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ABSTRACT 

This paper describes the f i r s t stages of an 
experimental i nves t iga t ion into the e f fec ts of 
using var ious c a l c u l i to propagate uncer ta in ty in 
an i n te rac t i ve expert system for in format ion 
r e t r i e v a l . We in te rp re t uncer ta in ty values as 
p a r t i a l t ru ths rather than p r o b a b i l i t i e s , and draw 
upon the mathematics of mul t i -va lued log ic in 
developing our ana lys is . We conclude that 
spec i f i ca t i on of an uncer ta inty calculus is a 
subt le problem that in te rac ts in several ways wi th 
the scheme used to represent the expert knowledge. 

I INTRODUCTION 

In t h i s paper we report on an experiment 
intended as the f i r s t in a ser ies designed to 
explore the e f fec ts of using d i f f e r e n t 
representat ions of uncer ta in ty w i t h i n a rule-based 
expert system. Ex is t ing systems employ a v a r i e t y 
of uncer ta inty c a l c u l i which although based on 
formal theor ies , are usual ly implemented in an ad 
hoc way w i th l i t t l e or no e f f o r t expended on 
experimental tes ts o f t h e i r v a l i d i t y . 

In an attempt to c l a r i f y some of these issues, 
we have used RUBRIC (RUle Based Ret r ieva l of 
Informat ion by Computer), a research prototype 
system fo r rule-based informat ion r e t r i e v a l (see 
McCune et al [2] fo r f u l l system d e t a i l s ) , as the 
veh ic le fo r our i nves t i ga t i on . Informat ion 
Ret r ieva l is a good domain fo r such experimentation 
since the user is responsible fo r both the 
knowledge base and the ground t r u t h against which 
performance is measured. The RUBRIC system is 
designed to help users by prov id ing automated and 
re levant access to unformatted tex tua l databases. A 
spec i f i c r e t r i e v a l request is car r ied out by a 
goal -or iented inference process, in which the root 
node of the search t ree represents a semantic 
concept or top ic that the user wants r e t r i e v e d . 
Nodes fu r t he r down the t ree represent intermediate 
concepts w i th which the root is def ined, and the 
nodes at the leaves of the t ree represent pat terns 
of words that are to be searched fo r in the 
database. Each arc in the t ree may be given a 
weight, which ve can in te rp re t as " t r u t h " or 
" b e l i e f " or "conf idence" as we wish. This al lows 
the intermediate concepts and keyword expressions 
that are found to add d i f f e r i n g amounts to our 
o v e r a l l confidence that the root concept has indeed 

been r e t r i e v e d . It is w i th the calculus by which 
these uncer ta inty values are propagated that t h i s 
paper is concerned. 

II EXPERIMENTAL METHOD 

With in the l i t e r a t u r e of expert systems, there 
have been several attempts to construct a "calculus 
of uncer ta in ty " , some based on the concepts of 
p r o b a b i l i t y and others on the more general 
formalisms of mathematical log ic (see Shafer[4] and 
Zadeh[6] fo r an in t roduc t ion to some of these) . In 
t h i s experiment, we assume that uncer ta inty can be 
represented as a numerical value in the i n t e r va l 
[ 0 , 1 ] , but rather than view the uncer ta inty values 
as p r o b a b i l i t i e s (as do systems such as 
PROSPECTOR), we view them as the t ru ths of the 
associated propos i t ions . That i s , the uncer ta in ty 
value attached to the propos i t ion "x is A" is the 
t r u t h of what it asserts rather than the 
p robab i l i t y that the event that i t describes 
occurred. This being the case, we need to 
construct a calculus to handle these non-c lass ica l 
t r u t h values. For tunate ly , such c a l c u l i have been 
studied extensively [3] and go under the name of 
Mult i -Valued Logics. We draw upon t h i s work in 
what f o l l ows . 

The f i r s t task is to def ine a set of operators 
fo r conjunct ion (the and connect ive), and 
d i s junc t i on (the or_ connect ive) . There are many we 
could choose, but we sha l l consider three pairs as 
summarized in Table 1. Here v(A) and v(B) denote 
the t r u t h values of the primary propos i t ions , w i th 
v(A and B) and v(A or_ B) denoting the value of 
t he i r conjunct ion and d i s junc t i on respec t i ve ly . 
Negation (the unary operator not ) is assumed always 
to be given by v(not A) ■ 1 - v ( A ) . 

