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ABSTRACT 

In t h i s paper we desor ibe a program t h a t 
v e r i f i e s t he oons is tenoy and completeness 
of exper t system knowledge bases whioh 
u t i l i z e t he Lookheed Expert System (LES) 
framework. The a l g o r i t h m s desor ibed here 
are not s p e c i f i c to LES and oan be a p p l i e d 
to most r u l e -based systems. The program, 
o a l l e d CHECK, combines l o g i o a l p r i n c i p l e s 
as w e l l as s p e o i f i o i n f o r m a t i o n about the 
knowledge r e p r e s e n t a t i o n fo rma l ism of LES. 
The program oheoks f o r redundant r u l e s , 
c o n f l i c t l n g r u l e s , subsumed r u l e s , m iss ing 
r u l e s , c i r o u l a r r u l e s , unreachable o lauses , 
and deadend o lauses . I t a l so generates a 
dependency ohar t whioh shows the 
dependencies among the r u l e s and between 
the r u l e s and the g o a l s . CHECK oan he lp 
the knowledge engineer to de teo t many 
programming e r r o r s even be fo re the 
knowledge base t e s t i n g phase. I t a l so 
he lps de teo t gaps in t he knowledge base 
whioh the knowledge engineer and the exper t 
might have over looked . A wide v a r i e t y of 
knowledge bases have been analyzed us ing 
CHECK. 

1.0 INTRODUCTION 

The Lookheed Exper t System (LES) is a 
gener io r u l e -based exper t system t o o l [1 ] 
( s i m i l a r to EMYCIN [ 2 ] ) t h a t has been used 
as a framework to c o n s t r u c t exper t systems 
in many areas suoh as e l e c t r o n i c equipment 
d i a g n o s i s , des ign oheok ing, photo 
I n t e r p r e t a t i o n , and hazard a n a l y s i s . LES 
employs a combinat ion of g o a l - d r i v e n and 
d a t a - d r i v e n r u l e s w i t h t he l a t t e r be ing 
a t taohed to t he f a o t u a l database (demons). 
One o b j e c t i v e in t he des ign of LES was to 
make i t easy to use. Thus, many debugging 
t o o l s and a i d s were added to the LES 
program. One of these a ids is the 
knowledge base completeness and oons is tenoy 
v e r i f i c a t i o n program o a l l e d CHECK. I t s 
purpose is to h e l p a knowledge engineer 
oheok the knowledge base whioh he 
oons t ruo ted f o r l o g i o a l l y redundant r u l e s , 
c o n f l i c t i n g r u l e s , subsumed r u l e s , miss ing 
r u l e s , unreachable o lauses , and deadend 
o lauses . CHECK does not per form any syntax 
oheoking on t h e r u l e s , s inoe t h i s i s done 
a u t o m a t i c a l l y when t he r u l e f i l e s are 
loaded i n t o t he knowledge base. CHECK 

s t a t i o a l l y analyzes the knowledge base 
( i . e . , a f t e r the r u l e s and f a c t s are loaded 
i n t o the knowledge base) , u n l i k e TEIRESIAS, 
whioh performs an assessment o f r u l e s in 
the s e t t i n g of a p rob lem-so lv ing sess ion 
[ 3 1 . 

Suwa, S o o t t , and S h o r t l i f f e [4 ] have 
w r i t t e n a program f o r v e r i f y i n g t h a t a set 
of r u l e s comprehensively spans the 
knowledge base. Th is program was dev ised 
and t e s t e d w i t h i n the oontex t o f t he 
ONCOCIN system (an EMYCIN-like system). 
Our work d i f f e r s f rom t h e i r s in t h a t CHECK 
ino ludes unreachable olauses and deadend 
olauses as two a d d i t i o n a l r u l e oheoking 
o r i t e r i a . Fur thermore, CHECK produoes a 
dependency ohar t and de teo ts any o i r o u l a r 
r u l e oha ins . A l s o , CHECK was dev ised and 
t e s t e d on a gener io exper t system w i t h 
oase-grammar r u l e s and a " f rame" database. 
I t has been used to analyze a wide v a r i e t y 
of knowledge bases. CHECK does not take 
i n t o aooount o e r t a i n t y f a c t c r s when 
oheoking the r u l e base. 

