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ABSTRACT evidence in paragraphs 4 and 5 of chapter 4.
Beterogeneous evidence refers to conjunctions which
A generalized theory of plausible inference may be true, whoae arguments cannot be arranged in
has been developed. extended to arbitrary subsets, and which may support conflict in the
expressions of propositional calculus from evidence. Support for this type of conjunct s
Shortliffe  and Buchanan's  original MYCIN given by the product of the support for the
formulation. The theory represents uncertainty of arguments. Conflicting ~ evidenoe  refers to
belief, and invokes four rules of inference, conjuncts whose support is guaranteed to be false
instead of the two of standard logic. Areas of with certainty (support - 0). Thus we discover
application include diagnostic problems and that the principal impact of the corrections to
deciding between  alternative hypotheses. The plausible inference is on the formulas for
theory has been implemented in the Pl system. The calculating the support for conjunctions and
intended area of application for Pl is the disjunctions, and the knowledge required as to when

trouble-shooting of a failed spacecraft, and the to apply which formula.

solution to a simplified problem drawn from this
area is described.
FOREWORD
After this paper was submitted for review,

the work of two mathematicians, Arthur Dempster and

Glenn Shafer, was brought to my attention. Shafer
has published a book, 'A Mathematical Theory of
Evidence', which establishes a rigorously founded
theory of reasoning under uncertainty [1].
Plausible inference is based on the uncertainty
formulas devised by Shortliffe and Buchanan, who
took pains to point out that their formulas were ad

hoc [2] or [3]. Comparison with Shafer's formulas
reveals that the formulas employed in plausible
inference must be revised to be correct. The
principal errors are of two kinds: neglect of
conflicting evidence, for which the conjunction is
false with certainty; and neglect of set inclusion
(whereby some assertions either may or may not be

arranged as subsets of others).

on page 224 of
that

In particular. Theorem 10.4,
the paperback edition of Shafer's book states

the minimum rule for conjunctions (support for a
conjunction is the minimum of the supports for its
arguments) applies if and only if the assertions
that are the arguments are 'consonant'; i.e., that
they can be arranged by some criterion for set
inclusion and accordingly do not support conflict
in the evidence. This, of course, also applies to
the maximum rule for disjunctions. Shafer gives

the correct rules for heterogeneous and conflicting

* This paper represents the results of one phase of
research carried out at the Jet Propulsion
Laboratory, California Institute of Technology,
under contract with the National Aeronautics and

Space Administration.
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Bappily, the conceptual framework of
plausible inference survives intact, as do many of
the formulas. For example, the formula for
‘credibility summation’ is correct for consonant
and heterogeneous evidence. Dempster's rule for
orthogonal summation reduces to the same result for
those cases. A different summation formula results
when evidence is guaranteed to be conflicting. We
retain the assumption of directed propagation of
support in implicationa, whereby conditional
support is proportional to a 'relevance factor'.
These calculations, based on the relevance factors
or Al's, are not considered by Shafer. Various
inconsistencies are removed by employing Shafer's
formulas. In particular, the law of the excluded
middle always holds, as well as normalixation, ao
that belief in a defined 'frame of discernment' or
universe of discourse always adds up to 1, and the

conjunction of support for and against an assertion

is always certainly false.

these
work.

that
on

two other
Dempster and

Note also
proceedings rely
See [4] and [5].

papers in
Shafer's

BACKGROUND

One of the basic assumptions of standard
logic is that the truth value of predicates is
known with certainty. This assumption is justified
for some domains of reasoning, but is not wvalid
when, for example, we are confronted by problems of
diagnosis or hypothesis generation in scientific
experiments. In such domains there may be
conflicting evidence for. or against particular
assertions and a human, when reasoning about them
uses measures of belief other than true or false to
characterize his uncertainty.



philosophers hsve studied
and have proposed
particularly for
George
reasoning
emphasised
mathematical
humans used

and
many years

Logicians
this phenomenon for
various criteria as formal models,
confining evidence. The mathematician,
Polys, wrote a book about the modes of
employed by fellow mathematicians, and
the importance of uncertainty even in
reasoning. He suggested that
non-standard rules of inference that included
confirmation and denial in addition to ponens and
tollens [6]. Recently Zadeh and his school have
developed the concept of fussy logic which deals
extensively with uncertainty [7]. An approach
which has been useful in a limited domain of
medical diagnosis was formulsted by Shortliffe and
Buchanan for their Al system, MYCIN. MYCIN is s
production system and reasons only in a
confirmation mode for a particular subset of
logical expressions in the propositional calculus.

