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ABSTRACT 

A g e n e r a l i z e d t h e o r y o f p l a u s i b l e i n f e r e n c e 
has been d e v e l o p e d . ex tended t o a r b i t r a r y 
e x p r e s s i o n s o f p r o p o s i t i o n a l c a l c u l u s f r om 
S h o r t l i f f e and Buchanan 's o r i g i n a l MYCIN 
f o r m u l a t i o n . The t h e o r y r e p r e s e n t s u n c e r t a i n t y o f 
b e l i e f , and i n v o k e s f o u r r u l e s o f i n f e r e n c e , 
i n s t e a d o f t h e two o f s t a n d a r d l o g i c . Areas o f 
a p p l i c a t i o n i n c l u d e d i a g n o s t i c p rob lems and 
d e c i d i n g be tween a l t e r n a t i v e h y p o t h e s e s . The 
t h e o r y has been imp lemented in the P I sys tem. The 
i n t e n d e d a rea o f a p p l i c a t i o n f o r P I i s t he 
t r o u b l e - s h o o t i n g o f a f a i l e d s p a c e c r a f t , and the 
s o l u t i o n t o a s i m p l i f i e d p rob lem drawn f rom t h i s 
a rea i s d e s c r i b e d . 

FOREWORD 

A f t e r t h i s paper was s u b m i t t e d f o r r e v i e w , 
t h e work o f two m a t h e m a t i c i a n s , A r t h u r Dempster and 
G lenn S h a f e r , was b r o u g h t to my a t t e n t i o n . Sha fe r 
has p u b l i s h e d a book , 'A M a t h e m a t i c a l Theory o f 
E v i d e n c e ' , w h i c h e s t a b l i s h e s a r i g o r o u s l y founded 
t h e o r y o f r e a s o n i n g under u n c e r t a i n t y [ 1 ] . 
P l a u s i b l e i n f e r e n c e i s based o n the u n c e r t a i n t y 
f o r m u l a s d e v i s e d by S h o r t l i f f e and Buchanan, who 
t o o k p a i n s t o p o i n t ou t t h a t t h e i r f o r m u l a s were a d 
hoc [ 2 ] o r [ 3 ] . Compar ison w i t h S h a f e r ' s f o r m u l a s 
r e v e a l s t h a t the f o r m u l a s employed i n p l a u s i b l e 
i n f e r e n c e must be r e v i s e d to be c o r r e c t . The 
p r i n c i p a l e r r o r s a re o f two k i n d s : n e g l e c t o f 
c o n f l i c t i n g e v i d e n c e , f o r w h i c h the c o n j u n c t i o n i s 
f a l s e w i t h c e r t a i n t y ; and n e g l e c t o f se t i n c l u s i o n 
(whereby some a s s e r t i o n s e i t h e r may or may no t be 
a r r a n g e d a s subse t s o f o t h e r s ) . 

I n p a r t i c u l a r . Theorem 1 0 . 4 , on page 224 o f 
the paperback e d i t i o n o f S h a f e r ' s book s t a t e s t h a t 
t he minimum r u l e f o r c o n j u n c t i o n s ( s u p p o r t f o r a 
c o n j u n c t i o n i s t h e minimum o f the s u p p o r t s f o r i t s 
a rguments ) a p p l i e s i f and o n l y i f the a s s e r t i o n s 
t h a t a re the arguments a re ' c o n s o n a n t ' ; i . e . , t h a t 
t h e y can be a r r a n g e d by some c r i t e r i o n f o r se t 
i n c l u s i o n and a c c o r d i n g l y d o no t s u p p o r t c o n f l i c t 
i n t h e e v i d e n c e . T h i s , o f c o u r s e , a l s o a p p l i e s t o 
t h e maximum r u l e f o r d i s j u n c t i o n s . Shafer g i v e s 
t h e c o r r e c t r u l e s f o r he te rogeneous and c o n f l i c t i n g 

* T h i s paper r e p r e s e n t s the r e s u l t s o f one phase o f 
r e s e a r c h c a r r i e d o u t a t the J e t P r o p u l s i o n 
L a b o r a t o r y , C a l i f o r n i a I n s t i t u t e o f T e c h n o l o g y , 
under c o n t r a c t w i t h t he N a t i o n a l A e r o n a u t i c s and 
Space A d m i n i s t r a t i o n . 