2.0 CHECKING FOR CONSISTENCY AND 
COMPLETENESS 

A s t a t i o a n a l y s i s o f t he r u l e s oan de teo t 
many p o t e n t i a l problems and gaps t h a t e x i s t 
in a r u l e base. We now i d e n t i f y and g i v e 
d e f i n i t i o n s f o r seven o r i t e r i a t h a t are 
used by CHECK to per form s t a t i o a n a l y s i s of 
any r u l e base oons t ruo ted f o r use w i t h LES. 
The f i r s t f o u r o r i t e r i a are concerned w i t h 
p o t e n t i a l problems, whereas the l a s t t h r e e 
o r i t e r i a are oonoerned w i t h gaps i n t he 
knowledge base. 

2 .1 POTENTIAL PROBLEMS IN A KNOWLEDGE BASE 

By s t a t i o a l l y ana l yz ing the l o g i o a l 
semantios o f t he r u l e s represented i n LES's 
case grammar fo rma t , CHECK oan de teo t 
redundant r u l e s , o o n f l i o t i n g r u l e s , r u l e s 
t h a t are subsumed by o ther r u l e s , and 
c i r c u l a r - r u l e oha ins . The f o l l o w i n g 
d e f i n i t i o n s f o r these f o u r p o t e n t i a l 
problems are used in CHECK: 

o Redundant rules: two r u l e s succeed in 
t he same s i t u a t i o n and have the same 
r e s u l t s . I n LES, t h i s means t h a t t h e 
IF p a r t s o f t he two r u l e s a re 
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e q u i v a l e n t , and one or more THEN 
olauses a re a l s o e q u i v a l e n t . Because 
LES a l l o w s v a r i a b l e s i n r u l e s , 
e q u i v a l e n t means t h a t t he same 
s p e c i f i c ob jeo t names can match t h e i r 
co r respond ing v a r i a b l e s . For example 
the r u l e " p ( x ) — > q ( x ) " i s e q u i v a l e n t 
to t he r u l e " p ( y ) —> q ( y ) " , where x 
and y are v a r i a b l e s . 

o C o n f l i c t i n g rules: two r u l e s succeed 
i n t he same s i t u a t i o n but w i t h 
c o n f l i c t i n g r e s u l t s . I n LES, t h i s 
means t h a t t he IF p a r t s o f t he two 
r u l e s are e q u i v a l e n t , bu t one or more 
THEN o lauses are o o n t r a d i o t o r y , or one 
p a i r o f I F o lauses i s o o n t r a d i o t o r y 
w h i l e t hey have e q u i v a l e n t THEN 
o lauses . For example, t he r u l e " p ( x ) 
— > n o t ( q ( x ) ) " i s o o n t r a d i o t o r y t o the 
r u l e " p ( x ) — > q ( x ) " . 

o Subsumed rules: two r u l e s have the 
same r e s u l t s , bu t one oon ta ins 
a d d i t i o n a l c o n s t r a i n t s on the 
s i t u a t i o n s i n whioh i t w i l l suooeed. 
In LES, t h i s means one or more THEN 
o lauses are e q u i v a l e n t , bu t t he IF 
p a r t o f one r u l e oon ta ins fewer 
o o n s t r a i n t s and /o r c lauses than the IF 
p a r t o f t he o the r r u l e . For example, 
t he r u l e " ( p ( x ) and q ( y ) ) — > r ( z ) " i s 
subsumed by the r u l e " p ( x ) —> r ( z ) " . 

o C i r c u l a r r u l e s : a se t o f r u l e s is a 
c i r c u l a r - r u l e se t i f t he oha in i ng o f 
those r u l e s i n t he se t forms a c y c l e . 
For example, i f we had a se t of r u l e s 
as f o l l o w s : (1 ) " p ( x ) — > q ( x ) " (2 ) 
" q ( x ) —> r ( x ) " ( 3 ) " r ( x ) —> p ( x ) " 
and the goa l is r ( A ) , where A is a 
c o n s t a n t , t hen t h e system w i l l en te r 
a n i n f i n i t e l oop a t run t i m e , un less 
t he system has a s p e o i a l way of 
h a n d l i n g c i r c u l a r r u l e s . 

