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ABSTRACT 

Shared knowledge and b e l i e f s a f f e c t c o n v e r s a t i o n a l 
s i t u a t i o n s in v a r i o u s ways. One aspect in which 
they p lay a r o l e i s the cho ice o f r e f e r r i n g 
e x p r e s s i o n s . I t i s o f i n t e r e s t t o ana lyse t h i s 
r o l e s ince a n a t u r a l language system must be ab le 
to dec ide when i t can use a p a r t i c u l a r r e f e r r i n g 
e x p r e s s i o n ; o r a l t e r n a t i v e l y what a p a r t i c u l a r 
e x p r e s s i o n r e f e r s t o . In t h i s paper we a t tempt to 
f o r m a l l y c h a r a c t e r i s e c o n d i t i o n s fo r t h e s e . 
S p e c i f i c a l l y , w e d i f f e r w i t h the t r a d i t i o n a l 
n o t i o n o f mutua l knowledge and b e l i e f , s t a t e a 
c o n v e r s a t i o n a l c o n j e c t u r e t h a t conv inces us to do 
so , express a weakened n o t i o n in a formal system 
f o r reason ing about knowledge, and show how t h i s 
might be used to dec ide on s a t i s f a c t o r y r e f e r r i n g 
e x p r e s s i o n s . I t i s d e s i r a b l e t o express a 
weakened n o t i o n o f mutual b e l i e f t h a t p a r a l l e l s 
t ha t f o r mutual knowledge; t h i s aspect i s 
c u r r e n t l y be ing i n v e s t i g a t e d . 

1.0 INTRODUCTION 

b u i l t so t h a t i t m i r r o r s in some way the reason ing 
process o f humans, r a t h e r than do ing reason ing 
t h a t i s p u r e l y l o g i c a l . Th is l a t t e r i s a n 
i m p o r t a n t c r i t e r i o n , s i nce a system to be used in 
a c o n v e r s a t i o n a l env i ronment must be ab le to 
reason about the b e l i e f s o f o t h e r s in the same 
manner t h a t they would about them. 

I n s o f a r as p roduc ing c o o p e r a t i v e behav iour 
impinges on the t ask of unde rs tand ing and 
g e n e r a t i n g n a t u r a l language, i t i s a l r eady ev iden t 
t h a t c o n s i d e r a t i o n s o f knowledge and b e l i e f are 
impo r tan t f o r n a t u r a l language p r o c e s s i n g . 
However, t he re are aspec ts o f language p rocess ing 
t h a t are a f f e c t e d more d i r e c t l y by b e l i e f s and 
knowledge about o the rs and of what b e l i e f s and 
knowledge are shared w i t h o t h e r s . Consider f o r 
example the aspect of u s i n g or unde rs tand ing a 
r e f e r r i n g e x p r e s s i o n . I n t r y i n g t o r e f e r t o a n 
o b j e c t one takes recourse to the f a c t s t ha t one 
t h i n k s or knows one 's audience b e l i e v e s or knows; 
and a system t h a t does not make the assumpt ion 
t h a t i t communicates w i t h people who know a l l t h a t 
i t knows must be ab le to do the same. 

Represen t ing and reason ing about the 
knowledge and b e l i e f s o f the p a r t i c i p a n t s in an 
i n t e r a c t i o n i s an i m p o r t a n t c o n s i d e r a t i o n f o r a 
system l i k e a n a t u r a l language i n t e r f a c e to a 
knowledge base , des igned to e x h i b i t c o o p e r a t i v e 
b e h a v i o u r . The a b i l i t y , f o r example, t o 

unders tand the p r imary i n t e n t o f a query or 
s t a t e m e n t , 
p r e d i c t the e x p e c t a t i o n s o f the p a r t i c i p a n t s so 
as to a t tempt to s a t i s f y them, o r 
unders tand o r use r e f e r r i n g exp ress ions 
a p p r o p r i a t e l y 

depend c r u c i a l l y on t h i s aspect o f the sys tem. 
The problem of d e s i g n i n g an adequate 
r e p r e s e n t a t i o n and reason ing mechanism f o r 
knowledge and /o r b e l i e f s and o f us i ng t h i s t o 
produce the d e s i r e d b e h a v i o u r , however, is a 
n o n - t r i v i a l one. F i r s t i t i s not q u i t e c l e a r what 
an a p p r o p r i a t e r e p r e s e n t a t i o n f o r knowledge and 
b e l i e f i n gene ra l i s . Then, even i f one o f these 
r e p r e s e n t a t i o n s I s indeed s a t i s f a c t o r y , i t i s not 
q u i t e c l e a r how the reason ing system is to be 

