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Abstract

\lr~stal marhestr~ 1110 iel—based(liagnesisdescribe
a diagnosis for a systeiii as a set of failing coin—

ponents t hat explains the sviiiptonis. In order to
cllaracterlzethe typically very large numberof ihag-
noses, isilaily only the Iii ininial suchsetsof failing
cunipolients are represeiited This method of cliai’-
aeterizing all (liagnoses is iliadequate in general. in

ia it hecaiso not everysupersetof the faulty comnpo-
nemitsof a diagnosisnecessarilyprovidesa diagnosis.
In this paperwe analyze the concept of (hagnosisin
depthexploiting tile notions of implicate/implicant
an(I p rune 11111)licate/inip licant . We use these no—
ioilS to consider two alternativeapproachesfor ad-
Iressing the nadequacyof t he conceptof minimal
liagnosis. First. ~veproposea new concept. t Ilat of

kernel diagnosis. which is free of tins prohlenl with
minimal liagnosi~. This coilcept is useful to both
the consistenc and abdtictive views of diagnosis.
Second.we consider restricting the axioms used to

describe t he system to ensure that tile concept of
minimal diagnosisis adequate.

1 Introduction

The diagnostictask is to determine why a correctl de—
signed systemis not functionnig as it was intended
the explanatmoll for the faulty behavior being t bat the

particular system under consideration is at variance in
soniC way wit Ii its design. One of tile main suhtasks of
(liagnosis is to deternune what could be wrong with a
systelil given the observatmomlst hat have been made.

Most approachesto model—baseddiagnosis [(5] char-
acterize all the diagnoses for a system as the minimal
sets of failing components which explain the syiliptonls.

Alt boughthis nietliod of characterizing diagnosesis ad-
equate for (hagnostIc approacheswh ic ii model only t he

correct behavior of componemits. it does not general-
ize. For example.it doesnot necessarilyextend to ap-

proaches which incorporate models of faulty behavior

Originally appearediii t rtificio/ fit t~//~q-rue 56(19t)2(.
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[28] or which incorporatestrategies for exoneratmgcoin-

ponents [20]. In particular, not every superset of t he
faulty comill)one~iitsof a diagnosis uecessimril~pm’o~ides a
diagnosis. In this pap~we analyze t he notion of (b’lgno—
sis ill (lepth aild consider two approaches for addressing
theuiadequacyof minimal diagnoses. First, we consider
an alternative notion. that of kernel diagnosis. which is

free of t his problem wit ii mininial diagnosis. Second, we
consider restricting theaxioms used to describethesys-
tenl to ensure t Ilat tile concept of ilnniillal diagnosis is
adequate.

2 Problems with minimal diagnosis

Insofar as possiblewe follow Reiter’s [23] franiework.

Definition 1 .1 s~.s1rin is a triple (,~‘I).(‘0.1/P,~’.OB.s’)
n/i e ic:

I. .~‘D.the systi in /e.serzptio it. is a sc/ of firs/-oi (let’ scIi-

tence.s.

.9. ( ‘O.l[P.s. 1/ic s~~.stciii rout/ion en/S. iS 0 fin i/c sf1 of con-
sIn ti/s.

I. 0B,~-.a scI of obse rca/ions. is a se/ of flrst-oi’de i’ sc/i-
tends.

Alt hougll our framework does not require a distinction
between SD and 0 B,S. we do so becausetills 5 the
convent ion ill tile diagnosis literat tire.

\Iost model—baseddiagnosIs papers [2: ~: ~: 0: 14: I~:
20: 23: 27: 28] define a diagnosis to be a set of faihng
componemlts ~~‘itII all other components presumed to be
behaving normally. We represent a diagnosisas a (‘on—

juilction which explicitly imldicates whether each com—

ponent is normal or abnormal. This representation of’
diagiiosis captures the same intuitions as tile pre\’iois
dehnit ions btit generalizes more naturaily.

