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ABSTRACT 

Some formal representa t ion Issues under ly ing 
the I n t e r a c t i o n between an expert system and I t s 
knowledge base are d iscussed. I t Is argued tha t a 
language that can re fe r both to the a p p l i c a t i o n 
domain and to the s ta te of the knowledge base Is 
requ i red to spec i fy and to quest ion an incomplete 
knowledge base. A formal l o g i c a l language w i t h 
t h i s a b i l i t y is presented and i t s semantics and 
proof theory are de f i ned . I t is then shown how 
t h i s language must be used to i n t e r a c t w i t h the 
knowledge base. 

1. INTRODUCTION 

An Important c h a r a c t e r i s t i c of any knowledge-
based system Is i t s i n t e r a c t i o n w i t h a knowledge 
base (or KB fo r sho r t ) tha t provides and mainta ins 
in fo rmat ion about the a p p l i c a t i o n domain. In 
genera l , there are two d i s t i n c t modes of i n t e r ­
a c t i o n between an expert system and i t s KB: the 
system w i l l want to ask and to t e l l the KB about 
the a p p l i c a t i o n area. In t h i s paper, I w i l l 
examine what spec ia l expressive requirements are 
placed on the language(s) of i n t e r a c t i o n when a 
system must dea l w i t h a KB tha t is Incomplete. 

Loosely speaking* a KB is Incomplete when it 
does not have a l l the In fo rmat ion necessary to 
answer some quest ion of I n t e r e s t to the system. 
When a knowledge-based system is forced to depend 
on an incomplete KB, i t s a b i l i t y to make dec is ions 
or solve problems is se r i ous l y compromised. In 
some cases, the lack of knowledge can be c i rcum-
vented using general de fau l t s [ 1 ] , wh i l e i n other 
s i t u a t i o n s , spec ia l h e u r i s t i c s are requ i red [ 2 ] . 
However, no matter how a system plans to dea l w i t h 
incompleteness, i t must f i r s t be able to determine 
where t h i s incompleteness l i e s . In o ther words, a 
system has to f i n d out exac t l y where knowledge Is 
lack ing before it can decide what to do about i t . 
This suggests that a KB must be capable of p rov id -
ing in fo rmat ion not on ly about the a p p l i c a t i o n area , 
but about I t s e l f as w e l l . Thus, the language used 
to i n t e r a c t w i t h a KB must a l low a user to de f ine 
and i nqu i r e about what the KB does and does not 
know. The major issue of t h i s paper, then , is what 
impact t h i s c a p a b i l i t y w i l l have on the language 
of i n t e r a c t i o n . 

This work was sponsored in p a r t by the Natura l 
Sciences and Engineering Counci l of Canada and the 
Department of Computer Science, U. of Toronto . 

The approach taken in my work [3 ] focuses 
p r i m a r i l y on the formal aspects of t h i s i ssue . As 
described in sec t ion two, I w i l l be dea l ing w i t h 
KB's cons is t i ng of formulas of the f i r s t order 
pred ica te ca l cu lus . In sec t ion th ree , I examine 
what questions one would l i k e to be able to ask 
such a KB and conclude tha t these quest ions are 
best phrased in a superset of the pred icate ca lcu lus 
I c a l l KL. In sec t ion f o u r , I examine the language 
KL in d e t a i l and provide a semantics and proof 
theory . Given t h i s ana lys is of KL, I then consider 
its use as a language to i n t e r a c t w i t h a KB: in 
sec t ion f i v e , the formulas of KL are used to query 
a KB and I show that t h i s involves a non-monotonic 
ve rs ion of the language; in sec t ion s i x , the formu-
las of KL are used to de f ine a KB and I ind icate 
why t h i s requi res conver t ing the formulas into the 
language of the KB. 

Three areas of r e l a ted research should be 
noted. F i r s t of a l l , my f o r m a l i z a t i o n of KL owes 
much to the work on the l o g i c of knowledge and 
b e l i e f pioneered in [ 4 ] and continued in (5 ] and 
[6 ] (though my a p p l i c a t i o n is somewhat d i f f e r e n t ) . 
Secondly, there has been research on incompleteness 
from the database area ( [ 7 ] , [ 8 ] ) concent ra t ing 
p r i m a r i l y on e f f i c i e n t query eva lua t i on . F i n a l l y , 
a l though the research here does not deal w i t h 
de fau l t s or assumptions, the work on non-monotonic 
reasoning ( [ 9 ] , ( 1 0 ] , [ 1 1 ] , [12 ] ) has provided t e c h n i ­
c a l i n s p i r a t i o n . 