Thus i t i s c l e a r t h a t b e l i e f s and knowledge 
do p lay a r o l e in unde rs tand ing and u s i n g 
r e f e r r i n g e x p r e s s i o n s . However, i t i s not c l e a r 
what e x a c t l y i s the r o l e they p l a y . Th i s aspect 
has been cons ide red e a r l i e r in ( C l a r k and 
M a r s h a l l , 1981) and ( P e r r a u l t and Cohen, 1981) . 
The i n t u i t i o n in these ana lyses seems to be t h a t 
in u s i n g a d e f i n i t e d e s c r i p t i o n D to i d e n t i f y a 
p a r t i c u l a r o b j e c t a , the speaker and h i s / h e r 
aud ience must m u t u a l l y know ( o r b e l i e v e ) t h a t the 
o b j e c t a u n i q u e l y s a t i s f i e s the d e s c r i p t i o n D.* I n 
our o p i n i o n , however, t h i s c o n d i t i o n i s too 
s t r o n g ; i n c o n v e r s a t i o n a l s i t u a t i o n s , i f the 
speaker knows ( o r b e l i e v e s ) t h a t the heare r knows 
( o r b e l i e v e s ) t h a t an o b j e c t a_ s a t i s f i e s the 
d e s c r i p t i o n D u n i q u e l y , t h e n he/she o f t e n 
c o n j e c t u r e s t h a t t h i s i s mutua l knowledge ( o r a_ 
mutua l b e l i e f ) i f t he re i s n o reason t o doubt i t . 
Thus a speaker may use the phrase ' t h e long h a i r e d 
Swede who does not shave d u r i n g the course of the 
Wimbledon' t o r e f e r t o B j o r n Borg even be fore 

* Th is work was p a r t i a l l y suppor ted by the NSF 
Grant MCS 81-07290. We would l i k e to thank E r i c 
Mays f o r h i s comments and s u g g e s t i o n s . 

* Even though in ( P e r r a u l t and Cohen, 1981) i t i s 
c la imed t h a t t h i s need not be a mutua l b e l i e f , the 
c o n d i t i o n t he re s t a t e d i s o n l y a s l i g h t weakening 
o f t h i s c o n d i t i o n . 
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he/she knows t h a t i t is mutual knowledge t h a t Borg 
s a t i s f i e s t h i s d e s c r i p t i o n . 

We a t tempt to g i v e formal e x p r e s s i o n to t h i s 
idea in t h i s paper . In Sec t i on 2 we desc r i be a 
r e p r e s e n t a t i o n system t h a t i n c l u d e s an 
a x i o r a a t i s a t i o n o f mutual knowledge and of 
i g n o r a n c e . In S e c t i o n 3 we d e s c r i b e how t h i s 
system can be used to g i ve exp ress i on to the 
c o n j e c t u r e d iscussed above. 

KA as d e f i n e d above has been shown to be 
d e c i d a b l e . Kono l ige uses t h i s f a c t t o e x p l i c i t l y 
i n t r o d u c e the n o t i o n o f p r o v a b i l i t y i n KA i n t o the 
l o g i c . The language of KA is extended to i n c l u d e 
a f a m i l y of unary modal o p e r a t o r s indexed by 
sentences of KA; these are w r i t t e n as <a> where a 
is a sentence of KA, and the i n tended meaning of 
<a>b, where a and b are sentences of K4, is t h a t 
a => b is p rovab le in KA. The new language is 
c a l l e d K14. The axioms of K1A are then d e f i n e d to 
be those of KA t oge the r w i t h the schemata 

(A6) <a>b where KA I- a «> b 
(A7) ~<a>b where KA I- a -> b 

The two r u l e s of i n f e r e n c e are r e t a i n e d . Since KA 
is d e c l d a b l e , (A6) and (A7) form a r e c u r s i v e s e t . 
F u r t h e r f o r every a and b t h a t are sentences of 
KA, e i t h e r <a>b or ~<a>b is a theorem of K IA. 
Given t h i s and t h a t KA i s d e c i d a b l e , i t i s easy to 
see t h a t KIA i s a l s o d e c l d a b l e . 