The definit ion of diagnosis is buIlt till from the no—
ion of ahnoi’mai. \\e adopt Reiter’s [23] comlventloll

tllat JB( c) is a litem’al which ilolds when component
c E( ‘OMPS is abnormal. (Someol the model—baseddi-
agnosisliterature uses—~OK(c)insteadof.IB(c) but this
is just a trivial termninologicahshift and does not affect
the results of t Ilis paper.) It is important to note that
we neit 11cr define n~rplace any conditions wilatsoever



Oil how .1 B is used. Researchershaveusedvarying defi-
nit ions of abnom’niality eachof’ which correspondsto a
(liflerent policy fom’ 110w . I B appearsui SD. Our results
apply regardlessof how . lB is used.Al’ew of the ways
abilom’nlaiit~is usedin c mirrent tiodel-hasedresearchare:

• In ( I)E [s]. if a component violates its behavioral
iilO( ieh . then it must he abnom’maI. Ilowevei’. if it ap—

pearsto be behaviig iiormualhy, t lien it cannot logically
distinginshi whether it is ;ibnoi’uial om’ not. Iilstead.
(DE uses o’ohahiilit es to rank diagnoses.

• [21] extends(~DE with a non—internuttencvaxiollI
whicll requiresthat a conipoiieiit s Outputs area fimnc-
tion of its inputs even if it is ahiloi’mnah. One oi’ the
consequences of this aXiom is that if a coinponent is
behavingnormally ho’ all its inputs, then it cannot be
ahnoi’mal

• In [20] a (‘omnponent is ihnoi’mal unIv if it violates its
behavioralmodel at t lie oh servation tnile of interest.

• [22] expands the pm’eceedingmlotiomi by requirimlg a (‘0111-

poilemlt to be abmiom’malunIv if it violatesits bellavioral
nio lel at si>me knowii obsem’vat ion tune.

Our generaldiagnosisfm’anl,’work encompassesall thlese
notions of’ abilol’nlahit. Througilout t Ilis papt~l’we use
these differing policies iii examples.

Definition 2 (A ii n / no s~’Is of (0/ti poiico/s ( ‘~ (Hi ~I( ‘u
define P(( ‘p. (‘u) to lie 1/it doitjonetion:

[A .1B(r)] A [ A mlB(d)].
‘C’

A diagnosisis a sentencedescribing one possiblestate
of the sstem. wllem’e tIlls state is an assignmentof the
statusnormal or abilornial to eacil systemcomponent.

Definition 3 Li / A C ( ‘O.lfP,s’. .1 i/ia gnosis foi’

(SD.(‘O,IIP,s’, OB,s’) is P(A, ( ‘O.lf P.S — A) suili 1/tat:

,$‘DUOB,S’u {‘P(A.(’O.l/P.s’— A)}

is soIts/ia b/c.

‘[lie following import ant observationfollows directly
froni t lie definition (snnilar to proposit ion 3. 1 of [23]):

Remark 1 .-h diemqnosis fitS/s for (SD.(‘0,1/PS’,0f3.~’)
if SDU OB,S’ is sa/isfiahle,

[nfort unately. there may he 22 ‘O.tf PS] diagnoses.
Tilerefore we seeka pam’silnoilious characterization of the
thiagmlosesof a systenl.

Definition 4 .1 Ito tjnosis D(A, (‘0.~ifP.S — A) is a
nuntina/ diarjnosis i/f Jot’ n(i pr~~ici’ sit bs I A’ of A i.s
P(A’. (‘0.11 P.5’ — A’) a cliognOS/S.

flums a minimal diagnosis is letei’nuned by a niininial
set of componentsw Ii ic II can be assumedto be faulty,
while assuming the m’einaining components are function—

imlg normally.
Note t hat t hlese definit ions sii hsunieReiter’s [23]. Re-

item’s definit ion of t he comiceptof’ diagnosisi’orrespollds

Figure 1: T~vouivi rters

~diag-invut~

to our not iOll of uiiniiuia / diagnosis. R i’it er providesno
definit ion correspondingto our notion of’ a ihiagnosis.
~\Ii tile results of [23] t ilerefom’e apply to our conceptof

a mnilnlllal ‘ hiagnosis
The hllowmmlg is an easyconsequleilce oft lie ahlove(lef-

mit ions:

Remark 2 ff’’P( A. ( ‘0.1/PS’ — A) is a 1/lagnosis. I/on
flue ic is a unininual c/tagnosis P(A’. ( ‘(0/PS’ — A’) sorb
I/u at A’ C A.