2. FIRST ORDER KNOWLEDGE BASES 

As descr ibed in [ 1 3 ] , a f i r s t order KB is a 
f i n i t e set o f c losed formulas o f f i r s t order l o g i c 
(FOL). I w i l l r e s t r i c t my a t t e n t i o n to cons is ten t 
sets of formulas tha t do not con ta in f u n c t i o n 
symbols o ther than a (poss ib ly i n f i n i t e ) set of 
O-ary symbols c a l l e d constants . Moreover, a 
b i j e c t i o n is assumed to e x i s t between the set C of 
constants and the set D of e n t i t l e s in the domain 
of d iscourse . 

A query in t h i s framework is any formula of 
FOL and is answered by consu l t ing the p r o v a b i l i t y 
r e l a t i o n H to determine what does and does not 
f o l l o w from the KB. For each closed query there 
are three poss ib le r e p l i e s : yes, no or unknown, 
depending on whether the query, i t s negat ion or 
ne i the r f o l l o w from what is ava i l ab le in the KB. 
A KB is incomplete when some query has an unknown 
answer and complete o therw ise . 

Consider a t y p i c a l KB con ta in ing f a c t s such as 
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Teachea(John, b i l l ) , S t u d e n t ( b i l l ) , . . . 

To avoid having to include w i t h i n t h i s KB a l l the 
"nega t i ve " f a c t s about the a p p l i c a t i o n such as 

-Student (John), nTeaches ( b i l l , j o h n ) , . • • 

an assumption is usua l l y made (once and f o r a l l ) 
tha t the negat ion of any atomic formula can be in-
f e r red from the i n a b i l i t y to i n f e r the atomic 
formula. This is the closed wor ld assumption (CWA) 
[14] which, along w i t h the assumption tha t there is 
a b l j e c t i o n between constants and e n t i t l e s in the 
domain, guarantees tha t any KB is complete. 

I f , on the other hand, we have a KB tha t con­
ta ins 

[Student(mary) v Student(susan)] 

but does not con ta in e i t he r 

Student(mary) or Student(susan), 

the CWA cannot be used since it would a l low us to 
conclude tha t ne i ther Mary nor Susan are s tudents , 
con t rad i c t i ng what is in the KB. This KB only 
p a r t i a l l y describes a w o r l d , i n that i t spec i f i es 
that one of Mary or Susan is a student but not 
which. Thus, there is a query tha t is t rue in the 
intended a p p l i c a t i o n but whose t r u t h cannot be 
determined on the basis of what is ava i l ab le in the 
KB. The KB i s , consequently, incomplete. 

For the res t of t h i s paper, I w i l l say tha t a 
KB knows a formula if it answers yes to the query 
and, f o r any pred icate p and constant c, that c is 
a known p when the formula p(c) is known. 

3. THE KNOWLEDGE BASE QUERY LANGUAGE 

Even though a KB is incomplete, there may be 
completeness in c e r t a i n areas. For example, suppose 
tha t 

KB (x) [Teacher(x) = (x-John v x -J im) ] 

In t h i s case, not on ly are John and Jim teachers, 
but the KB knows tha t they are the only teachers. 
I t there fore has a complete p i c t u r e of the teachers. 
On the other hand, it may be the case tha t 

KB h (Ex)Teacher(x) 

w i thou t there being any known teachers. In t h i s 
s i t u a t i o n , the KB knows tha t there is a teacher but 
does not know who and so does not have a complete 
l i s t o f teachers . There i s , moreover, a t h i r d 
p o s s i b i l i t y which i s tha t i t cannot be determined 
from what is ava i l ab le in the KB whether or not i t 
has complete knowledge of the teachers. So j u s t as 
the quest ion 

Is John a teacher? 

may be answered yes, no or unknown, the quest ion 

Are a l l the teachers known? 

may a lso be yes, no or unknown depending only on 
what is in the KB. 

I f the purpose of a query language is to 
provide an accurate p i c t u r e of what is and is 
not ava i l ab l e in the KB, we should be able to f o r ­
mulate quer ies t ha t ask the KB about i t s i n ­
completeness. In FOL, a query tha t asks i f there 
is a teacher apart from the known teachers might 
be expressed by 

(Ex)[Teacher(x) -»(x«cl V . . . V x«ck) ] 

where the c f s are constants ranging over a l l the 
teachers known to the KB. 