The new l o g i c a l system is o f I n t e r e s t s i nce 
i n i t i t i s p o s s i b l e t o p a r t i a l l y c h a r a c t e r i s e a n 
a g e n t ' s i g n o r a n c e . We can p a r t i t i o n an a g e n t ' s 
knowledge i n t o two se t s - the f i r s t cor responds to 
h i s / h e r ' c o r e ' knowledge, and the second to the 
knowledge t h a t i s d e r i v e d from the core knowledge. 
Let B be the c o n j u n c t i o n of the se t of sentences 

t h a t form the core knowledge o f the agent S . I f 
now A i s [ S ] B , then i f ~<A>C i s p rovab le i n KI4 i t 
can be concluded t h a t the agent S is i gno ran t of 
C. Note t h a t t h i s i s on l y a p a r t i a l 
c h a r a c t e r i s a t i o n o f S's i g n o r a n c e ; the c l a i m t h a t 
S knows D i f <A>D is d e d u c i b l e in the system is 
p r o b l e m a t i c s ince an agent need not know a l l the 
l o g i c a l consequences o f h i s / h e r core knowledge. 

In the r e s t of t h i s paper we s h a l l be 
i n t e r e s t e d i n i n t e r a c t i o n s t h a t i n v o l v e two 
p a r t i c i p a n t s o n l y . These w i l l be i d e n t i f i e d as 
the speaker S and the hearer H. Any r e f e r e n c e to 
KI4 made h e n c e f o r t h w i l l r e f e r t o the c l a s s o f 
those t h e o r i e s f o r which Sp = { 0 , H , S } . 

3.0 USING AND UNDERSTANDING REFERRING EXPRESSIONS 

In t h i s d i s c u s s i o n we s h a l l r e s t r i c t our 
a t t e n t i o n to one k i n d o f r e f e r r i n g exp ress i on -
d e f i n i t e d e s c r i p t i o n s . A speaker who uses a 
d e f i n i t e d e s c r i p t i o n r e f e r e n t i a l l y may be thought 
o f as do ing so to enable h i s / h e r audience to p i ck 
out an o b j e c t t h a t he/she is t a l k i n g a b o u t . Our 
o b j e c t i v e i s t o c h a r a c t e r i s e the c o n d i t i o n s under 
which i t i s sa fe to use a d e s c r i p t i o n D to r e f e r 
to an o b j e c t a . 

Let P s tand f o r the p r o p o s i t i o n : " t h e 
d e s c r i p t i o n D In the con tex t C is u n i q u e l y 
s a t i s f i e d by a " . I n ( C l a r k and M a r s h a l l , 1981) i t 
i s c la imed t h a t in o rde r f o r the speaker to use D 
to r e f e r to a , i t must be the case t ha t P is 
mutua l knowledge; w i t h respect t o KI4 t h i s 
amounts t o say ing t h a t [ 0 ]P i s p r o v a b l e . I t i s 
argued in ( P e r r a u l t and Cohen, 1981) t h a t t h i s 
c o n d i t i o n i s too s t r o n g ; they p resen t a s e r i e s o f 
examples from which they conc lude ( i g n o r i n g f o r 
the moment t h a t they are d e a l i n g w i t h b e l i e f 
r a t h e r than knowledge) t h a t what i s necessary i s 
t h a t i n 

[S]P ^ [ S ] [ H ] P A [ S ] [ H ] [ S ] P A ... 
o n l y a f i n i t e number of c o n j u n c t s shou ld be f a l s e . 

N e i t h e r o f these ana lyses i s q u i t e 
s a t i s f a c t o r y . F i r s t , d e s p i t e the c l a i m i n 
( P e r r a u l t and Cohen, 1981) , i t seems t h a t the 
speaker must know ( o r b e l i e v e ) t h a t the heare r 
knows ( o r b e l i e v e s ) t h a t P i s t r u e in o rde r to use 
D to r e f e r to a . I f t h i s were not the case t h e r e 
is no assurance f o r the speaker t h a t the hea re r 
w i l l unders tand what he/she i s r e f e r r i n g to by D 
and hence w i l l make the proper c o n n e c t i o n ; in 
f a c t t h i s i s our i n t u i t i o n r e g a r d i n g the examples 
in ( P e r r a u l t and Cohen, 1981) . Second, and most 
I m p o r t a n t , in i n s i s t i n g t h a t P be mutua l knowledge 
( o r ' a l m o s t ' a mutual b e l i e f as in ( P e r r a u l t and 
Cohen, 1981)) an i m p o r t a n t c o n v e r s a t i o n a l 
c o n v e n t i o n is be ing i gno red - even I f P i s not 
mutua l knowledge ( o r a mutua l b e l i e f ) i t i s o f t e n 
c o n j e c t u r e d to be so g i v e n some p o s i t i v e ev idence 
and no n e g a t i v e e v i d e n c e . 

