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ABSTRACT 

An a l t e r n a t i v e approach to uncer ta in inference 
in exper t systems is desc r i bed which might be 
r e g a r d e d as a s y n t h e s i s o f t e c h n i q u e s f r o m 
au tomat i c i n d u c t i o n and mathematical s t a t i s t i c s . 
I t u t i l i s e s a type o f p a t t e r n match ing in which 
compar isons are made between new cases (as yet 
u n c l a s s i f i e d ) and a database of past cases ( i n 
which the outcome is known). The method uses a 
s tepw ise approach in w h i c h , a t each s t a g e , t h a t 
e v i d e n c e v a r i a b l e p r o v i d i n g t h e g r e a t e s t 
add i t i ona l d i s c r i m i n a t i n g power between c lasses 
(above t h a t a l r eady ob ta ined) i s u t i l i s e d . I t 
avo ids r e l y i n g on the assumpt ion o f c o n d i t i o n a l 
independence. 

A r u d i m e n t a r y sys tem (PREDICTOR) w h i c h 
opera tes acco rd ing to these p r i n c i p l e s has been 
w r i t t e n . Various adaptations to deal w i th missing 
and u n c e r t a i n evidence are d e s c r i b e d , as are 
add i t i ona l features such as a window, a f a c i l i t y 
fo r focusing d i s c r i m i n a t i o n on a subset of classes 
and a mod i f i ca t ion to deal wi th sub jec t ive data. 

II AN ALTERNATIVE APPROACH 

Another approach to the problem of uncer ta in 
i n f e r e n c e in exper t systems might l o o s e l y be 
desc r i bed as a s y n t h e s i s of techn iques f rom 
au tomat i c i n d u c t i o n and mathematical s t a t i s t i c s . 
I t u t i l i s e s data on past cases in o rder to make 
pred ic t ions or c l a s s i f i c a t i o n judgements about new 
ones. I n t h i s r e s p e c t , i t i s s i m i l a r t o ideas o n 
a u t o m a t i c i n d u c t i o n i n t h e A I f i e l d ( e . g . 
M i c h a l s k i , 1983) and a l so to a l a rge f a m i l y of 
s t a t i s t i c a l t echn iques . However, i t d i f f e r s from 
automatic induct ion in that the l a t t e r is r e a l l y a 
l o g i ca l procedure w h i c h , by i t s very n a t u r e , 
canno t h a n d l e u n c e r t a i n t y . I t d i f f e r s f r o m 
orthodox s t a t i s t i c a l techniques in that no model 
is constructed fo r p r e d i c t i v e purposes - i n s t e a d 
each new case is matched aga ins t past data on a 
subset of v a r i a b l e s , by a process about to be 
d e s c r i b e d . Other d i f f e r e n c e s are that the system 
is capable of p r o v i d i n g more of the customary 
features of expert systems than are usual ly found 
i n t r a d i t i o n a l s t a t i s t i c a l approaches. 

I INTRODUCTION 

T r a d i t i o n a l r u l e -based systems su f fe r from a 
number of serious de f i c ienc ies when attempts are 
made to i n c o r p o r a t e mechanisms f o r d e a l i n g w i t h 
uncer ta in ty . The present au thor has a t t emp ted to 
i l l u s t r a t e these shor tcomings elsewhere (White, 
1984). Perhaps the most se r i ous f l a w is the 
a s s u m p t i o n o f c o n d i t i o n a l i n d e p e n d e n c e i n 
c i r cumstances where i t i s not j u s t i f i e d . Th is 
p a r t i c u l a r top ic has been discussed by Szolov i ts 
and Pauker (1978). I t has a l s o been a d m i t t e d by 
members of the PROSPECTOR team in t h e i r f i n a l 
r e p o r t (Duda e t a l , 1979). Other d i f f i c u l t i e s 
re la te to the p e c u l i a r i t i e s a r i s i n g from the use 
o f fuzzy log ic f o r combin ing p r o b a b i l i t i e s . Th is 
has been c r i t i c i s e d both by myse l f ( W h i t e , 1984) 
and by Quinlan (1983). Further problems are caused 
by i n c o n s i s t e n c i e s i n the parameters b u i l t i n t o 
such systems as a consequence of t h e i r be ing 
s u b j e c t i v e e s t i m a t e s . A t temp ts t o avo id these 
prob lems by not us ing f o r m a l p r o b a b i l i t y t heo ry 
have f a l l e n v i c t i m t o e x a c t l y t h e same 
d i f f i c u l t i e s , as shown by Adams (1976) in h i s 
d iscussion of the MYCIN system. 