ev idence in p a r a g r a p h s 4 and 5 o f c h a p t e r 4 . 
Be te rogeneous e v i d e n c e r e f e r s t o c o n j u n c t i o n s w h i c h 
may be t r u e , whoae arguments canno t be a r r a n g e d in 
s u b s e t s , and w h i c h may s u p p o r t c o n f l i c t i n t he 
e v i d e n c e . Suppor t f o r t h i s t ype o f c o n j u n c t i s 
g i v e n b y t h e p r o d u c t o f t he s u p p o r t f o r the 
a r g u m e n t s . C o n f l i c t i n g ev idenoe r e f e r s t o 
c o n j u n c t s whose s u p p o r t i s g u a r a n t e e d t o b e f a l s e 
w i t h c e r t a i n t y ( s u p p o r t - 0 ) . Thus w e d i s c o v e r 
t h a t t he p r i n c i p a l impac t o f t h e c o r r e c t i o n s t o 
p l a u s i b l e i n f e r e n c e i s o n t h e f o r m u l a s f o r 
c a l c u l a t i n g t h e s u p p o r t f o r c o n j u n c t i o n s and 
d i s j u n c t i o n s , and t h e knowledge r e q u i r e d as t o when 
t o a p p l y w h i c h f o r m u l a . 

B a p p i l y , t he c o n c e p t u a l f ramework o f 
p l a u s i b l e i n f e r e n c e s u r v i v e s i n t a c t , a s d o many o f 
the f o r m u l a s . For examp le , t h e f o r m u l a f o r 
' c r e d i b i l i t y summat ion ' i s c o r r e c t f o r consonant 
and he te rogeneous e v i d e n c e . D e m p s t e r ' s r u l e f o r 
o r t h o g o n a l summat ion reduces t o t h e same r e s u l t f o r 
those c a s e s . A d i f f e r e n t summat ion f o r m u l a r e s u l t s 
when e v i d e n c e is g u a r a n t e e d to be c o n f l i c t i n g . We 
r e t a i n t h e a s s u m p t i o n o f d i r e c t e d p r o p a g a t i o n o f 
s u p p o r t i n i m p l i c a t i o n a , whereby c o n d i t i o n a l 
s u p p o r t i s p r o p o r t i o n a l t o a ' r e l e v a n c e f a c t o r 1 . 
These c a l c u l a t i o n s , based o n t h e r e l e v a n c e f a c t o r s 
o r A l ' s , a re no t c o n s i d e r e d b y S h a f e r . V a r i o u s 
i n c o n s i s t e n c i e s a re removed by e m p l o y i n g S h a f e r ' s 
f o r m u l a s . I n p a r t i c u l a r , the law o f t he e x c l u d e d 
m i d d l e a lways h o l d s , as w e l l as n o r m a l i x a t i o n , ao 
t h a t b e l i e f i n a d e f i n e d ' f r a m e o f d i s c e r n m e n t ' o r 
u n i v e r s e o f d i s c o u r s e a lways adds u p t o 1 , and t h e 
c o n j u n c t i o n o f s u p p o r t f o r and a g a i n s t a n a s s e r t i o n 
i s a lways c e r t a i n l y f a l s e . 

Note a l s o t h a t two o t h e r pape rs i n these 
p r o c e e d i n g s r e l y on Dempster and S h a f e r ' s w o r k . 
See [ 4 ] and [ 5 ] . 

BACKGROUND 

One o f t he b a s i c assumpt i ons o f s t a n d a r d 
l o g i c i s t h a t t he t r u t h v a l u e o f p r e d i c a t e s i s 
known w i t h c e r t a i n t y . T h i s a s s u m p t i o n i s j u s t i f i e d 
f o r some domains o f r e a s o n i n g , b u t i s n o t v a l i d 
when, f o r examp le , we a re c o n f r o n t e d by p rob lems o f 
d i a g n o s i s o r h y p o t h e s i s g e n e r a t i o n i n s c i e n t i f i c 
e x p e r i m e n t s . In such domains t h e r e may be 
c o n f l i c t i n g ev i dence f o r . o r a g a i n s t p a r t i c u l a r 
a s s e r t i o n s and a human, when r e a s o n i n g about them 
uses measures o f b e l i e f o t h e r t h a n t r u e o r f a l s e t o 
c h a r a c t e r i z e h i s u n c e r t a i n t y . 
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L o g i c i a n s and p h i l o s o p h e r s hsve s t u d i e d 
t h i s phenomenon f o r many y e a r s and have p roposed 
v a r i o u s c r i t e r i a a s f o r m a l m o d e l s , p a r t i c u l a r l y f o r 
c o n f i n i n g e v i d e n c e . The m a t h e m a t i c i a n , George 
P o l y s , w r o t e a book about t h e modes o f r e a s o n i n g 
employed by f e l l o w m a t h e m a t i c i a n s , and emphasised 
t h e i m p o r t a n c e o f u n c e r t a i n t y even i n m a t h e m a t i c a l 
r e a s o n i n g . He sugges ted t h a t humans used 
n o n - s t a n d a r d r u l e s o f i n f e r e n c e t h a t i n c l u d e d 
c o n f i r m a t i o n and d e n i a l i n a d d i t i o n t o ponens and 
t o l l e n s [ 6 ] . R e c e n t l y Zadeh and h i s s c h o o l have 
d e v e l o p e d t h e concep t o f f u s s y l o g i c w h i c h d e a l s 
e x t e n s i v e l y w i t h u n c e r t a i n t y [ 7 ] . A n approach 
w h i c h has been u s e f u l i n a l i m i t e d domain o f 
m e d i c a l d i a g n o s i s was f o r m u l s t e d b y S h o r t l i f f e and 
Buchanan f o r t h e i r A I s y s t e m , MYCIN. MYCIN i s s 
p r o d u c t i o n sys tem and reasons o n l y i n a 
c o n f i r m a t i o n mode f o r a p a r t i c u l a r subse t o f 
l o g i c a l e x p r e s s i o n s i n t h e p r o p o s i t i o n a l c a l c u l u s . 