generalisation of
the four modes

This paper presents a
Shortliffe and Buchanan's theory to
of reasoning suggested by Polys, and to arbitrary
expressions of the propositional calculus. The
resultant theory of reasoning with uncertain
beliefs is called plausible inference and has been
implemented as the Pl system. Pl has been applied
to the trouble-shooting of a spacecraft after the
execution of an experiment has failed, and this
example's operation will be described briefly here.
referred

Shortliffe and Buchanan (hereafter

to as S and B) give an extensive discussion of
their choice of measures of uncertainty as
functions of conditional probabilities. In
particular, they point out that humans reasoning
about uncertain assertions do not employ evidence
FOR an assertion to measure their disbelief.
Independent evidence is required in normal human
reasoning to bolster disbelief in the assertion.
As a result their model and ours treat measures of

belief and disbelief as independent quantities.
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This it unlike conditiontl probability, which
asserts P(~Z|A) = 1 - P(Z|A). It it evident then
that thete seasores ere NOT probabilities, however
tempting it nay be to retard them at such. We
shall not duplicate S and B's justification of the
theoretical foundations of the measures we are
using which it fundamentally bated on itt tuccett
in modelling human reatoning. Schefe hat alto
invettigated the foundationt of thit model, and
concludet that it it wvalid [8]. In  Schefe't
opinion, Zadeh's 'Linguistic Modelling' it
'inadequate' (hit wording).

comparing the batic
by or available to PI
MYCIN  and PROSPECTOR

We thall begin
reatoning methodt employed
with thote uted by the
tyttemt. Then we thall detcribe the example
actually running. Finally, the detailt of the
underlying plausible inference theory will be
explained.

by

COMPARISONS AND POTENTIALS
PROSPECTOR employ timilar
conclutiont.
tyttemt a
supporting
root
it

MYCIN  and
inference ttrategiet to reach
PROSPECTOR it detcribed in [9]. In both
tree ttructure of evidential attertiont
various hypotheses converges to teveral
conclutiont. (See Fig. 1) The reatoning

essentially one directional and in the confirmation
mode, with the evidence given pottibly tupporting
more than one conclution. The choice of conclution

the batit of degree of certainty or
to each conclution

it then made on
tubjective probability attigned

that it tupported by the evidence, with the mott
certain being choten. Degree of ~certainty it
propagated to the conclutiont by tetting up a
weighting tyttem of numbers attigned to each arc
linking the nodet. The arc numbers are
proportionality factors that determine the amount
of confidence trantmitted from evidence towardt
conclutiont. Once confiience in the evidence hat
been attigned, variout combining rulet determine
the propagation of certainty toward conclutiont.
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with the system working in the confirmation node.

The PI working example hts a tree
structure shown in Pig. 2. The nodes oonverge to
s goal state which is the root of the tree. In

this example, we assume that the nodes constitute a
plan of physical processes and conditions leading

to the goal state, and that, after execution of the
plan, the goal state is not achieved; i.e., it is
false. Thus we are seeking to isolate the cause of
the failure in one of the leaves of the tree. We
proceed from the root of the tree toward the
leaves, attempting to isolate the failed leaf by
pruning off those parts of the tree closest to the
root that are still working; i.e., that are true.
Once again we are proceeding in essentially one
direction, in a rather rigid manner as compared
with a human, but in this example Pl employs two
modes, tollens and confirmation.

Pl also requires the same type of numbers
assigned to its arcs, and | have given them the
name 'relevance factors'. In both the MYCIN and
PROSPECTOR systems they are determined by the
subjective estimates of human experts in the
knowledge domain, and are not altered except for
system debugging purposes. By contrast, for the
type of solution method described above, the PI
system has been provided with a simple heuristic
that permits it to estimate how the value of the
relevance factors should be altered in a given
neighborhood, on the basis of evidence it receives.
This ability enables it to work on problems for
which the relevance factors are not known in
advance, and prepares the way for embedding in a

learning system.

Clearly we are not exploiting the full
power of the Pl system by using only the solution
methods illustrated by Fig. 2. A far  more
interesting and efficient approach is described by
Fig 3. We presume that for any realistic problem
the tree of Fig. 2, describing the states and
actions, will be very large. Fig. 3 shows only a
small neighborhood of that tree. What a human very

START 1ESTIRG AND
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IN MIDOAE OF TREE.
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Ay META-RULES,

\

MLIEF ~
PROFPAGATION  ~

IN AL DIRECTIONS ™ n

-

PI DEBDGGING IN A VERY LARGE TREE
Figure 3

often does, when confronted with such a problem, is
to select, on the basis of (usually unconscious)
criteria and inferences, a specific neighborhood of
the web of relations, and test the function
represented by that neighborhood.