There are a couple of problems w i t h t h i s 
method of asking i f a l l the teachers are known. 
F i r s t of a l l , there could be a very la rge number of 
known teachers. In some app l i ca t i ons and f o r some 
p red ica tes , there may even be an I n f i n i t e number. 
Secondly, we have to know what these constants are 
in the f i r s t place to be able to formulate the 
query. For a la rge and complex KB, it could happen 
tha t on ly the KB has t h i s i n f o rma t i on . One can 
a lso Imagine s i t u a t i o n s where the KB w i l l not 
d ivu lge t h i s i n fo rmat ion f o r secu r i t y reasons wh i le 
s t i l l being w i l l i n g and able to answer questions 
about i t s incompleteness. 

This suggests tha t the KB I t s e l f should keep 
t rack of I t s Incompleteness in the same way i t 
maintains knowledge of the a p p l i c a t i o n area. One 
p o s s i b i l i t y , f o r example, Is to have a pred ica te 
"Known-teacher" and to a l low a KB conta in ing the 
f o l l o w i n g : 

Teacher( john) , Known-teacher(John), 
[Teacher (Jim) v Teacher (dan) ], 
-Known-teacher ( j i m ) , -Known-teacher (dan) . 

The problem w i t h t h i s approach (and any other tha t 
Involves a d i r e c t encoding i n t o FOL) is the manage­
ment of t h i s extended language. There is a very 
d e f i n i t e r e l a t i o n s h i p between "Teacher" and 
"Known-teacher" tha t must be captured somehow. 
Among other th ings , we want tha t whenever 

Teacher(c) 

is in the KB, then 

Known-teacher(c) 

is as w e l l . The c losest we can come to expressing 
t h i s is by an axiom s t a t i n g tha t 

(x) [Teacher(x) = Known-teacher(x) ] . 

However, t h i s does not work s ince t h i s formula is 
incons is ten t w i t h the above KB. The correspondence 
between "Teacher" and "Known-teacher" is much more 
complex. In a n u t s h e l l , "Known-teacher" should not 
be a pred icate f o r the simple reason tha t I t s 
t r u t h or f a l s i t y does not depend on the domain 
being modelled but on the model ( i . e . the KB) 
I t s e l f . 

The s o l u t i o n , then, is to leave the KB as is 
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but to extend the query language to a l low questions 
that r e f e r to the cur rent s t a t e of knowledge of the 
KB. The query language I propose, ca l l ed KL, 
contains a l l of FOL and, in a d d i t i o n , has formulas 
of the form 

Ka 

r ead as 

The KB knows tha t a. 

This leaves us w i t h a f i r s t order KB wh i le s t i l l 
a l low ing us to query the KB regarding i t s i n ­
completeness. In p a r t i c u l a r , we have a new form of 
query eva luat ion 

where is some (as yet to be spec i f i ed ) p rovab i ­
l i t y r e l a t i o n and a is any formula of KL. For 
example, to f i n d out if the KB has an Incomplete 
l i s t of teachers, we ask i f 

KB (Ex)[Teacher(x) [ T e a c h e r ( x ) ] ] . 

S i m i l a r l y , wh i le the query 

(Ex)Teacher(x) 

can be used to f i n d out i f there are any teachers, 

the query 

asks if the KB knows who any of them a r e . To be 
able to def ine the r e l a t i o n , we must f i r s t look 

at the semantics of the language KL I t s e l f . 

4. THE LANGUAGE KL 

The query language KL has the same format ion 

ru les as FOL but a lso includes the r u l e 

There a re , consequently, two k inds of formulas in 
KL: the f i r s t , l i k e 

w i l l be t rue or f a l s e depending only on how the 
wor ld i s , t ha t i s , on the i n t e r p r e t a t i o n o f the 
constant and pred ica te symbols; the second, l i k e 

w i l l be t rue or f a l s e depending only on how the KB 
i s , t ha t i s , on what is and is not known. I w i l l 
c a l l the l a t t e r formulas There are a lso 
formulas in KL tha t are mixtures of the two types 
and whose t r u t h va lue depends bo th on the wor ld and 
the KB. KL a lso a l lows f o r in 
formulas such as 

K[ (Ex)Kp(x) ] 

which t a l k about the KB's knowledge of i t s own 
knowledge. 