Suppose t h a t we are concerned w i t h some 
problem domain in which each case possesses values 
on a number of b i n a r y a t t r i b u t e s , or ev idence 
v a r i a b l e s . Let us f u r t h e r suppose t h a t each case 
f a l l s i n t o one o f k c lasses t h a t are m u t u a l l y 
exclusive and j o i n t l y exhaustive. The f i r s t th ing 
to do is to form a f requency t a b l e f rom a sample 
of past cases in which t h e i r class membership is 
known as w e l l as t h e i r va lues on the v a r i o u s 
a t t r i b u t e s . (As the number of possible pat terns of 
e v i d e n c e becomes l a r g e , t h e t a b l e w o u l d b e 
expected to become increas ing ly sparse, i .e. would 
have an increas ing ly large propor t ion of evidence 
p a t t e r n s w i t h a l l c lass f r equenc ies zero . O f 
course, such pat terns need not be s to red ) . 

If we now cons ider a new case, in which the 
pa t te rn of evidence is known but the class is not , 
t h e n t h e c o m p u t a t i o n o f p r o b a b i l i t i e s f o r 
c l a s s i f y i n g the case proceeds along the f o l l ow ing 
l i n e s . The techn ique y i e l d s p r o b a b i l i t i e s which 
are c o n d i t i o n a l upon some a p p r o p r i a t e subset of 
the v a r i a b l e s . 

The f i r s t s t e p i s t o f i n d t h a t e v i d e n c e 
var iab le which is the most powerful d i sc r im ina to r 
between the k c l a s s e s . The way t h a t t h i s is done 
in PREDICTOR is by f o r m i n g a k x 2 con t ingency 
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t a b l e f o r each o f the evidence v a r i a b l e s ( c r o s s -
t a b u l a t i n g c lass aga ins t the evidence v a r i a b l e ) 
and choosing as the best d i s c r i m i n a t o r t h a t 
p a r t i c u l a r v a r i a b l e s h o w i n g t h e s t r o n g e s t 
i n t e r a c t i o n wi th c lass , as measured by the x2 tes t 
s t a t i s t i c f o r t h e k x 2 t a b l e . The e n t i r e 
f requency t a b l e i s then c o n d i t i o n e d upon t h a t 
va lue of the v a r i a b l e found in the new case, 
thereby forming a sub- tab le . 

This process is repeated, d i sc r im ina t i ng upon 
success ive v a r i a b l e s i n t u r n , u n t i l n o f u r t h e r 
s teps can be taken . Th is occurs when none of the 
r e m a i n i n g i n d e p e n d e n t v a r i a b l e s y i e l d s a 
s i g n i f i c a n t X2 value when crossed with c lass . 

The f i n a l s tep c o n s i s t s o f c o l l a p s i n g the 
rema in ing s u b - t a b l e i n t o k c e l l s (one f o r each 
c lass ) and f o r m i n g the p r o b a b i l i t i e s f o r c lass 
membership from these in the obvious manner (along 
wi th t h e i r confidence i n t e r v a l s , i f requ i red ) . 

It should be noted that when each new var iab le 
is condit ioned upon, i t s i n te rac t ions w i th those 
v a r i a b l e s t h a t have a l r e a d y been used a re 
a u t o m a t i c a l l y taken i n t o account by the \/ery 
na tu re of the process employed. Thus t he re is no 
need to make t h e c u s t o m a r y a s s u m p t i o n o f 
cond i t iona l independence between va r i ab les , which 
i s so o f t e n v i o l a t e d i n c o n v e n t i o n a l exper t 
systems. 