T h i s paper p r e s e n t s a g e n e r a l i s a t i o n o f 
S h o r t l i f f e and Buchanan ' s t h e o r y t o t h e f o u r modes 
o f r e a s o n i n g s u g g e s t e d b y P o l y s , and t o a r b i t r a r y 
e x p r e s s i o n s o f the p r o p o s i t i o n a l c a l c u l u s . The 
r e s u l t a n t t h e o r y o f r e a s o n i n g w i t h u n c e r t a i n 
b e l i e f s i s c a l l e d p l a u s i b l e i n f e r e n c e and has been 
imp lemen ted a s t h e P I s y s t e m . P I has been a p p l i e d 
t o t h e t r o u b l e - s h o o t i n g o f a s p a c e c r a f t a f t e r t h e 
e x e c u t i o n o f a n e x p e r i m e n t has f a i l e d , and t h i s 
e x a m p l e ' s o p e r a t i o n w i l l b e d e s c r i b e d b r i e f l y h e r e . 

S h o r t l i f f e and Buchanan ( h e r e a f t e r r e f e r r e d 
to as S and B) g i v e an e x t e n s i v e d i s c u s s i o n o f 
t h e i r c h o i c e o f measures o f u n c e r t a i n t y a s 
f u n c t i o n s o f c o n d i t i o n a l p r o b a b i l i t i e s . I n 
p a r t i c u l a r , t h e y p o i n t o u t t h a t humans r e a s o n i n g 
abou t u n c e r t a i n a s s e r t i o n s d o n o t employ e v i d e n c e 
FOR a n a s s e r t i o n t o measure t h e i r d i s b e l i e f . 
I ndependen t e v i d e n c e i s r e q u i r e d i n norma l human 
r e a s o n i n g t o b o l s t e r d i s b e l i e f i n t h e a s s e r t i o n . 
A s a r e s u l t t h e i r model and o u r s t r e a t measures o f 
b e l i e f and d i s b e l i e f a s i n d e p e n d e n t q u a n t i t i e s . 

T h i s i t u n l i k e c o n d i t i o n t l p r o b a b i l i t y , w h i c h 
a s s e r t s P (~Z |A ) = 1 - P ( Z | A ) . I t i t e v i d e n t t h e n 
t h a t t h e t e s e a s o r e s e re NOT p r o b a b i l i t i e s , however 
t e m p t i n g i t nay be to r e t a r d them at s u c h . We 
s h a l l n o t d u p l i c a t e S and B ' s j u s t i f i c a t i o n o f t he 
t h e o r e t i c a l f o u n d a t i o n s o f the measures we a re 
u s i n g w h i c h i t f u n d a m e n t a l l y b a t e d o n i t t t u c c e t t 
i n m o d e l l i n g human r e a t o n i n g . Schefe h a t a l t o 
i n v e t t i g a t e d the f o u n d a t i o n t o f t h i t m o d e l , and 
c o n c l u d e t t h a t i t i t v a l i d [ 8 ] . I n S c h e f e ' t 
o p i n i o n , Zadeh ' s ' L i n g u i s t i c M o d e l l i n g ' i t 
' i n a d e q u a t e ' ( h i t w o r d i n g ) . 

We t h a l l b e g i n by compar ing t h e b a t i c 
r e a t o n i n g method t employed b y o r a v a i l a b l e t o P I 
w i t h t h o t e u t e d by t h e MYCIN and PROSPECTOR 
t y t t e m t . Then we t h a l l d e t c r i b e t he example 
a c t u a l l y r u n n i n g . F i n a l l y , t h e d e t a i l t o f t h e 
u n d e r l y i n g p l a u s i b l e i n f e r e n c e t h e o r y w i l l b e 
e x p l a i n e d . 