The semantic I n t e r p r e t a t i o n of a closed formu­
la of KL w i l l depend on both a wor ld desc r i p t i on 
(or i n t e r p r e t a t i o n , in the Tarsklan sense) and a 
d e s c r i p t i o n of a KB. In genera l , a KB can be view-
ed as a p a r t i a l d e s c r i p t i o n of s wor ld and can thus 
be character ised by a set of wor ld desc r i p t i ons . 
To make a l l of t h i s more p rec ise , f i r s t note tha t 
because of the assumed b l j e c t i o n between constants 
snd e n t i t l e s in the domain, a wor ld desc r i p t i on 
need only ass ign a t r u t h value to the atomic sen­
tences. Thus, we csn def ine the set of wor ld 
descr ip t ions as 

KB desc r ip t ions a re , then, Just non-empty sets of 
world desc r i p t i ons : 

The i n t e r p r e t a t i o n of any closed formula a is pro-
vided by the f unc t i on V. 

A formula is v a l i d when i t i s t rue w i t h respect to 
every wor ld and KB d e s c r i p t i o n . In the case where 
a is pure, I w i l l use V(a,m) to re fe r to the t r u t h 
value of a w i t h respect to the KB described by m. 

Turning now to the proof theory f o r KL, s ince 
the language includes FOL as a subset, we w i l l need 
the axioms of FOL and i t s two inference r u l e s : 
modus ponens snd un ive rsa l gene ra l i za t i on . To 
account f o r the K operator , we have to r e a l i z e 
tha t i t behaves l i k e s p r o v a b i l i t y r e l a t i o n i n 
tha t something is known when i t " f o l l o w s " from what 
is ava i l ab l e in the KB. We w i l l , t he re fo re , i n s i s t 
tha t the axioms of FOL are known and that the KB 
Is able to perform modus ponens and un i ve rsa l 
gene ra l i za t i on based on what is known. This might 
be ca l l ed the assumption of competence. As f o r 
meta-knowledge, i t is convenient to assume that the 
KB knows the cor rec t t r u t h value of any pure formu-
l a . In other words, there is never any reason to 
t e l l the KB about i t s e l f nor is there any reason 
to doubt what the KB knows about I t s e l f . No matter 
how incomplete or inaccurate a KB can be about the 
wor ld , i t i s assumed to be the f i n a l a u t h o r i t y on 
i t s e l f . This might be ca l l ed the assumption of 
c losu re . Note tha t t h i s assumption app l ies on ly to 
pure sentences. For tuna te ly , these can be g iven a 
syn tac t i c c h a r a c t e r i z a t i o n : a formula i s pure i f f 
every occurrence of a p red ica te symbol appears 
w i t h i n the scope of a K opera tor . We the re fo re 
have the f o l l ow ing ax lomat iza t ion of the language 
KL: 
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Rules of Inference 

Modus Ponens and Universa l Genera l iza t ion 

I f we l e t denote the p r o v a b i l i t y r e l a t i o n f o r t h i s 
ax iomat i za t i on , then the key r e s u l t here is that the 
proof theory is both sound and complete w i t h respect 
to the semantics g iven above: 

Theorem: 

One th ing to no t i ce is tha t by the closure p roper ty , 

we have tha t f o r any pure a 

This i s , however, not the case f o r a r b i t r a r y a in 
t h a t , f o r example, the set 

i s s a t i s f l a b l e and, hence, l o g i c a l l y cons is ten t . 
This is a s i t u a t i o n where the KB is behaving proper-
ly but j u s t happens to be mistaken about the w o r l d . 
So, in some sense, the K operator should be read as 
"be l i eve " ra ther than "know". On the other hand, 
the kind of b e l i e f Involved here is very spec ia l 
in that a KB w i l l always th ink i t i s dea l ing w i t h 
knowledge since 

f o r any formula a. So there is an aspect of commit­
ment to what is be l ieved in tha t a KB w i l l never 
be l ieve i t has mistaken b e l i e f s . 