I l l DYNAMIC PATH GENERATION 

The a p p r o a c h a s o u t l i n e d s o f a r has 
s t a t i s t i c a l s i m i l a r i t i e s w i t h the d i s c r i m i n a n t 
func t ion fo r ca tegor i ca l data desc r i bed by S t u r t 
(1981) and a l so w i t h the techn ique o u t l i n e d by 
Mabbett e t a l (1980). I t resembles most c l o s e l y 
the " p r o b a b i l i s e d " au tomat ic induct ion procedure 
desc r i bed by Hart (1984) but d i f f e r s f rom a l l 
these procedures as f o l l ows . 

The techn iques j u s t ment ioned a l l generate 
d e c i s i o n t r e e s f o r c l a s s i f i c a t i o n purposes (as 
does Quin tan 's 103 a l g o r i t h m ) . The approach used 
in PREDICTOR does not do t h i s . A l though the 
process of b ranch ing on s e l e c t e d v a r i a b l e s is 
invo lved , only that path necessary to c l ass i f y the 
case under c o n s i d e r a t i o n is genera ted . A l though 
a l l the in fo rmat ion necessary to create the f u l l 
d e c i s i o n t r e e i s a v a i l a b l e i n the database, t h i s 
is not done. Thus the t r e e remains a v i r t u a l one, 
apa r t f rom the path th rough i t t h a t i s a c t u a l l y 
genera ted . Th is n e a t l y c i r cumven ts the worst 
aspects of the combinator ia l explosion which could 
o t h e r w i s e be p r o b l e m a t i c , even w i t h q u i t e s m a l l 
numbers of va r iab les . 

The i n t e r a c t i v e v e r s i o n o f PREDICTOR 
i n t e r r o g a t e s the user in order to o b t a i n the 
values of var iab les that i t is going to condi t ion 
( i . e . branch) on. The user has the o p t i o n of 
g i v i n g a "don ' t know" response to any q u e s t i o n . 
The a l g o r i t h m used ensures t h a t in such cases, 
these var iab les w i l l not be condit ioned upon but 
w i l l be co l l apsed over a t the f i n a l s tage. Th is 
f e a t u r e means t h a t t he i n f o r m a t i o n i n t h e 
frequency tab le corresponds to a number of v i r t u a l 
t rees , one of which w i l l have a path actual ised if 
i t is required to c lass i f y a pa r t i cu l a r case. 

IV THE STRATEGY FOR UNCERTAIN EVIDENCE 

If the user is completely uncerta in concerning 
the value of a pa r t i cu la r piece of evidence, then 
it should assume i t s p r io r value and be dealt w i th 
as a missing va lue, as described prev ious ly . 

H o w e v e r , f o r i n t e r m e d i a t e l e v e l s o f 
uncer ta in ty , some other strategy is required. If a 
var iab le that has uncer ta in ty associated wi th i t 
is not c o n d i t i o n e d upon, then no f u r t h e r s p e c i a l 
a c t i o n need be taken because the f i n a l s u b - t a b l e 
w i l l be collapsed over t h i s var iab le ( i .e . i t w i l l 
not feature as a node in the dynamically generated 
pa th ) . On the o ther hand, i f the v a r i a b l e is one 
t h a t i s branched on , then f u r t h e r steps are 
requ i red. 

The m o d i f i c a t i o n i s s t r a i g h t f o r w a r d . 
Essen t i a l l y , i t uses both s u b - t a b l e s t h a t r e s u l t 
f rom c o n d i t i o n i n g upon an u n c e r t a i n v a r i a b l e , 
f o l l o w e d (at the f i n a l stage) by the c o l l a p s e o f 
both sub-tables and the computation of two sets of 
cond i t iona l p r o b a b i l i t i e s . Each f i n a l cond i t iona l 
p r o b a b i l i t y is then computed as the weighted sum 
of the two appropr iate cond i t iona l p r o b a b i l i t i e s , 
where the weights are the subject ive p r o b a b i l i t i e s 
f o r t h e d i f f e r e n t v a l u e s o f t h e u n c e r t a i n 
v a r i a b l e . ( I n terms o f the t r e e s t r u c t u r e , a 
f o r k e d path i s gene ra ted , w i t h the u n c e r t a i n 
var iab le located at the point of b i f u r c a t i o n ) . 