An augmented Pl might be able to do the
same thing by using a set of criteria stored in a
separate knowledge base. Examples of such rules
are, 'What was the last thing altered sinoe this
plan worked correctly?' or 'What is the cheapest
test that can be performed verifying the nodes of
the tree?'. Such a body of knowledge would form a
meta-rule domain of the kind described by Dauvis,
and the same Pl inference engine that reasons about
spacecraft experiments could be used to reason
about where to choose the next neighborhood for
testing[10]. In fact, in this case all the nodes of
the tree are candidates for control selection,
making his approach imperative.

Let us assume that either an augmented PI
system has selected a node for checking as shown in
Fig. 3, or simply that a human has suggested it.
If a test is then made that determines the truth or
falsity of that node, a degree of certainty can be
assigned to that node. The Pl system already hat
the capacity to propagate that change in certainty
in both directions, thus providing much more
information on the choice of the next test to
perform.

AN EXAMPLE OF FAULT DIAGNOSIS

The specific example implemented is
intended to exercise some of the belief propagation
processes of plausible inference. It also
demonstrates the feasibility of  writing an
algorithm for estimating relevance factors, which
measure the strength of binding between antecedents

and consequents as evidence is adduced.
This is an wunrealistioally small problem.
(See [11] for a detailed description.) The pruning

methods employed are clearly too costly for large

plans so long as the method of solution is that of
making every test from the root towards the leaves
as in Fig 2. The example itself is taken from the
application domain being worked on at JPL, and uses
as its knowledge base s model of normal operation
of a spacecraft generated by another operating
module, the JPL planner, for commanding the
spacecraft.

The personnel monitoring the spacecraft are
rarely experts in all of the complex sub-systems
that can fail. Therefore it would be most useful
if these already available plans of normal
operation could be made to serve as guides for
focussing attention on specific subsystems, a kind
of spacecraft first-aid. For in-depth fault
diagnosis, detailed models of failure modes would
be required, just as doctors and Al researchers
have built up models of disease to guide automatic
diagnosis systems.

the JPL Al
achieving a
leading to

part of
plan for
The actions

The planner is the
system which generates a
specified goal state.



L. Friscmsm

oul~pgoal staten age limitad te the reparteirs of
somnands of the spasseraft oomputsz, se that whaa
theos astisms sxe sivigped ent after o plan I»
sonerated, they sanstitute & walid program for the
sompater. Thus the plenner is & simple antematie
sode gemszater. It wees a rzepreseatation of
shysieal ssusality bezzowsd Irom Chnek Risger’s
Conmon Sonve Algerithe werk [13}. Pigurs 4 shews
the zeprasentation for oam astion eamsing & atate
peovidad that ithe pre~conditiems, ostatel and
atated, arze first trma.

"ACTYON CAUSES "STAN™
PRE-COMMTIONS ARL STATE | AND S3AN 2

EEFRESENTATION OF CARBALITY
Piguzre 4

Ia Pigure 5 o siwplified plan is ahown for
tranamitting a signal frem the apaseeraft to sarth.
The action of ‘Grommd Aatensa Ressiviag’ ia
roquired, pins the pre-senditiems that (1) the
spacesxaft ie palated corzestly at the sarth, and
(2) a sigasl was trassaitted by the spasserafs.
The pro-seaditions, in turs, require sstioas aad
pro-conditions to make them truws, ete, to ths
donired lovel of sepresentation of the physienl
prosensss invelved.

FLAN VOB TRANSMITIYNG FRON SPACRCRAFT TO EARTH
Figure §

To zeasea i3 s Jopisslly eorrest manmer
about sanse] srelaticas of this type coquires
speefal funsties, the CARPAL spesialist, that ean
tahe iate sesemmt the temperal relatioms, verifying
that the pro—sonditions were made tres before the
astien prossss was sterted. The JPL planser has
sueh & fubotiem, bmt & similar eme has met yet boon
iaverperated ia PI. Iastead, the legiesl relations
have boos appeenimated by zepresestiag the setion

&
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o pre-sonditions 4«s srgumante of & conjunstion
iaplying the subgoal ox geel state. I the goal
skate is the aspertion A, 4t may W representsd by
[tn Ao-n A!l) - ‘]. vhare u. ary .h.t. the
argumeats representing astion and pre-conditions.