COMPARISONS AND POTENTIALS 

MYCIN and PROSPECTOR employ t i m i l a r 
i n f e r e n c e t t r a t e g i e t t o r e a c h c o n c l u t i o n t . 
PROSPECTOR i t d e t c r i b e d i n [ 9 ] . I n b o t h t y t t e m t a 
t r e e t t r u c t u r e o f e v i d e n t i a l a t t e r t i o n t s u p p o r t i n g 
v a r i o u s hypo theses conve rges t o t e v e r a l r o o t 
c o n c l u t i o n t . (See F i g . 1 ) The r e a t o n i n g i t 
e s s e n t i a l l y one d i r e c t i o n a l and i n t h e c o n f i r m a t i o n 
mode, w i t h the ev idence g i v e n p o t t i b l y t u p p o r t i n g 
more t h a n one c o n c l u t i o n . The c h o i c e o f c o n c l u t i o n 
i t t h e n made o n the b a t i t o f degree o f c e r t a i n t y o r 
t u b j e c t i v e p r o b a b i l i t y a t t i g n e d t o each c o n c l u t i o n 
t h a t i t t u p p o r t e d b y the e v i d e n c e , w i t h the m o t t 
c e r t a i n b e i n g c h o t e n . Degree o f c e r t a i n t y i t 
p r o p a g a t e d t o t he c o n c l u t i o n t by t e t t i n g up a 
w e i g h t i n g t y t t e m o f numbers a t t i g n e d t o each a rc 
l i n k i n g t h e n o d e t . The a rc numbers a re 
p r o p o r t i o n a l i t y f a c t o r s t h a t d e t e r m i n e t h e amount 
o f c o n f i d e n c e t r a n t m i t t e d f r o m ev idence t o w a r d t 
c o n c l u t i o n t . Once c o n f i i e n c e i n t h e ev i dence h a t 
been a t t i g n e d , v a r i o u t c o m b i n i n g r u l e t d e t e r m i n e 
the p r o p a g a t i o n o f c e r t a i n t y t o w a r d c o n c l u t i o n t . 
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wi th the system working in the conf i rmat ion node. 

The PI working example hts a t ree 
s t ruc tu re shown in P i g . 2. The nodes oonverge to 
s goal s tate which is the root of the t r e e . In 
t h i s example, we assume that the nodes cons t i tu te a 
p lan of phys ica l processes and condi t ions leading 
to the goal s t a t e , and t h a t , a f t e r execut ion of the 
p l a n , the goal state i s not achieved; i . e . , i t i s 
f a l s e . Thus we are seeking to i so la te the cause of 
the f a i l u r e in one of the leaves of the t r e e . We 
proceed from the root of the t ree toward the 
leaves, at tempt ing to i so la te the f a i l e d lea f by 
pruning o f f those par ts of the t ree c losest to the 
root that are s t i l l work ing; i . e . , that are t r u e . 
Once again we are proceeding in e s s e n t i a l l y one 
d i r e c t i o n , in a ra ther r i g i d manner as compared 
w i t h a human, but in t h i s example PI employs two 
modes, t o l l e n s and con f i rma t ion . 

PI also requires the same type of numbers 
assigned to i t s a rcs , and I have given them the 
name ' relevance f a c t o r s ' . In both the MYCIN and 
PROSPECTOR systems they are determined by the 
sub jec t ive estimates of human experts in the 
knowledge domain, and are not a l te red except fo r 
system debugging purposes. By con t ras t , for the 
type of so l u t i on method described above, the PI 
system has been provided w i th a simple h e u r i s t i c 
that permits it to estimate how the value of the 
relevance fac to rs should be a l te red in a given 
neighborhood, on the basis of evidence i t rece ives. 
This a b i l i t y enables i t to work on problems for 
which the relevance fac to rs are not known in 
advance, and prepares the way for embedding in a 
learn ing system. 

C lear ly we are not e x p l o i t i n g the f u l l 
power of the PI system by using only the so lu t i on 
methods i l l u s t r a t e d by F i g . 2. A fa r more 
i n t e r e s t i n g and e f f i c i e n t approach is described by 
F ig 3. We presume that fo r any r e a l i s t i c problem 
the t ree of F i g . 2, descr ib ing the states and 
ac t i ons , w i l l be very la rge . F i g . 3 shows only a 
small neighborhood of that t r e e . What a human very 

o f ten does, when confronted w i t h such a problem, is 
to se lec t , on the basis of (usua l l y unconscious) 
c r i t e r i a and in ferences, a spec i f i c neighborhood of 
the web of r e l a t i o n s , and tes t the f unc t i on 
represented by tha t neighborhood. 

