 
c l a u s e , t h e r e s o l v e n t , hav i ng s u p p o r t , c o u l d b e r e s o l v 
ed a g a i n s t many o f t h e axioms a l r e a d y i n A - s e t s , and 
s i m i l a r l y f o r t h e r e s o l v e n t s o b t a i n e d . A s a c o n -
sequence, many more r e s o l v e n t s were g e n e r a t e d . 
F u r t h e r m o r e , t h e presence o f a l a r g e number o f c l a u s e s 
i n A - s e t s r e q u i r e d t h e use o f a c o n s i d e r a b l e amount o f 
f r e e space t o keep t r a c k o f t h e c lauses a s w e l l a s a 
s i g n i f i c a n t i n c r e a s e i n t h e search t i m e r e q u i r e d . 

Ques t i on 2 . " I s t h e r e a pe rson who i s t h e g r a n d f a t h e r 
o n t h e f a t h e r ' s s i d e o f i n d i v i d u a l 6 7 and t h e g r a n d 
f a t h e r o n t h e m o t h e r ' s s i d e o f i n d i v i d u a l 7?" 

The n e g a t i o n o f t h e Q u e s t i o n i n c l a u s e fo rm i s : 

F F ( x , 67) V FM(x, 7) 

where F F i s t h e p r e d i c a t e " g r a n d f a t h e r o n t h e 
f a t h e r ' s s i d e " , and F M i s t h e p r e d i c a t e " g r a n d f a t h e r 
o n t h e m o t h e r ' s s i d e . " T h i s q u e s t i o n , w h i c h r e q u i r e s 
s i x l e v e l s o f sea rch r e q u i r e s t h e f o l l o w i n g s i x axioms 
f r o m t h e s e t o f 295 d a t a axioms and 88 g e n e r a l ax ioms: 

F ( x , y) V M(y, z) v FM(x, z) 

F(x , y) V F { y , z) V F F ( x , z) 

M(4 , 7 ) , F ( 6 , 4 ) , F ( 6 , 6 3 ) , and F ( 6 3 , 67) . 

P r o o f s were f ound u s i n g s e t - o f - s u p p o r t and SL 
r e s o l u t i o n a s t h e i n f e r e n c e mechanism. The s t a t i s t i c s 
f o r s e t - o f - s u p p o r t i n d i c a t e t h a t t h e Q * a l g o r i t h m was 
q u i t e s e l e c t i v e a s compared t o b o t h w i t h r e s p e c t t o 
t h e number o f r e s o l v e n t s and axioms gene ra ted . How
e v e r , 0 * d i d o b t a i n c o n s i d e r a b l y more g e n e r a l axioms 
t h a n a c t u a l l y needed. 

The same q u e s t i o n was t e s t e d u s i n g SL r e s o l u t i o n 
as t h e i n f e r e n c e mechanism. The t a b l e shows s t a t i s t i c s 
f o r t h e Q * a l g o r i t h m a s g e n e r a t e d b y t h e computer , i t 
a l s o shows s t a t i s t i c s , gene ra ted by hand, f o r t h e Q* 
a l g o r i t h m when t h e semant ic r u l e o f c o u n t i n g t h e number 

o f p o s s i b l e s o l u t i o n s to a subproblem i s used . The Q* 
and 1 a l g o r i t h m s w i t h o u t t h e use o f semant i cs gener-
a t e d t h e same number of i n f e r e n c e s . However, £ 
b r o u g h t i n 381 ax ioms, o n l y 6 o f w h i c h were needed. 
Q* when n o t u s i n g semant ics b rough t in 16 ax ioms, o n l y 
6 o f w h i c h were a c t u a l l y needed. Q* w i t h o u t semant ics 
per fo rmed b e t t e r when u s i n g SL r e s o l u t i o n t h a n when 
u s i n g s e t - o f - s u p p o r t as t h e i n f e r e n c e mechanism. The 
use o f semant ics f o r Q * shows i t s g e n e r a l u t i l i t y . 
The number o f axioms e n t e r e d were 7 , w h i l e o n l y 6 were 
needed f o r t h e p r o o f . A l t h o u g h t h e r e i s a s i g n i f i c a n t 
decrease i n t h e number o f ax ioms genera ted u s i n g 
seman t i cs , t h e one example shou ld n o t be cons i de red to 
b e t h e t y p e o f improvement t h a t one w i l l a lways 
ach ieve u s i n g semant ic c o n s i d e r a t i o n s t o r e s t r i c t t h e 
s e a r c h . However, i t i s i n d i c a t i v e o f t h e use o f 
seman t i cs . The t r a c e o f c l a u s e s genera ted by SL r e 
s o l u t i o n and t h e p r o o f a re shown i n F i g u r e 2 . 