In operation, we sssmms that & weer vwould
have firat genereted the plan to obtain »  command
sequenos that wonld ram the speseorsit computer to
ashiove the desired goal, If, sfter commandiang the
spasscraft to szesute the plan, a failors wers
dateoted, that iaformatios would be entered iato
the data Daas as [Sigasl Reweived’ is falm.l.
Thia xessita iz & propagatioa of segetive
sredibility vo all the oconditions (aciloms and
pro—eonditions) on whickh the failed state depended.
¥o alno prepagate & "macker’ truth valwe of IV,
staadiag for poseibly false, to these oomditicas.
Ax far sz infersmes in comwerned, P¥ bebaves
szaotly like false, ezoept that it csmmot override
an Fox T state, This in becauss it is baved on a
prieri o prosumptive wvidencs only, wheress For T
are based on direct svidence,

The PI  asysten models event snccession by
wsing PLAMNER-1ike oontext lsyers. Thms it oss
dasl with sos—wmonetoais logic, where a gives stats
agkn bs trme or false with wvaryiag degress of
oertaiaty as swoosssive aciioas are taken., &
seR~Bonotonte infersnce rule hes besn implemented
in the followiag mammer. HSupposs & goal atate
dopunds on & eonditions being trws to be attaimed.
If, aftar sxsontiag the prosess. the goal stats i
aet observed, them we comgluds that ome of the
sonditions must W false, and all asxe poasibly
fales. If, after performing appropriste tests, s
hwman gathors ovidemce that ome of the oeaditioas
is true and enters that fact, it may be elimimated
fxom ecasiderstion us a1 ocavse of failusce, and
balief in the falsity of the remaining ocomditioms
should imecenns.

If sl but ome comdition is eliminated ia
this way, P conciwdes that the remainisg comdition
muat ba false. If this condition depends iz turs
ou others, ths sams proosss may b applied ageia to
narrow dowa the suspected famlt to s leaf of the
tros, Of comrss, if at soms stags testing
eatablishes that a&ll the conditions on whiock =
siven failed coadition directly depend are trus,
then PI conclwdes that the failurs conditiom is not
reprossited ia the plaa.

FI procesds by szeasoming iz the manser
just desaribed ia elther of ' two computing moden.
The firat mode duplicatea the MICIN and MIOSPECTOR
appronch ia that & priori selsvance faotors are
entezed ia sdvance. They ocomstituts & hwman
sstimate about the certaliaty of the falsemess of
the argements of the satecedent conjuaction, givea
that the ocoashguenos is falss, The second is a
dofanlt mode, ia whiohk there is =0 awch
informatios. JIn defanlt, the progrem comata the
asmber of argumentas and assigns » relevance factorx
of i/a for a ergumeats, For either mode, A& s
either falss or poessibly false snd the Zi are
poaribly falss., If & swbsat (Zj] of argements of
the conjumetion asre them shown to % trus, the
remsiniag argamsnts form a maw swbset (Zi)} that are



posaibly falss with isoreassd asrtaisty,
relevencs faotors,
given by

The
dl's im ouwr motstion, sre them

Alsew = [ Alo1d / 2;::] * nin (C(Z3)).
i

whers €(ZJ) 40  the degree of esrtaisty or
oredibility of ZJ. The simple retio is reduced to
the degres that wo lack confidence is the beliefs
of the factors testing trwe, Jf thers ars three
factors, them in ithe default mode the Al’s 4re
all 1/3 without test kaowledge. If ome of the
factors has basa shown te bs trus with certaiaty,
wo gat Almew = 1/3 [/ 2/3, or Almew = 1/2, as it
shonld be. Figure 5 shows s priori relevascs
fastors entsred. For thie wode, if the @rossd
Antenns Receiviag tested trus, we would get Almew
= 3 or .7, for the remsining PF factors,
refleoting the human jwdgements sconzatsly.
EXTENDED PLADSIBLE INFERENCE

One of the basic ooncepts of pleweible
infarence is credibility. This is & messure of the
certalnty that & given amesertion A is trus o
fales, and is denoted C(A). It in o mumber lying
betwosn -1 and +1. -1 denotesx fales with
certainty, +1 roprosemts trus with certaisty, amd O
stande for wmo iaformstion. Iatermediate wvalwea
stand for wariows degress of certainty. (Thia
quantity is called the Certainty Factor by 5 and B,
T have iatroduced s mew notation that clagrifies the
role of the parmmeters, ond parmits roprassatiag
many squations by o single eguation., For those
familiar with Shortliffe and Buckszsn's sotationm,
Appendiz T defines the equivalent terms,)

In stenderd propositiomal ecalculus, a st
of sssertioms may be limked by commectives such as
AND, OR or IMPLIES, Tf any asasrtion linked to
others by auch cosnsctives chamges truth value,
this ’'disturbance’ may bes propagsted to the 1inked
assertions by well-knowa rules. The ocalosiwe of
plansible inference comsists of rules to determine
the propagatios of ocredibility to the lianked
assertions, and permits propagation of disturbasces
in directions forbidden in propositioma]l oalomlus.