2 .2 POTENTIAL GAPS IN A KNOWLEDGE BASE 

The development of a knowledge-based system 
i s a n i t e r a t i v e prooess i n whioh knowledge 
is enooded, t e s t e d , added, ohanged, and 
r e f i n e d . Th i s i t e r a t i v e prooess o f t e n 
leaves gaps in t h e knowledge base whioh 
bo th t he knowledge engineer and t h e exper t 
may have over looked d u r i n g t he knowledge 
a o q u i s i t i o n prooess. In LES, we have found 
t h r e e s i t u a t i o n s i n d i c a t i v e o f gaps i n the 
knowledge base. These t h r e e s i t u a t i o n s , 
c a l l e d CD m iss ing r u l e s , (2 ) unreachable 
o lauses , and (3 ) deadend o lauses a re 
desor ibed be low: 

o M iss ing ru les: a s i t u a t i o n in whioh 
some va lues in t h e se t o f p o s s i b l e 
va lues ( c a l l e d l e g a l va l ues ) o f a n 
o b j e o t ' s a t t r i b u t e a re not oovered by 
any r u l e ' s I F o lauses ( i . e . , t he l e g a l 
va lues i n t h e se t a re oovered on ly 
p a r t i a l l y o r no t a t a l l ) . A p a r t i a l l y 
oovered a t t r i b u t e oan p r o h i b i t t he 

system f rom a t t a i n i n g a oono lus ion or 
oause i t to make a wrong oono lus ion 
when an unoovered a t t r i b u t e va lue is 
enoountered d u r i n g run t i m e . 

o Unreachable c l a u s e s : in a g o a l - d r i v e n 
p r o d u o t i o n system, a THEN olause of a 
r u l e shou ld e i t h e r matoh a goa l o lause 
or matoh an IF o lause of another r u l e 
( i n the same r u l e s e t ) . Otherwise , 
the THEN olause is unreachable . 

o Deadend Glauses: to aohieve a goa l 
( o r subgoal ) i n LES, i t i s r e q u i r e d 
t h a t e i t h e r : ( 1 ) the a t t r i b u t e s o f 
the goa l o lause are askable (user 
p rov ides needed i n f o r m a t i o n ) or (2 ) 
t h a t t he goa l o lause is matched by a 
THEN olause of one of the r u l e s in the 
r u l e se t s a p p l y i n g t o t h a t g o a l . I f 
n e i t h e r o f these o o n d i t i o n s i s 
s a t i s f i e d t hen the goa l o lause oan not 
b e ach ieved , i . e . , i t i s a "deadend 
o l a u s e " . S i m i l a r l y , t he IF o lauses o f 
a r u l e a l s o must meet one of these two 
o o n d i t i o n s , or they are "deadend 
o l a u s e s " . 

2 .3 DEPENDENCY CHART AND 
CHAINS DETECTION 

CIRCULAR-RULE 

As a by -p roduo t of t he r u l e oheok ing, CHECK 
generates a dependency ohar t whioh shows 
the i n t e r a c t i o n s among the r u l e s and 
between the r u l e s and t he goa l o lauses . An 
example of a dependency ohar t f o r a sma l l 
problem is shown in F igu re 1 . A " * " 
i n d i o a t e s t h a t one or more o lauses in the 
IF p a r t of a r u l e or a goa l o lause (G.C. ) 
matches one or more o lauses in t he THEN 
p a r t o f a r u l e . The dependenoy ohar t is 
ve ry u s e f u l when the knowledge engineer 
d e l e t e s , m o d i f i e s , o r adds r u l e s t o the 
r u l e base. 

Note t h a t in F igu re 1 , t he " * " ' s i n d i c a t e 
the dependencies f o r t he o r i g i n a l r u l e s e t . 
By adding a o lause to Rule 2, t he " * 2 " 
dependencles appeared. Note , Rule 2 now 
re fe rences i t s e l f — a s e l f - o i r o u l a r r u l e . 
By the a d d i t i o n of one o lause to Rule 1 , 
t he " * 1 " dependenoles appeared. Th is a l s o 
oauses t he r u l e se t t o be c i r c u l a r , s inoe 
an IF o lause of Rule 1 is matohed by THEN 
olauses of Rule 7 and Rule 8 whioh in t u r n 
matoh an IF o lause o f Rule 1 . C i r c u l a r 
r u l e s shou ld be avo ided s i n c e they oan l ead 
to an i n f i n i t e l oop a t run t i m e . Some 
exper t systems, suoh as EKYCIN, handle 
o i r o u l a r r u l e s i n a s p e o i a l way. 
Neve r the less , t he knowledge engineer w i l l 
want to know whioh r u l e s are o i r o u l a r . So, 
CHECK uses t he dependenoy ohar t to generate 
graphs r e p r e s e n t i n g t he i n t e r a o t i o n s 
between r u l e s , and uses a c y c l i o graph 
d e t e c t i o n a l g o r i t h m t o de teo t o i r o u l a r r u l e 
oha ins . 
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These a l go r i t hms a lso work f o r 
f o rwa rd -oha ln i ng r u l e s , whioh are o a l l e d 
WHEN r u l e s in LES. However, the c r i t e r i o n 
unreachable clauses is not applicable to 
f o r w a r d - c h a i n l n g r u l e s . 