5. QUERIES REVISITED 

Having examined the semantics and proof theory 
of KL, we are s t i l l faced w i t h the problem of 
spec i fy ing what is meant by 

The idea here is tha t t h i s should mean 

Semant lca l ly , t h i s is saying tha t Ka is t rue w i t h 
respect to the knowledge base that has the leas t 
amount of wor ld knowledge cons is tent w i t h knowing 
everyth ing in KB. Thinking of a knowledge base as 
described by a set of wor ld d e s c r i p t i o n s , we want 
the l eas t amount of wor ld knowledge and, thus , the 
la rges t poss ib le s e t . 

Any knowledge base tha t knows more than what is in 
the KB is described by a subset of M(JCB) and, so, 
has a more re f i ned view of the w o r l d . This 
suggests how query eva lua t ion can be def ined 
semant lca l l y : 

So, the answer to a quest ion is yes exact ly when it 
is known to be t rue in M(KB). For example, i f 

The l a s t statement above conf irms tha t KB1 knows 
tha t i t does not know i f i t has a complete l i s t o f 
teachers. Note tha t 11- is a non-monotonlc opera­
t o r i n tha t i t i s not the case tha t 

However, un l i ke a f u l l y general non-monotonlc l og i c 
as presented in [9 ] or [ 1 0 ] , the operator here 
has been given a simple and na tu ra l semantic 
c h a r a c t e r i z a t i o n . Below I w i l l present a proof 
t heo re t i c analogue of t h i s operator and c la im a 
soundness and completeness type r e s u l t , but before 
doing so it is necessary to examine how KL can be 
used to spec i fy a KB. 

6. THE KNOWLEDGE BASE DEFINITION LANGUAGE 

Since, f o r incomplete KB's , the CWA is not 
used un i fo rm ly , I t would be extremely convenient to 
be able to t e l l the KB when ( i f ever) the assump­
t i o n could be used f o r spec ia l cases. Conversely, 
we should a lso be able to t e l l the KB when the CWA 
cannot be used. I f we l e t 

then s ta tes tha t i f someone is not c u r r e n t l y 
known to be a teacher then he is not a teacher. So 

is the CWA r e l a t i v i z e d to teachers wh i le 
i t s e l f is a statement tha t t h i s assumption cannot 
be used (because there are teachers other than the 
cu r ren t l y known ones) . The quest ion immediately 
a r i ses as to whether or not we can add formulas 
such as or to a KB, thus genera l i z ing a KB to 
be any cons is tent set of formulas from KL instead 
of FOL. 

There are a number of problems w i t h t h i s 
gene ra l i za t i on but I w i l l address only one of these 
r e l a t i n g to the formula The idea here is tha t 
we would s t a r t o f f w i t h a KB such as KB1 def ined 
e a r l i e r . Since KB1 does not know whether or not 
John is the only teacher, i t is not the case tha t 
e i t h e r 

Suppose we consider t e l l i n g i t tha t i t does not 
have a l l the teachers and get 

If we now want to t e l l the KB tha t Jim is a teacher , 
we get 

KB3 - KB2 + Teacher ( J im) . 
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The problem here is t ha t KB3 s t i l l contains end, 
consequently, s t i l l th inks i t i s missing a teacher. 
In f a c t , no matter how many teachers we t e l l the KB 
about, i t w i l l s t i l l th ink i t i s missing a t leas t 
one. Moreover, i f w e t r y t o t e l l i t that i t f i n a l l y 
has a l l of them by adding then we a r r i v e at an 
Incons is tent KB since i t a lso contains 

What should have happened here is somewhat 
d i f f e r e n t . Once we a r r i ved at KB2, the KB should 
know tha t i t is missing a teacher and hence be l ieve 

However, once a new teacher is added to the KB 
to produce KB3, the KB has no way of knowing 
whether or not t h i s is the l a s t teacher i t was 
missing and so it should be the case (as w i t h KB1) 
tha t ne i ther 

In other words, a f t e r the i n t r o d u c t i o n of J im, the 
KB should no longer know whether or not it has a l l 
the teachers. In f a c t , the knowledge i t had as KB2 
is l o s t when i t becomes KB3. 