The second task is to def ine a mechanism fo r 
performing rule-based in ference. Recall that in 
two-valued l og i c the modus ponens ru le al lows B to 
be i n fe r red from A and A->B. However, in a m u l t i ­
valued l o g i c , we need to extend t h i s idea so that 
v(B) can be computed from any given v(A) and 
v(A->B), where -> is some mul t i -va lued imp l i ca t i on . 
Functions that a l low us to compute v(B) are ca l led 
detachment operators (and are denoted * in t h i s 
paper). Again, there are many we could choose, but 
we have selected four which are shown in Table 2, 
together w i th the corresponding imp l i ca t i ons . 

Let us denote a p a r t i c u l a r calculus by c ( i , j ) 
where 'i' is an index over the con junct -d is junct 
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operators and 'j' is an index over the detachment 
operators. We see that some of the c ( i , j ) are we l l 
known; in p a r t i c u l a r , c(3,4) is Lukasiewicz's 
nondenumerably i n f i n i t e system [ l ] , and c ( 3 , l ) is a 
system proposed by Zadeh [ 5 ] . Another calculus of 
i n te res t is c (2 ,3 ) , which we can view as a 
' •pseudo-probabi l i ty" log ic in which A and B are 
independent events. 

Having defined the operators, our basic 
experiment involves the d e f i n i t i o n of a query 
( i . e . , a set of production r u l e s ) , the se lect ion of 
a representat ive story set and the repeated 
app l i ca t ion of the query to the story set . Since we 
have defined twelve separate c a l c u l i fo r 
uncer ta in ty propagation ( three pai rs of conjunct-
d is junc t operators and four detachment operators) 
the experiment w i l l r esu l t in twelve p o t e n t i a l l y 
d i s t i n c t orderings of the story set . 

As a t yp i ca l query we selected "Acts of 
Ter ror ism" , and then developed a s t ruc tu re fo r t h i s 
concept. This t ree of successively more precise 
sub-concepts should be in terpre ted as a d e f i n i t i o n 
fo r a p ro to typ i ca l s to ry , and is t rans la ted in to a 
set of LISP product ion r u l e s , some of which are 
shown in Figure 1. The f i r s t four ru les in the 
query have consequents that correspond to the top 

node of the concept t ree . When we compute the 
ove ra l l t r u t h fo r a pa r t i cu l a r s to ry , we combine 
the t ru ths from these ru les by using an or 
connective. At the lowest leve l in the t ree 
antecedents to ru les are simple keywords or keyword 
expressions. 

I I I MEASURES 0F PERFORMANCE 

RUBRIC'S basic task is to assign a weight to 
each story in the data base. This weight is the 
t r u t h of the statement " t h i s story is relevant to 
the query", w i th i t s value being determined by 
propagating the uncer ta in ty values through the 
s t ruc ture defined by the query ru le se t . This makes 
the assessment of performance somewhat complicated, 
since we are in terested in the proper t ies of the 
order ing , both in absolute terms ( i . e . , the t r u t h 
values returned) and w i t h reference to the order ing 
that we determined beforehand. 

We then selected a set of t h i r t y s to r ies taken 
from the Reuters wire service as representat ive of 
the data that the RUBRIC system would encounter. A 
one- l ine summary of these is given in Figure 2. 
Notice that they a l l report some kind of v i o l e n t 
a c t i v i t y but not a l l are relevant to our query. 
Those marked w i th a double as ter isk were determined 
to be d e f i n i t e l y relevant and those marked w i th a 
s ingle as te r isk were determined to be marginal ly 
re levant , thus def in ing our subject ive ground 
t r u t h . 
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Indeed, there seem to be four c a l c u l i , c ( l , 3 ) , 
c ( 2 , 2 ) , c (2 ,3) and c ( 3 , 3 ) , whose performance is 
p r a c t i c a l l y i nd i s t i ngu i shab le . 