6. Summary 

We have desc r i bed a search s t r a t e g y f o r theorem-
o r o v i n q wh ich uses b o t h s v n t a c t i c and semant ic i n f o r 
m a t i o n t o d i r e c t t h e search i n a Ques t ion -Answer ing 
System. Most t h e o r e m - p r o v i n g systems have used 
p r i m a r i l y s y n t a c t i c i n f o r m a t i o n such a s c l a u s e l e v e l 
and c l a u s e l e n g t h t o d i r e c t t h e s e a r c h . O t h e r s have 
a t t e m p t e d t o use o n l y r e f i n e m e n t s o f r e s o l u t i o n w i t h a 
b r e a d t h - f i r s t search o r an ad hoc use o f h e u r i s t i c 
r u l e s . Exper ience w i t h such systems may have l e d some 
t o s p e c u l a t e t h a t means o t h e r t h a n t h e o r e m - p r o v i n g 
m u s t b e deve loped t o pe r f o rm d e d u c t i o n i n q u e s t i o n -
answer i ng , o r i n o t h e r prob lems ( e . g . , Anderson and 
Hayes [1972] ) 1 3 The reason f o r t h i s s k e p t i c i s m o f 
t h e o r e m - p r o v i n g may stem f rom t h e inadequacy of search 
s t r a t e g i e s t o l i m i t t h e sea rch t o a " r e a s o n a b l e " num
ber o f nodes i n f i n d i n g p r o o f s . We agree t h a t t h e use 
o f o n l y l o g i c a l r u l e s and s y n t a c t i c h e u r i s t i c s w i l l 
n o t b e s u f f i c i e n t f o r most sys tems. However, i t i s 
o u r hope t h a t t h e i n t r o d u c t i o n o f semant ic i n f o r m a t i o n 
t o a i d i n d i r e c t i n g t h e search w i l l b e u s e f u l . 

We have t r i e d to show where semant i c i n f o r m a t i o n 
may be used in a theorem p r o v e r , and how i t may c o o r 
d i n a t e w i t h t h e s y n t a c t i c h e u r i s t i c s and l o g i c a l d e 
d u c t i o n . There a re s e v e r a l p l a c e s where semant ics 
e n t e r i n t o t h e search p r o c e s s : 

(1) a t t h e t ime a c l a u s e i s g e n e r a t e d , t o d e t e r 
mine whether i t i s s e m a n t i c a l l y m e a n i n g f u l ; 

(2) i n s e l e c t i n g a l i t e r a l o f a c l a u s e t o e x 
pand ; 

(3) i n t h e f i l t e r i n g o u t o f i r r e l e v a n t o p e r 
a t o r s ; and 

(4) i n t a k i n g a c t i o n s when a l i t e r a l i s s o l v e d . 

There i s , however, a t r a d e o f f as t o when semant i cs 
s h o u l d b e a p p l i e d . I t may r e s u l t t h a t t h e a t t e m p t t o 
d e t e r m i n e whe ther o r n o t a c l a u s e i s s o l v a b l e c o u l d 
t a k e more t i m e t h a n t h e s o l v i n g o f t h e p r o b l e m . 
Hence, s t u d i e s must b e pe r fo rmed i n t h i s a rea t o 
d e t e r m i n e t h e v a r i o u s c o s t s i n v o l v e d . 

W i t h a n a r b i t r a r y i n f e r e n c e sys tem i t i s n o t 
a lways easy to de te rm ine when a l i t e r a l f r o m some 
c l a u s e has been s o l v e d . The bookkeep ing t h a t m i g h t be 
i n v o l v e d c o u l d become unmanageable. However, as de-
s c r i b e d p r e v i o u s l y , S L r e s o l u t i o n m in im i zes t h e book-
keep ing p rob lem. SL r e s o l u t i o n has t h e a d d i t i o n a l 
advantage o f p r o v i d i n g t h e o p p o r t u n i t y t o s e l e c t w h i c h 
subprob lem t o a t t a c k n e x t . 

Some o f t h e semant ic i n f o r m a t i o n we use i s gen-
e r a l , e . g . , t h e c o u n t o f t h e number o f s o l u t i o n s t o a 
subprob lem; i f such i n f o r m a t i o n i s s u p p l i e d b y t h e 
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user i t cou ld be used to advantage f o r any problem 
domain. A general framework f o r represent ing and 
app ly ing semantic i n fo rma t i on i s needed. I n a d d i t i o n , 
our semantic cons iderat ions have been d i r e c t e d 
p r i m a r i l y a t the meaning o f cons tants , and no t a t t he 
meaning of funct ions and Skolem func t ions t h a t may 
f requen t l y occur in c lauses. These must a l so be con
s ide red . 