Th i s c o n s i d e r a t i o n leads us t o s t a t e t h a t 
<T> [S ] [H ]P A ~ < T > [ S ] - [ 0 ] P , 

where T is [S] B and B is the c o n j u n c t i o n of the 

2 .0 REPRESENTATION OF KNOWLEDGE 

We s h a l l use the r e p r e s e n t a t i o n proposed in 
( K o n o l i g e , 1981) wh ich is based on S a t o ' s K4 
( S a t o , 1976) and extended to i n c l u d e an 
a x i o m a t i s a t i o n of i g n o r a n c e . K4 is a f a m i l y of 
languages pa ramete r i sed by the cho ice of 
p r o p o s i t i o n a l l e t t e r s Pr and agents Sp. For a 
p a r t i c u l a r cho ice of Pr and Sp, K4 is the 
p r o p o s i t i o n a l c a l c u l u s over Pr t o g e t h e r w i t h a se t 
of indexed unary modal o p e r a t o r s [ S ] , S £ Sp. The 
i n tended meaning of [S]A fo r any sentence A is 
t h a t S knows A. There Is a s p e c i a l , f i c t i t i o u s 
agent 0 £ Sp, used to a x i o m a t i s e common knowledge; 
f o r any sentence A the i n tended meaning of [ 0 ]A is 
t h a t A is common knowledge. The axiom schemata 
f o r K4 are 

( A l ) A l l p r o p o s i t i o n a l t a u t o l o g i e s 
(A2) [S]a => a 
(A3) [S]a -> [ S ] [ S ] a 
(A4) [ S ] ( a -> b) => ( [ S ] a -> [ S ] b ) 
(A5) [ 0 ] a => [ 0 ] [ S ] a 

where a and b are a r b i t r a r y sen tences . K4 
i n c l u d e s two r u l e s of i n f e r e n c e : modus ponens 
( I . e . from a and a -> b i n f e r b) and 
n e c e s s i t a t i o n ( i . e . from a I n f e r [S ]a fo r any 
S E Sp) . 



G. Nadathur and A. Joshi 605 

set of sentences tha t form the core knowledge of 
S, is a s u f f i c i e n t * c o n d i t i o n f o r us ing D to r e f e r 
t o a . I n t u i t i v e l y , t h i s c o n d i t i o n says t ha t S 
knows t h a t H knows t h a t P h o l d s ; moreover t he re 
is no reason to b e l i e v e t h a t S knows P is not 
mutual knowledge. 

We can see the i m p l i c a t i o n of t h i s c o n d i t i o n 
w i t h re fe rence to the example i n S e c t i o n 1 . Whi le 
the e a r l i e r ana lyses would pe rmi t the use o f the 
d e s c r i p t i o n f o r Borg on l y in case the a s s o c i a t i o n 
between these two was mutual knowledge, t h i s 
a n a l y s i s pe rm i t s the use o f the d e s c r i p t i o n f o r 
Borg g i v e n t h a t the speaker knows t h a t the hearer 
knows the a s s o c i a t i o n . 

A s i m i l a r a n a l y s i s y i e l d s the f o l l o w i n g 
c o n d i t i o n t h a t we t h i n k i s s u f f i c i e n t f o r 
unders tand ing t ha t D r e f e r s to a 

<T '> [H]P A ~ < T ' > [ H ] ~ [ 0 ] P 
where T ' i s [H ]B ' and B ' is the c o n j u n c t i o n o f the 
set of sentences tha t form the core knowledge of 
H. 

4 .0 ON USING BELIEF 

In t r y i n g to decide whether a d e f i n i t e d e s c r i p t i o n 
may be used to r e f e r , i t is necessary to make the 
d i s t i n c t i o n between ' s u c c e s s f u l r e f e r e n c e ' , where 
the speaker has a l l the r i g h t I n t e n t i o n s and has 
conformed to a l l the r i g h t conven t ions In us ing a 
r e f e r r i n g e x p r e s s i o n , and a ' f u l l y consummated 
r e f e r e n c e ' , where uptake i s a l so secu red ; the 
c r i t e r i o n t o use i s t h a t o f ' s u c c e s s f u l 
r e f e r e n c e ' , as p o i n t e d out in ( P e r r a u l t and Cohen, 
1981). One i m p l i c a t i o n o f t h i s i s t h a t what i s o f 
i n t e r e s t are the b e l i e f s o f the speaker , and not 
h i s / h e r knowledge. 