An augmented PI might be able to do the 
same th ing by using a set of c r i t e r i a stored in a 
separate knowledge base. Examples of such ru les 
a re , 'What was the l as t th ing a l t e red sinoe t h i s 
p lan worked c o r r e c t l y ? ' or 'What is the cheapest 
tes t tha t can be performed v e r i f y i n g the nodes of 
the t r e e ? ' . Such a body of knowledge would form a 
meta-rule domain of the k ind described by Davis, 
and the same PI inference engine that reasons about 
spacecraft experiments could be used to reason 
about where to choose the next neighborhood fo r 
t e s t i n g [ 1 0 ] . In f a c t , in t h i s case a l l the nodes o f 
the t ree are candidates fo r con t ro l s e l e c t i o n , 
making h is approach impera t ive . 

Let us assume that e i t he r an augmented PI 
system has selected a node fo r checking as shown in 
F i g . 3, or simply that a human has suggested i t . 
If a tes t is then made that determines the t r u t h or 
f a l s i t y of that node, a degree of c e r t a i n t y can be 
assigned to that node. The PI system already hat 
the capaci ty to propagate that change in c e r t a i n t y 
in both d i r e c t i o n s , thus p rov id ing much more 
in format ion on the choice of the next tes t to 
perform. 

AN EXAMPLE OF FAULT DIAGNOSIS 

The spec i f i c example implemented is 
intended to exercise some of the b e l i e f propagation 
processes o f p laus ib le in fe rence. I t a lso 
demonstrates the f e a s i b i l i t y of w r i t i n g an 
a lgor i thm fo r est imat ing relevance f a c t o r s , which 
measure the s t rength of b inding between antecedents 
and consequents as evidence is adduced. 

This is an u n r e a l i s t i o a l l y small problem. 
(See [11] fo r a de ta i l ed d e s c r i p t i o n . ) The pruning 
methods employed are c l e a r l y too cos t l y for large 
plans so long as the method of so l u t i on is that of 
making every tes t from the root towards the leaves 
as in Fig 2. The example i t s e l f is taken from the 
app l i ca t i on domain being worked on at JPL, and uses 
as i t s knowledge base s model of normal operat ion 
of a spacecraft generated by another operat ing 
module, the JPL planner, fo r commanding the 
spacecraf t . 

The personnel moni tor ing the spacecraft are 
ra re l y experts in a l l of the complex sub-systems 
that can f a i l . Therefore i t would be most usefu l 
i f these already ava i lab le plans of normal 
operat ion could be made to serve as guides fo r 
focussing a t t e n t i o n on spec i f i c subsystems, a k ind 
o f spacecraft f i r s t - a i d . For in-depth f a u l t 
d iagnos is , de ta i l ed models of f a i l u r e modes would 
be requ i red , j u s t as doctors and AI researchers 
have b u i l t up models of disease to guide automatic 
diagnosis systems. 

The planner is the par t of the JPL AI 
system which generates a p lan fo r achieving a 
spec i f i ed goal s t a t e . The act ions leading to 
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t he c r e d i b i l i t y t r a n s f e r r e d t o Z i t t he c r e d i b i l i t y 
summation o f the arguments o f A , c a l c u l a t e d a s i f 
each a r rument i n d i v i d u a l l y p ropaga tes c r e d i b i l i t y 
t o Z . C r e d i b i l i t y summat ion, d e f i n e d h e r e , 
g u a r a n t e e s t h a t the sua o f n summands is l e s s t h a n 
1 , p r o v i d e d t h a t each summand l i e s between 0 and 1 . 

Note t h a t c r e d i b i l i t y summation s a t i s f i e s 
c o m m u t a t i v i t y and a s s o c i a t i v i t y . We can now g i v e a 
p r e c i s e f o r m u l a t i o n o f Case 2 a - 2 , wh ich i s a case 
of convergence because many arguments a re 
c o n t r i b u t i n g s u p p o r t t o one a s s e r t i o n . 

L e t us sum up Case 2a in w o r d s . For a 
c o n j u n c t i o n t h a t i s t r u e , the b e l i e f t h a t i s 
t r a n s m i t t e d i s n o more t h a n the l e a s t b e l i e f i n i t s 
a r g u m e n t s . For a c o n j u n c t i o n t h a t i s f a l s e , the 
more arguments t h a t a re f a l s e , the more s t r o n g l y 
s u p p o r t e d i s d i s b e l i e f i n the co-member o f the 
i m p l i c a t i o n . The arguments wh i ch are t r u e make no 
c o n t r i b u t i o n . For a d i s j u n c t i o n , t r u e and f a l s e 
a re i n t e r c h a n g e d . 