Thers are two distinotively different ways
in which this propagation may take place, The
first applies oanly to the osntecsdemts aad
conseguents of implications and is called directed
propagation. Tas  second wvay s deduosd
propagationm; the assertions to be chaaged mwst W
dedwced from the circumstances. Antscedests or
consequents transmit all or & fractiom of their
credibility to thair partmere, asd oaly their
partners, whes they ochange oredibility, Jf we
regard assertiomn limked by implication as modes in
an impliontion aspace, them we have propagation
along the arcs gomnectimg 1inked nodes. (BSes Fij.
€) The amount propagated depsnds on their owa

¢redibility rednosd by s factor called the
relovance faotor, A1, defined  below, The
relevance faotor may bs regarded es s directed

quantity, somewhat 1iks s wector. while credibility
is 1ike o scalar. Fig. 6 shows that there are at
least fomr Al’'s for every nods pair lisked by
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impliention.

Deduced propagation applies to the
crodibilitios usneelated with the sonmectives AND,
OR, and INPLIRS themselves rother than the
sutesedents or eensequents of implisations. The
collective oredibilities of ssoh expressions are

given by the maximum or misimwm eredibility of ome
of their arguments. This methed of sssigpning
crodibility was suggostod by Zadeh [7]. Deduesed
propagation alse spplies ¢to & case owch as an OR
oxpreesion that is dofined trwe. If all but ome of |
its argwments 1z kmewa to be felee, the ramainiag

scgument aswmet have a2 positive oredibility
regardless of whish ome it might be. This
differesee in the way oredibility s propagated

sodels ocur intuitive sotios that the believability
of the wembers of am implication is linked;
whoreas, the asrgpumests of s eomjmmction or
disjumotion are treated as isdependently believable
fastors.

As pojinted out sbove, ws desirze to model
the independsnssy of coafimmiag asd denyisg
evidence, so we weed separate mensures of amount of
belief for or ageinst sn ssssrtion "A', Thess are
desoted I(A) and D{A), standing for the swm of all
increments to balief in A and the swm of all
docrements to belief iz A, The smmmstion is
non-linser and will be defissd balow, Also,

I(A) = D(=A}.

In words, the beliaf ia A true equals the disbelief

in A falze. W defime
C(A) = I(A) - DLA}.

Credibility oan oaly be determised after havimg
oajenlated I amd D. Also, by interchanging
increments and decrements, we gof

Cl=A) = - C(A).

Ws aow istrodeoe s nwmber A, to rapresenmt

the iasrement or dsoremsnt propagated ‘etwesa

* AACS ARE LN DETWEEN AWFECTRMNTS AND CONSEQUENCES.
*NOOES ARE ASJORTIONS.
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antessdent and ecomsaquent of an implisatien. Owr

sotation is:

A(ZIA), ths imsrement
propagated frem A te 2L,
vhere © § A(ZIA) 1.

Thare sz thres ssser te distisgeisk iz osmputing
the tzaasfer of belief Betvsan sntesndents and
consequents in an implicatien. Case I applies whes
asither the aatecedent w0r eomsaquent 490 am
sasertion with muitiple arpuments; i.e.. meither A
mor Z &5 sn sssestion imvolviag ANB, @R, or
THNPLINS. Cass 2 applies vwhen ome assesrtion hse
multiple argumentes and ome doss ast. Cass 3
applies when both antecsdent and sonssguent have
sultiple arguments.

or desrepent

Csse 1. MNeither satesedest T eonsoguest has
multiple arguments.

The fmndaments] rule of plansible infarsace ia:
A(ZIA) = a2(ZIA) * Jetadd ,

whors Al in the value of & when [CGAX 10 1,
A ia the sssertien with shanged eradibiliny.
Z ie the tagget sssertion.
Propagatioa is from & to 1,
TV(A) is truth~valwe of A.

and TY{A) = T;
added to I(2);

It A= 12,
AZIA) 1e Pomens
T¥A) = B;

added to D{Z); Pemial.

A(Z]A) ia

snd TV(A) = T;
sdded to I(2); Confirmation

11 Z =) A,
A(ZIA) 1

TViA) = F;
AfZIA) ie addsd to DIZ); Tollema.