This is a strange k ind of non-monotonic i ty . 
The usual symptom of a non-monotonic l o g i c is that 
the a d d i t i o n of a new axiom Inva l i da tes a previous 
theorem. In our case, the a d d i t i o n of the new 
axiom Inva l ida ted a previous axiom. The cur ious 
puzzle here is that there is no " b e l i e f r e v i s i o n " 
going on in the sense of a r e a l i s a t i o n that an axiom 
was i n c o r r e c t l y added to the KB. S i m i l a r l y , there 
is no admission of the wor ld having changed in the 
sense of someone becoming or ceasing to be a teacher. 
In f a c t , the only change tha t has taken place is a 
change in what is known about the wo r l d . But t h i s 
is enough since does make reference to the 
current s t a te of the KB. So w i thou t admi t t i ng tha t 
the world has changed or tha t some previous s t a t e ­
ment about the wor ld needs r e v i s i o n , we can s t i l l 
mainta in tha t the t r u t h value of can change by 
not ing tha t the s t a t e of the KB has changed. Thus, 

cannot be pa r t of the KB since the s t a t e of 
knowledge i t r e fe rs to disappears as In format ion i s 
acqu i red. 

The s o l u t i o n to the problem of the a d d i t i o n of 
to a KB i s , t he re fo re , to t r e a t the formula as 

ord inary wor ld knowledge where the K operator is 
used to r e f e r to the current s ta te of the KB. This 
is only na tu ra l since a KB la assumed to have com-
p le te knowledge of i t s e l f . Conaequently, any 
mention of what is known in a new piece of in forma­
t i o n must be " r e f e r e n t i a l " and not " a t t r i b u t i v e " . 
Thus, the a d d i t i o n to the KB must be understood by 
f i r s t reso l v ing these re ferences. In other words, 
the s o l u t i o n to the problem is not to p r o h i b i t 
add i t i ons l i k e but ra ther to a l low in the KB 
d e f i n i t i o n language but not the KB i t s e l f . For 
example, KB2 now becomes 

where we have replaced the open formula 

by a f i r s t order formula tha t resolves t h i s 

reference w i t h respect to KB1: 

( x - j o h n ) . 

This produces the proper ty tha t 

and ne i ther KB3 11 A nor KB3 | (- -,A 
as des i red . 

The s o l u t i o n I have proposed above presupposes 
that there w i l l always be a formula of FOL tha t can 
be used to resolve any reference to what Is known. 
I t Is worth not ing tha t t h i s cannot be done 
Independently of a KB In that there Is no formula 

of FOL such tha t 

Of course, a l l we r e a l l y need Is a formula f o r each 
KB and not a formula tha t works for every KB. 
For tuna te ly , If we assume the a v a i l a b i l i t y of an 
equa l i t y predicate and r e s t r i c t ourselves to f i n i t e 
KB's , t h i s can always be done. 

The method of a l low ing a l l of KL to speci fy a KB is 
thus to l e t 

Viewed more semantics Uy In terms of wor ld desc r ip ­
t i o n s , we have tha t 

Note that although the func t i on RESOLVE is not 
r ecu rs i ve , I t i s s t r i c t l y p r o o f - t h e o r e t i c . More­
over, i t can be shown that 

Theorem: For any 

which def ines a syn tac t i c vers ion of query evalua­
t i o n tha t is exact ly equivalent to the semantic one 
def ined e a r l i e r . Of course, the proof theory is 
not axiomatic but t h i s is to be expected g iven tha t 

is not recu rs i ve l y enumerable. So, to summarise, 
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although the i n t e r a c t i o n w i t h a f i r s t order KB 
should a l low the language KL to be used, t h i s I n te r -
ac t i on can be understood in f i r s t order terms when 
the KB is f i n i t e . 

7. CONCLUSION 

In t h i s paper, I have considered from a formal 
standpoint the problem of i n t e r a c t i n g w i t h an i n ­
complete KB. The mot i va t i on behind the research is 
t h a t , t o e f f e c t i v e l y deal w i t h p a r t i a l knowledge, 
a system must f i r s t be able to determine the exact 
l i m i t s to what is known. Th i s , In t u r n , places 
c e r t a i n requirements on the language used to i n t e r ­
act w i t h a KB. In p a r t i c u l a r , the language has to 
be able to r e fe r to the s ta te of the KB as w e l l as 
to the s ta te of the a p p l i c a t i o n domain. 