I n w o r d s , when a s i n g l e a s s e r t i o n p r o v i d e s 
s u p p o r t t o a c o n j u n c t i o n o r d i s j u n c t i o n i n a n 
i m p l i c a t i o n , f i r s t t h e i n c r e m e n t o r decrement t o 
t h e b e l i e f i n each argument m u t t b e f o u n d a t i f 
t h e r e were o n l y t he a s s e r t i o n s A and Z i (Case 1 ) . 
Then t h e a p p r o p r i a t e ex t reme w i l l g i v e t h e b e l i e f 
i n t h e c o n j u n c t i o n o r d i s j u n c t i o n . 

Case 3 . Bo th arguments o f t he i m p l i c a t i o n p o a t e t t 
m u l t i p l e a r g u m e n t s . 

Once a g a i n , w e s h a l l g i v e r u l e s o n l y f o r 
c o n j u n c t i o n s and d i s j u n c t i o n s , r e s e r v i n g f o r 
Append ix I I I r u l e s i n v o l v i n g a n t e c e d e n t s o r 
consequen ts t h a t a r e i m p l i c a t i o n s . 

Case 3 a . I f t he CONN o f t he source e x p r e s s i o n 
s a t i s f i e s t he c o n d i t i o n s o f Case 2 a - l , t he source 
e x p r e s s i o n s u p p o r t s b e l i e f i n t h e t a r g e t a s a 
s i n g l e a s s e r t i o n , c a l c u l a t e d a s a n extremum a s i n 
Case 2 a - l . The r e s u l t a n t b e l i e f i n t h e t a r g e t 
e x p r e s s i o n i s t h e n c a l c u l a t e d as a f a n o u t f r o m the 
c o l l e c t i v e source a s i n Case 2 b . 

Case 3 b . I n a l l o t h e r c a s e s , t h e source 
e x p r e s s i o n i s t r e a t e d as a convergence as in Case 
2 a - 2 . Now, however , t h e convergence i s f r o m a l l 
A i ' t t o each Z j . A f t e r t he c r e d i b i l i t i e s o f a l l 
the Z j ' s have been c a l c u l a t e d , t h e c o l l e c t i v e 
c r e d i b i l i t y o f Z i s g i v e n b y t h e a p p r o p r i a t e 
ex t remum. E q u i v a l e n t l y , t h i s may be c a l c u l a t e d by 
f a n n i n g o u t f r o m each A i t o a l l t h e Z j ' s , and 
summing the s u p p o r t p r o v i d e d b y s u c c e s s i v e A i ' s . 
The r e s u l t s a re t h e same s i n c e c r e d i b i l i t y 
summation obeys t h e a s s o c i a t i v e l a w . 

VALIDITY, SELF-REFERENCE* SANE-SOURCE, AND EXCLUDED 
MIDDLE. 

As S and B n o t e d , p l a u s i b l e i n f e r e n c e is 
o n l y an a p p r o x i m a t i o n , and depends on assuming t h e 

4 9 3 



independence o f c o n v e r g e n t e t s e r t i o n t j u s t a t 
B a y e s i a n p r o b a b i l i t y d o e s . T o t h e e x t e n t t h a t t h e 
a s s u m p t i o n i s v i o l a t e d ou r c a l c u l a t i o n o f 
c r e d i b i l i t y w i l l b e i n e r r o r . T h i s i a bo rne ou t 
when we examine p a r t i c u l a r cases such as 
s e l f - r e f e r e n c e . 

Because we a re a l l o w i n g a r b i t r a r y 
e x p r e a s i o n s o f t h e p r o p o a i t i o a a l c a l c u l u s , 
a s s e r t i o n s o f t h e f o rm ( ( A Y A) -> A) a u s t be 
c o n s i d e r e d . Care a u s t b e t a k e n t o p r e v e n t t h e 
a p p l i c a t i o n o f c r e d i b i l i t y summat ion t o a l l 
s e l f - r e f e r e n t e x p r e s s i o n s . A n e x p r e s s i o n l i k e the 
above , i f c r e d i b i l i t y were a l l o w e d t o p r o p a g a t e 
b l i n d l y , wou ld l e a d t o 

A ( A | A Y A) = A ( A l A ) + A ( A l A ) - A ( A | A ) » A ( A | A ) , 

w h i c h i s c l e a r l y i n e r r o r i f A ( A | A ) i a n o t e i t h e r 
0 o r 1 . We t h e r e f o r e d e f i n e A l ( A l A ) - 0 f o r a l l 
n o d e s . A n a x i o m o f p l a u s i b l e i n f e r e n c e i s t h a t 
t h e r e s h a l l b e n o p r o p a g a t i o n o f c r e d i b i l i t y f rom 
a n a s s e r t i o n t o i t s e l f . 