Note that walike prepositisws] cslewmlus, in
planaible inference, delief is prepageted ia the
Deninl and Coafirmation wmodes. Jots also that
Posens snd Coafirmetion are wequivalenmr, asx are
Deninl asnd Tolliems. This squnivelemse suggests that
plavaible reasoniag sonld be symmetris; i.0., for
a givea kaovledge Wass, if svezy antecedeat and
conssqment werd isterchesged, together with their
Al's, the osame inferences would beo made given the
sams ovidenve. Tadifferenes te the direstion of
reoasoning would model what appeazs to be & similar
buman capsbility to ressom with amtesedents omd

consequants laterchanged. Fanitially, us this
systam was deaveloped from propesitiosal aeslomlus,
exolusive umse of & nom-eymmetzie esommective,
impl toxtion, tor dizested propagstion of
oredibility concealed this possibility {13]).
Asother oeamective Is svallable for
sepresenting direeted propagation  that is
symmetric, howsver, Bquivalenss differs from

iwplisation only with respect to ons truthk valwe.
¥hea antesedent is falss and eonsequent is tres,
implioation i»s tzwe and oquivelenmes i3 false.
Thers axe situations where oguivalense might s
mozd snitable eomaestive to empley Is the data

ia whioch ocsse eymmetrie ressoaing wonld
Bash sitwations bear investigaties.

base,
spyly.

Note slso that is plawsible ressoning the
coasectives have a differeat weanisng thes that
soaveysd ia propesitiosal oaleulus, Thas, in
plansible rsanoning, wes of the equivalesce
sendestive would oaly imply a comssstion ia belief.
a0t logieal squivalemce, Ouly is the limitiag cass
where plausible infexence degenarates to
propesitional caleslws does logical egquivalamcs

hold. This would oosnr when the releveanse faotera
wore all aequal to 1 and the eredibilities were
limited to 1 or ~1. In what follows we shall wume
the implicatien sonmestive Decasse of its
familiazity, Wuwt correspondiag formulss for
squivalenss are easily derived.

Cass 2. Oms argwment of the implisation s

multiple arguments. The other argument doess mot.

The logicsl statements of greatest imterest
are those imvolviag the AND asd OR commectives. To
svold the coafusion of too mweh detail, we ahell
give the rules of Case 3 omly for those
conmeetives. The gorresponding rxles for
astscedents and consequents which ars themsslves
implications is gives in Appendixz II, All
implication rules are derived from the AND/OR rules
in any svent.

Before giviag the details of Cass 2, wm
sote that the followiag sssmmptions are mads for
plassible islference. If 1I(Z) = 1, thex evidemos
for disbelisf ia discvegarded, I D{(Z) =1, then
svidence for belief is disreparded. If both asqual
1, then wo have contradiction. The calculatios of
credibil ity is the samse regurdless of the order of
application of evidemce (commwtativity).

Case 2a. [{OOMN Al ... Am) -> Z],
or (2 -> (CONN AL ... Am}} .
whece (COMM A3 ... An). is the source with ohenged
crodibility,
Z is the target asesrtion,
COMN is oae of AND, OR, NOT AND, NOT OR.

Case 2a-1.

Jf COMN is AND or NOT OR with TV(CONN} = T,
OR or NOT AND with TV(CONN) = F,

them after oaleculation of the vollective
ceedibility of the sowzoe axpressios, cass 201
reduces to Case 1 with A = (CONN Al ..., Aa). The

roduotion is dows scoordiag to the following rules:
Let the set Al ... Am be represented by {Ai}.
For CONN = AND or NOT OR:

I(A} = min { X{A4) ),
D(A} = mex { DAY} ),

where ~Ai is substitated for Al ia NOT OR,
For CONN = OR or NOT AND:



I{A) = max { I{A4) ),
D{A) = min { D(A4) ),

where ~Ai is substitoted for Ai im NOT AND,
Therefore, A(ZIA) = A1(ZIA) » lccall,

I(Z) for AND, NOT OR true, and
NCT AND falge.

added to
to D(Z) for OR,

The sxtrema ares slways calcmlated with +1 ) -1,
Case 2a~2, (Convergence)

If CONN is AND or NOT OR with TV(CONN) = F,
OR or NOT AND with TV(CONN) = T,

it the credibility
arguments of A, calculated as if
each arrument individually propagates credibility
to Z. Credibility summation, defined here,
guarantees that the sua of n summands is less than
1, provided that each summand lies between 0 and 1.

the credibility transferred to Z

summation of the

Let 0 ¢ Yi ¢ 1, then

1 n-1 o—1
Ec“"‘” §:Yi—h‘ zc“'
t=1 1=1 i=1

2
where Ec Yi=Y2 +Yl-1Y2¢T2,
1

Note that credibility summation satisfies
commutativity and associativity. We can now give a
precise formulation of Case 2a-2, which is a case
of convergence because many arguments are

contributing support to one assertion.