These resu l t s are most i n t e r e s t i n g . They show 
that a change in calculus can indeed have a marked 
e f fec t on the i n t e r p r e t a t i o n of a query. Thus 
although some c a l c u l i seem t o t a l l y inappropr ia te , 
there are others which apparently capture our 
not ion of uncer ta in ty . However, in our search fo r 
an understanding of why some c a l c u l i d id be t te r 
than others we became aware of the fac t that there 
are some subt le issues that can a f fec t the 
i n t e r p r e t a t i o n of our r e s u l t s . We discuss two of 
these in the next sec t ion . 

For the purposes of t h i s paper we have adopted 
two basic measures. Both of these are based on the 
idea of using a se lec t ion threshold to p a r t i t i o n 
the ordered s to r i es so that those above it are 
" re l evan t " and those below i t are " i r r e l e v a n t " . In 
the f i r s t we lower the threshold u n t i l we include 
a l l those deemed a. p r i o r i r e levan t , and then count 
the number of unwanted s to r i es that are also 
selected (denoted NF ) . In the second we ra ise the 

threshold u n t i l we exclude a l l i r r e l e v a n t s t o r i e s , 
and then count the number of re levant ones -that are 
not selected (denoted NM). The f i r s t d e f i n i t i o n 

n 
there fore gives us an ins igh t i n to the system's 
a b i l i t y to re jec t unwanted s to r i es ( p r e c i s i o n ) , 
whereas second gives us ins igh t in to the systems 
a b i l i t y to select re levant s to r i es ( r e c a l l ) . There 
are other measures we could use to give a more 
complete p i c tu re of performance (see [2] f o r 
d e t a i l s ) , and we recognize that in p rac t i ce the 
"goodness" of the system's performance w i l l depend 
on a balance of these measures. 

IV ANALYSIS Of. RESULTS 

Using the two basic performance measures 
described in the previous sec t ion , RUBRIC'S 
performance is summarized in Table 3. For example, 
c ( l , 2 ) gave 6 fa l se h i t s when we appl ied the 
p rec is ion measure and 9 missed s to r ies when we 
appl ied the r e c a l l measure. Remembering that our 
s t o r y data-base has 30 en t r ies of which 12 are 
marked as being re levan t , we see tha t some c a l c u l i 
gave good performance whichever measure we used, 
wh i le others performed v e i l on one but inadequately 
on the o the r . I n t e r e s t i n g l y , no one calculus seems 
to be s i g n i f i c a n t l y be t te r than any of the o thers . 

Row indices denote d i s junc t -con junc t 
operator p a i r s . Column indices denote 
detachment operators . (See Tables 1 
and 2.) Scores f o r the be t te r c a l c u l i 
are enc i r c l ed . 
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V INCONSISTENCY AND DEPENDENCY 

The f i r s t c o n f o u n d i n g e f f e c t we have c a l l e d 
i n c o n s i s t e n c y , and i t r e l a t e s t o t h e m ismatch 
between two t r a n s l a t i o n s o f t h e r e t r i e v a l concept 
t h a t we have u s e d ; we d e f i n e b o t h a p r i o r o r d e r i n g 
of t h e s t o r y s e t , wh i ch we can v i ew as a 
d e c l a r a t i v e s ta temen t o f the c o n c e p t , and a r u l e -
based q u e r y , wh ich we can v i e w as a p r o c e d u r a l 
d e f i n i t i o n o f t h e c o n c e p t . O b v i o u s l y , one o r t h e 
o t h e r ( o r b o t h ) o f t hese may n o t c a p t u r e e x a c t l y 
the u s e r ' s i n t e r n a l model o f t h e concept b e i n g 
r e t r i e v e d . I f t h a t i s t h e case , t h e n a t t e m p t s t o 
compare them w i l l l e a d t o e r r o r s o f assessment . A s 
examples o f m i s - t r a n s l a t i o n o f t h e f i r s t k i n d 
( i . e . , i n c o r r e c t l a b e l l i n g ) , c o n s i d e r s t o r i e s <24> 
and <25>. S ince these d e a l w i t h t e r r o r i s t - r e l a t e d 
a c t s i n t he M i d d l e - E a s t , t hey shou ld p r o b a b l y be 
c o n s i d e r e d a t l e a s t m a r g i n a l l y r e l e v a n t t o t h e 
q u e r y , y e t i n i t i a l l y we c o n s i d e r e d them to be o f no 
i n t e r e s t . A s examples o f t he second k i n d ( i . e . , 
i n a d e q u a t e s p e c i f i c a t i o n ) , c o n s i d e r s t o r i e s <9> and 
<10>. W h i l e s t o r y <9> i s d e f i n i t e l y r e l e v a n t ( a 
s t o r y about a car bomb ing ) , i t i s o f t e n n o t 
s e l e c t e d when the que ry i s a p p l i e d t o t h e s t o r y 
da ta base . On the o t h e r hand , s t o r y <10> is j u 6 t 
as c l e a r l y i r r e l e v a n t (a s t o r y about a b o x i n g 
m a t c h ) , and y e t i t o f t e n r e c e i v e s a h i g h r a t i n g . 