To t h i s e f f e c t , I proposed a language KL f o r 
i n t e r a c t i n g w i t h a f i r s t order KB and presented a 
proof theory and semantics which were d i r e c t ex ten­
sions of t h e i r FOL counterpar ts . KL was then 
appl ied to query eva lua t ion and I showed tha t t h i s 
requ i red a non-monotonic operator . Semantic and 
syn tac t i c i n t e r p r e t a t i o n s of t h i s operator were 
prov ided. F i n a l l y , KL was appl ied to KB d e f i n i t i o n 
and I demonstrated why t h i s requi red reducing KL 
i n t o the language of the KB, FOL. In f a c t , the net 
r e s u l t was that the KB remained f i r s t o rder , but 
tha t i n t e r a c t i o n w i t h i t took place In a more 
expressive language. 

Apart from the more p r a c t i c a l imp l i ca t i ons of 
t h i s work, there remain open questions even w i t h i n 
the formal framework. I have not mentioned, f o r 
example, what impact the presence of an equa l i t y 
r e l a t i o n or non-constant terms would have on KL. 
A l so , a method of handl ing de fau l t s (and except ions) 
is a reasonable goal g iven tha t the framework al lows 
one to determine where t h e i r a p p l i c a t i o n is needed. 
In summary, the framework provides not only a formal 
standard against which to measure represen ta t ion 
languages, but a lso a basis f o r f u r t h e r e x p l o r a t i o n . 

REFERENCES 

[1] Re i t e r , R., "On Reasoning by D e f a u l t " , Proc. 
second TINLAP conference, Urbana, I l l i n o i s , 
1978. 

[2 ] C o l l i n s , A . , Warnock, E. , A l e l l o , N. and 
M i l l e r , M., "Reasoning from Incomplete 
Knowledge", Representat ion and Understanding: 
Studies in Cogni t ive Science, C o l l i n s , A. and 
Bobrow, D. ( e d s . ) , Academic Press, 1975. 

[3 ] Levesque, H. , "A Formal Treatment of Incom­
p le te Knowledge Bases", Ph.D. t h e s i s , Dept. of 
Computer Science, U. of Toronto, 1981. 

[4 ] H i n t i k k a , J . , Knowledge and B e l i e f ; An I n t r o ­
duc t ion to the Logic of the Two Not ions. 
Corne l l Un i ve rs i t y Press, 1962. 

[5 ] Moore, R., "Reasoning about Knowledge and 
A c t i o n " , Ph.D. t h e s i s , Dept. of E.E. and 
Computer Science, MIT, 1980. 

[6 ] McCarthy, J . , Sato, M., Hayashi, T. and 
I g a r a s h l , S . , "On the Model Theory of Know­
ledge" , Memo AIM-312, Dept. of Computer 
Science, Stanford U., 1978. 

[7 ] V a s s i l i o u , Y . , "A Formal Treatment of Im­
per fec t In fo rmat ion in Database Management", 
Ph.D. t h e s i s , Dept. of Computer Science, U. 
of Toronto, 1980. 

[8 ] L l p 8 k l , V . , "On Semantic Issues Connected 
w i t h Incomplete In fo rmat ion Data Bases", 
I n s t i t u t e of Computer Science PAS Report 325, 
Warsaw, Poland, 1978. 

[9 ] McDermott, D. and Doyle , J . , "Non-monotonic 
L o g i c " , AI memo 486, AI Lab . , MIT, 1978. 

[10] McDermott, D. , "Non-monotonic Logic I I : Non­
monotonic Modal Theor ies" , Research Rep. No. 
174, Dept. of Computer Science, Yale U. , 1980. 

[11] McCarthy, J . , "C i rcumscr ip t ion - A Form of 
Non-monotonic Reasoning", A r t i f i c i a l I n t e l l i ­
gence 13, 1980. 

[12] R e i t e r , R., "A Logic f o r Defau l t Reasoning", 
A r t i f i c i a l I n t e l l i g e n c e 13. 1980. 

[13] G a l l a i r e , H. and Minker, J . ( e d s . ) , Logic 
and Data Bases. Plenum Press, New York, 1978. 

[14] R e i t e r , R., "On Closed World Data Bases", 
Ec and Data, Bases, Ga l la i re , 
(eds. ) , Plenum Press, 1978 

Logic and Data Bases. G a l l a i r e , H. and Minker, 
J . ( e d s . ) , p i e n u m 

ACKNOWLEDGEMENTS 

I would l i k e to thank John Mylopoulos and 
Alex Borglda f o r c o n t r i b u t i n g to the development 
of t h i s work. I am a lso g r a t e f u l to Teresa Miao 
f o r t yp ing t h i s manuscr ip t . 