u
Ib(zlA) = Ec [5(A1) * AL(ZIA1) ¢ Ictan )
i=1

where ID(ZIA) is added to D(Z) il:
CONN = AND or NOT OR,
TV(CONN} = F;

and 8{Ai) = 1, for C(Al) ¢ O,
8(Ai) = 0, for C(AL) > O,

ID(ZIA) is sdded to I(Z) if: CONN = OR or NOT AND,

TV(CONN) = T;
and b(Ai) = 1, for C(Al) > O,
B{Al) = 0, for C(AL) ¢ O,
{~Ai) substitutes for (AL) in OONN’s coataining
NOT. (De Morgan's theorem)

Let us sum up Case 2a in words. For a
conjunction that is true, the belief that is
transmitted is no more than the least belief in its
arguments. For a conjunction that s false, the
more arguments that are false, the more strongly
supported is disbelief in the co-member of the
implication. The arguments which are true make no
contribution. For a disjunction, true and false

are interchanged.
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Cass 2b, (Fanout)

fA ~> (CONN 21 ... Za)},
or [{CONN Z: ... Zn) -> A] .

A is the sourcs assertion that has ochanged

oredibilivy.

Z = {CONN Z1 ... Zn) 1is the teacget espression.
CONN is one of AND, OR, NOT AND, NOT OK,

Taen, A(ZilAY = a1¢Z4lA) * Icin)].
For AND, NOT OR,

I{Z) = min [ I{Z1) }.
Di{Z} = max { D{Z1) }.

For OR, NOT AND,

I(2) = max [ J(Z1) )},
D(Z} = min { D(Z4) ).

(~Zi) substitutes for (Z1) is CONN'a containing NOT,

In words, when a single assertion provides
support to a conjunction or disjunction in an
implication, first the increment or decrement to
the belief in each argument mutt be found at if
there were only the assertions A and Zi (Case 1).
Then the appropriate extreme will give the belief
in the conjunction or disjunction.

Case 3. Both arguments of the implication poatett
multiple arguments.

Once again, we shall give rules only for
conjunctions and disjunctions, reserving for
Appendix |11 rules involving antecedents or
consequents that are implications.

[{CONN A1 .., A} -> (CONN 21 ... 2a)],
or [(CONN Z1 ... Zn) -> (CONN Al ... Am)].

CONN of the source expression
satisfies the conditions of Case 2a-l, the source
expression supports belief in the target as a
single assertion, calculated as an extremum as in
Case 2a-I. The resultant belief in the target
expression is then calculated as a fanout from the
collective source as in Case 2b.

Case 3a. If the

source
Case

other cases, the

is treated as a convergence as in
2a-2. Now, however, the convergence is from all
Ai't to each Zj. After the credibilities of all
the Zj's have been calculated, the ~collective
credibility of Z is given by the appropriate
extremum. Equivalently, this may be calculated by
fanning out from each Ai to all the Zj's, and
summing the support provided by successive Ai's.
The results are the same since credibility
summation obeys the associative law.

Case 3b. In all

expression

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

MIDDLE.
As S and B noted, plausible inference s
only an approximation, and depends on assuming the



independence of convergent etsertiont just at
Bayesian probability does. To the extent that the
assumption is violated our calculation of
credibility will be in error. This ia borne out
when we examine particular cases such as
self-reference.

Because we are allowing arbitrary
expreasions of the propoaitioaal calculus,
assertions of the form ((A YA) -> A) aust be
considered. Care aust be taken to prevent the
application of credibility summation to all
self-referent expressions. An expression like the
above, if <credibility were allowed to propagate
blindly, would lead to

A(AIA Y A) = A(AIA) + A(AIA) - A(AJA) » A(A]A),
which is clearly in error if A(A|A) ia not either
0 or 1. We therefore define AI(AIA) - 0 for all
nodes. An axiom of plausible inference is that
there shall be no propagation of credibility from
an assertion to itself.

A siailar difficulty arises when we model
sequential events by using planner-like context
layera. Such Modelling permits a aingle aource of
support to change credibility only slightly in a
new context layer, in effect leading to adding its
previous contribution to itself. This situation
can be avoided in implementation by always reaoving
the previous contribution if the present
contribution ie froa the same source as the
previous one. The contribution froa other sources
is then given by

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

where B is the balance left, T is the total
credibility suaaation, and S is the old
contribution froa the same source. Obviously, care
must be taken not to try to reaove a contribution
of certainty, S - 1. Such an atteapt ia regarded
aa contradictory. Note that this overcoaes a
difficulty in S and B's aonotonic system.
Plausible inference is rendered non-monotonic by
the use of the above equation.

The law of the excluded aiddle in
propoaitioaal calculus may be stated as
D(A A-A) = 1. In plausible inference, the equation
no longer holds, because D(A A ~A) = max(D(A),D(~A))
For A true, thia would be siaply D(~A). This
seeaingly bizarre result does reduce to the
normally accepted value when |C(A)l » 1. We could
interpret thia aa a statement about <credibility
rather than truth.