The second c o n f o u n d i n g e f f e c t we have c a l l e d 
dependency. I t i s caused by i n t e r a c t i o n between 
t h e r u l e - b a s e d q u e r y and c ( i , j ) . A n i m p l i c i t 
assump t i on of our expe r imen t is t h a t we can 
c o n s i d e r t h e e f f e c t s o f c ( i , j ) i n d e p e n d e n t l y o f t h e 
s p e c i f i c a t i o n o f t h e q u e r y . However, a p a r t i c u l a r 
que ry may r e l y o n a p a r t i c u l a r c ( i , j ) f o r i t s 
e f f e c t i v e n e s s . I n d e e d , i t c o u l d b e t h a t c e r t a i n 
fo rms o f que ry a r e b a s i c a l l y i n c o m p a t i b l e w i t h 
c e r t a i n c ( i , j ) . Thus , f o r examp le , i f w e w ished t o 
r e l y o n t h e i m p l i c i t d i s j u n c t i o n between r u l e s t o 
p roduce a m a g n i f y i n g e f f e c t when t h e r e a r e s e v e r a l 
pa ths to a s u b - c o n c e p t , t hen a c a l c u l u s wh i ch uses 
max-min a s a n d - o r c o n n e c t i v e s w i l l neve r a c h i e v e 
t h e d e s i r e d e f f e c t . S o a l t h o u g h c a l c u l u s c ( 3 , 4 ) 
was n o t s e l e c t e d as one of t h e " b e s t " , t h i s may be 
because t h e f o rm of que ry we used m e d i a t e d a g a i n s t 
i t . Perhaps i f w e had f i x e d c ( 3 , 4 ) a s our 
u n c e r t a i n t y c a l c u l u s , t hen we c o u l d have 
c o n s t r u c t e d a n e f f e c t i v e query a round i t . 

VI CONCLUSIONS 

The expe r imen t d e s c r i b e d above shows t h a t 
chang ing the u n c e r t a i n t y c a l c u l u s does change t h e 
p e r f o r m a n c e o f RUBRIC, w i t h some o f t he c a l c u l i 
c l e a r l y f a i l i n g t o p roduce s a t i s f a c t o r y r e s u l t s . 
However , t h e v a r i a t i o n s we obse rved had some 
u n e x p e c t e d c h a r a c t e r i s t i c s wh ich l e d us to a 
c o n s i d e r a t i o n o f some deeper i s s u e s o f c o n s i s t e n c y 
and dependency . 

Our c o n c l u s i o n i s t h a t s p e c i f i c a t i o n o f a n 
u n c e r t a i n t y r e p r e s e n t a t i o n i s a p rob lem o f some 
c o m p l e x i t y and s u b t l e t y . We b e l i e v e t h a t t h e r e a r e 
i n t e r a c t i o n s between t h e f o r m o f t h e que ry and t h e 
a d m i s s i b l e r e p r e s e n t a t i o n s , and w i l l c o n t i n u e t o 
e x p l o r e t h e s e , and o t h e r e f f e c t s , i n subsequent 
e x p e r i m e n t s . 
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