F igu re 1 

3.0 IMPLEMENTATION OF RULE CHECKER 

In s o l v i n g a problem, the knowledge 
engineer may w r i t e s e v e r a l se ts of 
g o a l - d r i v e n r u l e s w i t h eaoh se t hav ing a 
unique sub jeo t ca tego ry . ( I n LES i t i s 
oonvenient t o put r u l e s i n d i f f e r e n t 
sub jeo t c a t e g o r i e s so t h a t the system oan 
so lve d i f f e r e n t goa ls us ing on l y those r u l e 
se ts which app ly to t h a t g o a l . ; To so lve a 
p a r t i o u l a r g o a l , o f t e n h e w i l l s e l e o t 
seve ra l g o a l - d r i v e n r u l e se t s and WHEN 
r u l e s (demons). Sinoe these r u l e se ts are 
generated over a p e r i o d o f t i m e , i t i s 
q u i t e p o s s i b l e t h a t t h e i r i n t e r a c t i o n w i l l 
oause some problems. Thus, f o r eaoh goa l 
i t i s neoessary t o compare t he r u l e s ( i n 
the r u l e se t s s p e o i f i e d by t h a t goa l ) 
aga ins t eaoh o the r and aga ins t the olauses 
of t h a t g o a l . We now show an a l g o r i t h m ( i n 
an A l g o l - l i k e n o t a t i o n ) whioh CHECK uses. 
The a l g o r i t h m does the check ing f o r a se t 
of sub jeo t oa tego r i es w i t h N r u l e s and a 
goa l w i t h G o lauses . 

Beoause an IF p a r t or a THEN p a r t oan have 
more t han one o lause , t he comparison 
between one p a r t and another is handled by 
comparing a o lause of one p a r t to every 
o lause i n t he o the r p a r t . 
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4 . 0 gnyMAttv 

In t h i s paper we deso r ibed a program c a l l e d 
CHECK whose f u n c t i o n is to de teo t f o u r 
p o t e n t i a l problems ( redundant r u l e s , 
c o n f l l o t i n g r u l e s , subsumed r u l e s , and 
o i r o u l a r r u l e s ) and t h r e e p o t e n t i a l gaps 
(m iss ing r u l e s , unreaohable c l auses , and 
deadend o lauses) in a knowledge base 
u t i l i z i n g t h e LES framework. We a p p l i e d 
the oons is tenoy and completeness 
v e r i f i o a t i o n method of Suwa, S o o t t , and 
S h o r t l i f f e [ 4 ] t o t h e gener io exper t system 
LES w i t h good r e s u l t s . Fur thermore, we 
have extended t h e check lng to i no l ude 
o i r o u l a r r u l e s , unreaohable o lauses , and 
deadend o lauses . We a l s o showed a genera l 
a l g o r i t h m whioh per forms t he oheoking 

f u n o t i o n e f f i c i e n t l y . F i n a l l y , as a 
by-produot o f t he r u l e oheoking p rocess ing , 
CHECK generates a dependenoy ohar t whioh 
shows how the r u l e s oouple and i n t e r a o t 
w i t h eaoh o the r and w i t h t he g o a l s ; t h i s 
ohar t shou ld he lp t he knowledge engineer to 
i d e n t i f y immedia te ly the e f f e o t s o f 
d e l e t i n g , add ing , o r mod i f y i ng r u l e s . 

From our exper iences w i t h o o n e t r u o t i n g 
d i f f e r e n t knowledge bases, we f i n d t h a t 
many ohanges and a d d i t i o n s to the r u l e se t s 
ooour d u r i n g the development of a knowledge 
base. Thus, a t o o l suoh as CHECK t h a t oan 
de teo t many p o t e n t i a l problems and gaps in 
the knowledge base shou ld be ve ry u s e f u l to 
the knowledge engineer i n h e l p i n g him to 
develop a knowledge base r a p i d l y and 
a c c u r a t e l y . 

The major area of improvement f o r CHECK is 
the h a n d l i n g o f o e r t a i n t y f a o t o r s i n the 
r u l e s s inoe LES a l l o w s the r u l e s to have 
o e r t a i n t y f a o t o r s assoc ia ted w i t h them; 
t h i s may r e q u i r e t he d e f i n i t i o n s f o r the 
seven c o n d i t i o n s oovered i n t h i s paper t o 
be r e v i s e d . 
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