A usefu l heu r i s t i c to save computation t ime is 
not to condi t ion on uncerta in var iables when they 
are th rown up by the s e l e c t i o n a l g o r i t h m but to 
f l a g them f o r postponed c o n d i t i o n i n g a t the 
penul t imate stage ( immediately be fo re c o l l a p s i n g 
the sub- tab les ) . 

V FURTHER FEATURES 

One of the features judged to be important in 
conventional expert systems is the presence of a 
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"w indow" , i . e . the user shou ld be ab le to see how 
the system got to i t s present s ta te . The approach 
ou t l i ned e a r l i e r can be suppl ied wi th a "window" 
in much the same way as any o the r s t epw i se 
s t a t i s t i c a l p rocedure . I t would be q u i t e easy to 
program the system to r e p o r t at each stage what 
v a r i a b l e s have been c o n d i t i o n e d upon and, i f 
r e q u i r e d , what the k c o n d i t i o n a l p r o b a b i l i t i e s 
would be i f the c u r r e n t s u b - t a b l e was c o l l a p s e d 
without f u r t he r cond i t i on ing . 

A n o t h e r i d e a c o n c e r n s t h e f o c u s o f 
d i s c r i m i n a t i o n . A t any g i v e n s t a g e i n t h e 
cond i t ion ing process, the user might wish to s h i f t 
the focus of d i s c r i m i n a t i o n away f rom a g l o b a l 
c o n s i d e r a t i o n o f a l l k c lasses to a p a r t i c u l a r 
subset - perhaps two or t h r e e - which he judges 
more l i k e l y to be re levant . This feature could be 
implemented simply by a l t e r i n g the x2 tes t used so 
that it would be based on the appror ia te subset of 
c lasses. 

F i n a l l y , the issue o f s u b j e c t i v e data should 
be t a c k l e d . As PREDICTOR was conce i ved , it was 
in tended to opera te on o b j e c t i v e ( i . e . a c t u a l ) 
data f rom past cases. However, i t has r e c e n t l y 
occur red to the author t h a t i t might be f e a s i b l e 
to use the same scheme to opera te on s u b j e c t i v e 
data. These data might be e l i c i t e d from the domain 
e x p e r t , as f o l l o w s . He would be asked to imagine 
some l a rge number of cases (say f i f t y thousand) 
and would then be asked to s p e c i f y how he would 
expect these cases to be d i s t r i b u t e d over the 
v a r i o u s ev idence v e c t o r s and c lasses in the 
imag ina ry database. The i n t e n t i o n i s t h a t the 
expert should pick out those combinations of class 
and evidence which are r e l a t i v e l y common and also 
those which are r e l a t i v e l y r a re and a t t emp t to 
est imate t h e i r f requencies. Having est imated these 
" p e a k s " and " t r o u g h s " i n t h e f r e q u e n c y 
d i s t r i b u t i o n , the remaining cases would be spread 
e v e n l y ove r t h e d a t a b a s e . Such a method o f 
e l i c i t i n g s u b j e c t i v e data n e a t l y c i r cumven ts 
problems a r i s i n g f rom g e t t i n g the exper t t o 
est imate impossibly complicated l i ke l i hood ra t i os 
and ensures consistency in the est imates - thereby 
a v o i d i n g t h e p r o b l e m o f i n c o n s i s t e n t p r i o r s 
( W h i t e , 1984). However, one problem w i t h t h i s 
approach remains. The s t a t i s t i c a l s e n s i t i v i t y (or 
"power" in s t a t i s t i c a l terminology) depends on the 
number o f imag ina ry cases t h a t are used. I f t h i s 
number is too s m a l l , the system w i l l be of l i t t l e 
use because i t w i l l make few i n f e r e n c e steps (or 
perhaps none at a l l ) before coming to an automatic 
h a l t . I f the number i s too l a rge then the system 
w i l l possess a spurious degree of p rec is ion . Some 
f u r t h e r thought o n t h i s p a r t i c u l a r t o p i c i s 
obviously r e q u i r e d . 
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