A s i a i l a r d i f f i c u l t y a r i s e s when we m o d e l 
s e q u e n t i a l e v e n t s b y u s i n g p l a n n e r - l i k e c o n t e x t 
l a y e r a . Such M o d e l l i n g p e r m i t s a a i n g l e aource o f 
s u p p o r t t o change c r e d i b i l i t y o n l y s l i g h t l y i n a 
new c o n t e x t l a y e r , i n e f f e c t l e a d i n g t o a d d i n g i t s 
p r e v i o u s c o n t r i b u t i o n t o i t s e l f . T h i s s i t u a t i o n 
can b e a v o i d e d i n i m p l e m e n t a t i o n b y a lways r e a o v i n g 
the p r e v i o u s c o n t r i b u t i o n i f t h e p r e s e n t 
c o n t r i b u t i o n i e f r o a t h e s a m e source a s t he 
p r e v i o u s o n e . The c o n t r i b u t i o n f r o a o t h e r sou rces 
i s t h e n g i v e n b y 

B - (T - S > / ( 1 - S ) . 

where B i s t h e b a l a n c e l e f t , T i s t h e t o t a l 
c r e d i b i l i t y s u a a a t i o n , and S i s t he o l d 
c o n t r i b u t i o n f r o a t h e same s o u r c e . O b v i o u s l y , ca re 
mus t be t a k e n n o t t o t r y t o reaove a c o n t r i b u t i o n 
o f c e r t a i n t y , S - 1 . Such a n a t t e a p t i a r e g a r d e d 
aa c o n t r a d i c t o r y . Note t h a t t h i s ove rcoaes a 
d i f f i c u l t y i n S and B ' s a o n o t o n i c s y s t e m . 
P l a u s i b l e i n f e r e n c e i s r e n d e r e d n o n - m o n o t o n i c b y 
t h e use o f t h e above e q u a t i o n . 

The law o f t h e e x c l u d e d a i d d l e i n 
p r o p o a i t i o a a l c a l c u l u s may be s t a t e d as 
D(A A - A ) = 1 . I n p l a u s i b l e i n f e r e n c e , t h e e q u a t i o n 
no l o n g e r h o l d s , because D(A A ~A) = m a x ( D ( A ) , D ( ~ A ) ) 
Fo r A t r u e , t h i a w o u l d b e s i a p l y D ( ~ A ) . T h i s 
s e e a i n g l y b i z a r r e r e s u l t does reduce t o t h e 
n o r m a l l y a c c e p t e d v a l u e when | C ( A ) I » 1 . We c o u l d 
i n t e r p r e t t h i a a a a s t a t e m e n t abou t c r e d i b i l i t y 
r a t h e r t h a n t r u t h . 

[No te added a f t e r s u b m i s s i o n . Use o f 
S h a f e r ' s e q u a t i o n a f o r t h i a case a v o i d s t h e 
d i f f i c u l t y . E x c l u d e d a i d d l e f a l l s under t h e case 
o f c o n f l i c t i n g e v i d e n c e and i a a lwaya f a l s e w i t h 
c e r t a i n t y . ] 

DISCUSSION 

The work r e p o r t e d h e r e i a s t i l l i n 
d e v e l o p a e n t . The t h e o r e t i c a l g e n e r a l i z a t i o n o f 

p r o p o a i t i o a a l c a l c u l u s haa been c o m p l e t e d , b u t 
a p p l y i n g i t t o r e a l i s t i c p rob lems has o n l y b e g u n . 
N e v e r t h e l e s s , a n i n f e r e n c e eng ine i m p l e m e n t i n g t h e 
t h e o r y has been b u i l t , and an example o f 
t r o u b l e - s h o o t i n g , e x e r c i s i n g t h e s y s t e a , i s 
r u n n i n g . O b v i o u s l y , r e a l i s t i c debugg ing i s a n 
exemp la r o f t h e g e n e r e l p r o b l e m o f p r u n i n g a l a r g e 
sea rch t r e e . The methods sugges ted he re f o r 
t a c k l i n g t he p r o b l e m o f f e r the p o s s i b i l i t y o f 
b r i n g i n g t o bea r a l l the domain s p e c i f i c knowledge 
a v a i l a b l e t o t h e s y s t e m f o r t r e e p r u n i n g , w h i l e 
a v o i d i n g e x h a u s t i v e s e a r c h . 