A set of axiom scheraas s i m i l a r to t h a t of K4 
has been developed f o r b e l i e f . In o rder to 
i n t r o d u c e the n o t i o n o f p r o v a b i l i t y i n t o the l o g i c 
(someth ing t h a t Is needed to express the n o t i o n o f 
i g n o r a n c e ) , i t must be shown t h a t the u n d e r l y i n g 
l o g i c i s d e c i d a b l e . Since the l o g i c o f I n t e r e s t 
i s a p r o p o s i t i o n a l one, we c o n j e c t u r e t ha t i t i s . 
However t h i s must be p roved . We are c u r r e n t l y 
p u r s u i n g t h i s aspec t . We b e l i e v e t h a t in t h i s new 
formal system the ideas expressed in s e c t i o n 3 can 
be used to s t a t e c o n d i t i o n s f o r the use and 
unde rs tand ing o f r e f e r r i n g exp ress ions t h a t are 
I n t u i t i v e l y more s a t i s f y i n g . 

* Th is c o n d i t i o n is not necessary , because some 
s i t u a t i o n s can be c o n s t r u c t e d where re fe rence may 
be s u c c e s s f u l even i f i t I s not the case t h a t 
<T>[S1[H]P. (The examples In ( P e r r a u l t and Cohen, 
1981) , however, do not seem to be such c a s e s ) . 
Th i s con junc t i s needed, s ince o the rw ise i t does 
not seem war ran ted to c o n j e c t u r e P as a mutual 
b e l i e f . I f t h i s c o n d i t i o n i s s u f f i c i e n t , then the 
c o n d i t i o n i n ( P e r r a u l t and Cohen, 1981) i s too 
s t r o n g , i . e . i s not necessary . 

5.0 CONCLUSION 

In t h i s paper we have cons idered an i ssue in 
which knowledge and b e l i e f p lay an impor tan t r o l e , 
and we have a t tempted to express c e r t a i n 
i n t u i t i o n s in a formal manner. We g ran t t ha t 
t he re are l i m i t a t i o n s i n the fo rmal e x p r e s s i o n , 
not the l e a s t of them be ing t h a t we have used a 
c r u c i a l f e a t u r e o f p r o p o s i t i o n a l modal l o g i c s , 
t h a t they are d e c i d a b l e . The p o i n t however is not 
so much in the s o l u t i o n advocated h e r e , but in 
t h a t t he re is a weaker n o t i o n of mutual knowledge 
(and of mutual b e l i e f ) tha_t is o p e r a t i v e i_n 
p r a c t i c e ; and I t i s t h i s t h a t a system tha t 
reasons about knowledge and b e l i e f in o rder to 
produce coope ra t i ve behav iour must g i ve exp ress ion 
to_. ~ 

A l though we have l i m i t e d our a t t e n t i o n to 
on l y r e f e r r i n g e x p r e s s i o n s , t he re are o the r 
s i t u a t i o n s in which mutual knowledge and b e l i e f s 
p lay a r o l e . One such s i t u a t i o n is t h a t where in 
the course of an i n t e r a c t i o n the two p a r t i c i p a n t s 
d i s c o v e r t h a t t h e i r b e l i e f s are i n c o m p a t i b l e , and 
e n t e r i n t o a d ia logue t o c o r r e c t t h i s s i t u a t i o n . 
Such i n t e r a c t i o n s have been ana lysed in ( J o s h i , 
1982) in the con tex t of a ques t ion -answer system. 
The assumpt ion t h e r e was t ha t in the end one of 
the p a r t i c i p a n t s b e l i e f s shou ld become a mutual 
b e l i e f as a r e s u l t o f the i n t e r a c t i o n . Th is 
r e q u i r e s very s t r o n g assumpt ions on the na tu re o f 
d i s c o u r s e . A ma t te r to be s t u d i e d is whether the 
weakened n o t i o n o f mutua l b e l i e f i s s u f f i c i e n t f o r 
most s i t u a t i o n s where the n o t i o n o f mutua l b e l i e f 
i s needed a t a l l ; and i f so , whether t h i s makes 
more r e a l i s t i c the assumpt ions r e q u i r e d to ensure 
t h a t a c l a r i f i c a t i o n d ia logue succeeds. 
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