[Note added after submission. Use of
Shafer's equationa for thia case avoids the
difficulty. Excluded aiddle falls under the case
of conflicting evidence and ia alwaya false with
certainty.]

DISCUSSION

The work reported here ia still in

developaent. The theoretical generalization of
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propoaitioaal calculus haa been completed, but
applying it to realistic problems has only begun.
Nevertheless, an inference engine implementing the
theory has been built, and an example of
trouble-shooting, exercising the systea, is
running. Obviously, realistic debugging is an
exemplar of the generel problem of pruning a large
search tree. The methods suggested here for
tackling the problem offer the possibility of
bringing to bear all the domain specific knowledge
available to the system for tree pruning, while
avoiding exhaustive search.
APPENDIX |
The equivalent teras employed by Shortliffe and
Buchanan are as follows:
Plausible Inference
(1) credibility, C(2)
(2) A(ZIA)
(3) relevance factor, AI(ZIA)
(4) HZ), D(2)
MYCIN
(1'") Certainty Factor, CF(Z,A)
(2') MB(Z,A) or MD(Z,A)
<3') HB'(Z,A) or HD'(Z,A)
(4') MB(Z,A),MD(Z,A)
Note that S and B's notation does not distinguish
between an increment or decrement to en assertion
and the sua of increments or decrements.
Appendix 11
The case involving implication which
corresponds to Case 2a is:
(P -> 0) -> Z] or [Z-> (P -> Q)],
where A » (P -> Q) is the source assertion with
changed credibility.
Then, recalling that D(P) = I(~P).
1(A) = max (D(P),I(Q)) ,
D(A) = min (D(P).1(Q))
This follows since:
A true is logically equivalent to (-PVQ).
A false is logically equivalent to (P A ~Q).
Case 2a1-1. When TV(A) = T, this case reduces to
2e-2, with an OR that is true. Thus
A(ZIA) = A(ZI-P) + A(Z|Q) - A(Z|~P) * A(Z]Q),
where A(Z|A) is added to HZ).
Caae 2sl-2. When TV(A) = F, this caae reduces to
2a-1, with an AND that is true. Thus

A(ZIA) - AIU|A)*[ain(I(P),D(Q)> - maxCD(P),1(Q))],

where A(Z|A) is added to D(Z).



In words, when one of the arguments of an
implication it itself an implication that has
changed credibility, the calculation reduces to
case 2a-l and 2a-2 by substituting the equivalent
disjunction or conjunction for the implication.
When A is true, the support of its arguaents
converges on Z, supporting its belief to the extent
that NOT P and Q support belief in Z, added
together as a credibility summation. When A s
false, it propagates its credibility as an
implication. Note, however, that when A is true,
the convergence rule usually conforms to the more
intuitive notion that the «credibility of the
implication is what is transmitted. This follows
because normally the beliefs are (P true, Q true),
or (P false, Q false). When that is the case, only
one term contributes to the support for Z, the same
result as the extremum rule.

Case 2bl. We have another fanout case where

A => (P => Q] or [{P~>Q) ~> Al
Z=(F->q,.

As above, case 2bl reduces to Case 2b. For Z true,
we have

A(=PlA) = A1{~PlA) » C{A)
added to D{P) or I(P) avw A io true or false.

atala) = A1cala) * cay
added to I(Q) or D{Q) as A 13 true or false,

T(2) = max { D{P}, I(Q) ).
D(Z) = min [ D(P), I{QW ).

For Z false, we have

A(PIAY = AL(PIAY * C(A),
added to I(PY or D(P) as A is trus or false,

A(~@la) = A3(~alA) * C(A).
added to XY(~@) or D{~Q) as A is trus or false.

C(Z) = min (MP), I{Q}) - max {I{P), DN(Q}}
APPENDIX 1II
Case 3nl. This is the case where elther

[(P -> @) -> (CONN 21 ... Zu))
or [(CONN Z1 ... Za) = {P —» @1},

A= (P->Q,.

The A term reduces to Case 2al-1 or 2al-2,
according to whether A is true or false. A then
fans out to the Z terms, with or without

convergence, as in oase 3

Case 3bl. This is the case for

[{CONN A1 .., Am} =-> (P -} Q]
or I(P ~» @ -> (CONN AL ... An)],

where Z « (P = 0) ia the target assertion, and
CONN is one of AND, OR, NOT AND, NOT 01. If the
(CONN ...) expression reduces to a collective
credibility aa in Case 2a-I. 3bl reduces to 2bl.

If it

is a

handled aa

source

is adding support

convergence, aa

in 2a-2,

in 2bl except that each ter

| or D aa appropriate.
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