APPENDIX I 

The e q u i v a l e n t t e r a s employed b y S h o r t l i f f e and 
Buchanan a re as f o l l o w s : 

P l a u s i b l e I n f e r e n c e 

(1 ) c r e d i b i l i t y , C(Z) 
(2 ) A ( Z l A ) 
( 3 ) r e l e v a n c e f a c t o r , A l ( Z l A ) 
(4 ) H Z ) , D(Z) 

MYCIN 

( 1 ' ) C e r t a i n t y F a c t o r , CF(Z,A) 
( 2 ' ) MB(Z,A) o r MD(Z,A) 
< 3 ' ) H B ' ( Z , A ) o r H D ' ( Z , A ) 
( 4 ' ) MB(Z ,A) ,MD(Z ,A) 

Note t h a t S and B ' s n o t a t i o n does n o t d i s t i n g u i s h 
be tween an i n c r e m e n t o r decrement t o en a s s e r t i o n 
and t h e sua o f i n c r e m e n t s o r d e c r e m e n t s . 

Append ix I I 

The case i n v o l v i n g i m p l i c a t i o n w h i c h 
c o r r e s p o n d s t o Case 2a i s : 

[ ( P - > 0) -> Z] o r [Z - > (P - > Q ) ] , 

where A » (P -> Q) is t h e source a s s e r t i o n w i t h 
changed c r e d i b i l i t y . 

Then , r e c a l l i n g t h a t D(P) = I ( ~ P ) . 

1 (A) = max ( D ( P ) , I ( Q ) ) , 
D(A) = m in ( D ( P ) . I ( Q ) ) . 

T h i s f o l l o w s s i n c e : 
A t r u e i s l o g i c a l l y e q u i v a l e n t t o ( - P V Q ) . 
A f a l s e i s l o g i c a l l y e q u i v a l e n t t o (P A ~ Q ) . 

Case 2 a 1 - 1 . When TV(A) = T , t h i s case reduces to 
2 e - 2 , w i t h an OR t h a t i s t r u e . Thus 

A ( Z l A ) = A ( Z l - P ) + A (Z |Q ) - A ( Z | ~ P ) * A ( Z | Q ) , 

where A ( Z | A ) i s added t o H Z ) . 

Caae 2 s I - 2 . When TV(A) = F , t h i s caae reduces to 
2 a - l , w i t h a n AND t h a t i s t r u e . Thus 

A ( Z l A ) - A l U | A ) * [ a i n ( I ( P ) , D ( Q ) > - maxCD(P) , I ( Q ) ) ] , 

where A ( Z | A ) i s added t o D ( Z ) . 
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In words, when one of the arguments of an 
imp l i ca t i on i t i t s e l f an imp l i ca t i on that has 
changed c r e d i b i l i t y , the ca l cu la t i on reduces to 
case 2 a - l and 2a-2 by subs t i t u t i ng the equivalent 
d i s j u n c t i o n or conjunct ion fo r the i m p l i c a t i o n . 
When A is t r u e , the support of i t s arguaents 
converges on Z, support ing i t s b e l i e f to the extent 
tha t NOT P and Q support b e l i e f in Z, added 
together as a c r e d i b i l i t y summation. When A is 
f a l s e , i t propagates i t s c r e d i b i l i t y as an 
i m p l i c a t i o n . Note, however, that when A is t r u e , 
the convergence ru le usual ly conforms to the more 
i n t u i t i v e no t ion tha t the c r e d i b i l i t y o f the 
imp l i ca t i on is what is t ransmi t ted . This fo l lows 
because normally the b e l i e f s are (P t r u e , Q t r u e ) , 
or (P f a l s e , Q f a l s e ) . When that is the case, only 
one term cont r ibu tes to the support fo r Z, the same 
r e s u l t as the extremum r u l e . 

Case 2 b l . We have another fanout case where 

As above, case 2b l reduces to Case 2b. For Z t r ue , 
we have 

The A term reduces to Case 2 a l - l or 2 a I - 2 , 
according to whether A is t rue or f a l s e . A then 
fans out to the Z terms, w i th or wi thout 
convergence, as in oase 3 . 

Case 3 b l . This is the case for 

where Z « (P 0) ia the target asser t i on , and 
CONN is one of AND, OR, NOT AND, NOT 0 1 . If the 
(CONN . . . ) expression reduces to a c o l l e c t i v e 
c r e d i b i l i t y aa in Case 2 a - l . 3b l reduces to 2 b l . 

I f i t i s a c onv e r genc e , a a i n 2 a - 2 , t h e n i t i s 
h a n d l e d a a i n 2 b l e x c e p t t h a t each te rm o f t h e 
source i s a d d i n g s u p p o r t t o b o t h P and Q , e i t h e r t o 
I or D aa a p p r o p r i a t e . 
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