We have presented a f i r s t ve r s i on of t he Q* a l 
gor i thm t h a t carbines syn tac t i c and semantic cons ider
a t i o n s . Improvements must be made in the a lgor i thm to 
handle p a r a l l e l searching such as in CONNIVER (Sussman 
and McDermott[1972])14 and to implement some of the 
fea tures t h a t were descr ibed, b u t no t incorporated i n 
to the f i r s t ve rs i on . However, based on l i m i t e d ex
per ience w i t h the cu r ren t ve rs ion o f Q*, i t has been 
observed t h a t the search does r e s t r i c t the generat ion 
o f c lauses. 

The area of semantics and theorem-proving r e 
qu i res considerably more research and exper imentat ion. 
This paper has descr ibed a f i r s t s tep in exp lo r i ng 
t h i s area. 

References 

1. Minker, J . , Fishman, D.H., and McSkimin, J .R. The 
Maryland Refu ta t ion Proof Procedure System (MKPPS). 
TR-208, Computer Science Center , Un ive rs i t y of 
Maryland, Col lege Park, Md. , 1972. 

2 . Minker, J . , McSkimin, J . R . , Fishman, D.H. 
MRPPS-An I n t e r a c t i v e Re fu ta t i on Proof procedure 
System f o r Question-Answering. TR-228, Computer 
Science Center, Un i ve rs i t y of Maryland, Col lege 
Park, Md. , 1973. 

3. Robinson, J.A. "A Machine Or iented Logic Based on 
the Resolut ion P r i n c i p l e . " J.ACM 12, l ( J a n . 1965), 
2 3 - 4 1 . 

4. R e i t e r , R. The Use of Models in Automatic Theorem 
Prov ing , Technical Report 72-09, Department of ' ' 
Computer Science, Un i ve rs i t y of B r i t i s h Columbia, 
Vancouver B.C., Canada, September, 1972. 

5. was, L . T . , Carson, D.F. , and Robinson, G.A. "The 
Un i t Preference Strategy in Theorem Prov ing . " 
Proc. FJCC, Thompson Book Co. , New York, 1964, 
6X5-621. 

6. Green, C.C. "Theorem Proving by Resolut ion as a 
Basis f o r Question-Answerii ig Systems." I n : 
Me l t ze r , B. and Mich ie , D. (Eds. ) , Machine I n t e l l i -gence 4, American E l s e v i e r , New York, 1969, 183-

0 5 : — 
7. Kowalsk i , R. Studies in the Completeness and 

E f f i c i e n c y of Theorem-Proving by Reso lu t ion . Ph.D. 
Thes is , U. of Edinburgh, 1970a. 

8. Kowalsk i , R. "Search S t ra teg ies f o r Theorem 
P r o v i n g . " I n : Me l t ze r , B. and M ich ie , D. (Eds. ) , 
Machine I n t e l l i g e n c e 5, A m e r i c a n E l s e v i e r , Hew 
York, l970b, 181-266. 

9. Ha r t , P . , N i l sson , N . , and Raphael, B. "A Formal 
Basis f o r the H e u r i s t i c Determinat ion of Minimum 
Cost Paths. " IEEE Trans. Sys. S c i . Cybernetics 4, 
2(1968), 100-107. 

10. Kowalsk i , R. and Kuehner, D. "L inear Resolut ion 
w i t h Se lec t ion Func t i on . " A r t i f i c i a l I n t e l l i g e n c e 
2, 3 /4 , (1971), 221-260. 

1 1 . S lag le , J .R. and F a r r e l l , C D . "Experiments i n 
Automatic Learning f o r a Mult ipurpose H e u r i s t i c 
Program." Ccmm. ACM 14, 2(Feb. 1971), 91-98. 

12. Hew i t t , C. "Procedural Embedding of Knowledge in 
PLANNER." Proc. IJCAI, B r i t i s h Computer Soc ie ty , 
London, England, 1971, 167-182. 

13. Anderson, D. and Hayes, P .J . An Arraignment of 
Theorem-Proying or the Log ic ian 's F o l l y , Memo No. 
54, Dept. o f Computational Logic , School o f A . I . , 
Un i ve rs i t y of Edinburgh, Scot land, 1972 . 

14. Sussman, G . J . , and McDermott, D.V. "From PLANNER 
to CONNIVER - A Genetic Approach." Proc. FJCC, 
AFIPS Press, Montvale, N . J . , 1972, 1171-1179. 

37 



Table 1 

(1) Figures do no t inc lude the clause from the negat ion of the theorem 

(2) These c a l c u l a t i o n s were performed by hand since the rou t ines tha t are to handle 
semantics have not ye t been implemented. 

(3) Se t -o f - suppor t 

(4) L inear r e s o l u t i o n w i t h se l ec t i on f u n c t i o n 

(5) Freespace r e f e r s to the storage needed by clauses formed by reso l v i ng or f a c t o r i n g 
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Figure 1. The use of constants to guide the search. 
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TRACE OF GENERATED CLAUSES PROOF 