Many approachesto illodel—based hagmlosis have as—
sullIed t hat t he coil yerse holds:

Hypothesis 1 (.lfinimua/ Dieiqnosi.s Ilijpol/i—
sis) if’ ‘P( A’, (‘0.1/PS’ — A’) is a nutnitii a/ diagno si

and if A’ C A C (‘0.11 P.5’. then P(A, (‘O.lfP.S’— A) i~

ii (liagitosis.

As we see ill section 7, tIle \Inimmal Diagnosis Ilypoth—
esis holds umlder the assumptioiis usually made. how—
ever, as we relax theseassumptions,for example by a!—
lowing fault modelsor exoneration axioms, t ile \Iinimllai
Diagnosis Hypothesisfails to hold and we lutist explore
alternative means foi’ parsillloluousl~’ clmaractermzimlg all
diagnoses.

Remark 3 I/me ,llinimua/ Diaguiosis ffijpo//ucsrs ,/ocs not

aln’aq.s hold: If ‘P( A’. ( ‘0.11P.5’ — A’) 1.5 (1 in Hi tin (1/ di—
(mqnosi.s cmnd A’ C A. 1/men ‘P(A.(’O.lf PS—A) umeed mt
/ic a dingnosis.

ThIns, not every supem’set of t he faulty components of a

mniiiimimal hiagnosisnei-’d provide’ a diagnosis. To s,-m’ why.
consider tile following two silllple exalilpies. The first
exanipie arises if we pm’esimnle we know all the possille
waysa colllpolieilt can fail suich as in [28].

Example 1 ( ‘onsicler the simple two inyerter cu’ctnt of
Fig. 1. If we are making ohser\’atioils at differellt times,
lien we lutist represent t his in SD m somewas’. Omle

schenieis to introduce obseryation t nile I as a parimlietem’.

Thus, a model for an illverter is:

1.\’UERTER(.u’)—

[~IB(.i’) — [iii(.i’. 1) = I) otit(.t’. I) I]].

assume tllat SD is extended with tile appm’opriate
axioms for bimlary arithmetic, etc. Suppose tile input is
(I and the output is 1: in(1. l~)= 0. ont( f~.7’) = I.
I’here are t liree possiblediagnoses:

P({f1}. {12}) : .IB(1) A ~,hB(1~)



D({12}.{tj}) :.IB(li)A—’.i13(lt)
.IB(Ii)AJD(13)

Thesethreediagnosesare characterizedby the first two
diagnoses.which are minimal. Supposewe know that
the inverters we areusing have only two failure modes:
they short their output to their input or their output
becomesstuck at 0. ~Vemodel this as:

f.Vt’ERTER(.r) A .IB(.r) — [5.40(z)V SHORFfr)~.

.S’.40(z) — mat(z.t) = 0.
.S’IfORffr) —out(.r.t) = infr.t).

Fromthesemodelswecan infer that it is no longer pos-
slble that both lj and ‘2 are faulted. Intuitively. if ‘2 is
faulted and producing the c bserved1. then it cannot be
stuck at 0. and musthave its input shorted to its out-
put. But then 4 niust he outputting a 1 and there is no
faulty behaviorof 4 which producesa I for an input of
0. Thus. .1B(t~) A .IB(12) is no longer a diagnosis. but
the minimal diagnosesremain unchanged.

The only way to determine which of 4 or ‘2 is actu-
ally faulted is to make additional observations. For cx-
ample. if we observedout(4. 1’,). we could distinguish
whether 4 or 12 is faulted. Suppose4 is faulted such
that out(4. En) = 0. To identiQv the actual failure mode
of 4 we have to observeont(It.Ti) or out(12. Vt) given
in(4.Ti) = 1.

This example showsthat the use of exhaustivefault
modelssuchas in [2$] leadsto difficulties with the usual
definition of diagnosis. One way to avoid this difficulty
is not to presume all the faulty behaviors are known
as in ~9]. however, if we do not know all the faulty
behaviors,then nothing usefulcan ever he inferred from
a componentbeingabnormal which defeatsthe l)urPOt
of fault modesin the first place (this is addressedin (9]
by introducing prohabilitiesj.

Example2The usual definition of diagnosisencounters
similar difficulties with theTRIAL framework of [20]. In
this framework a componentis consideredfaulty if it is
actually manifesting a faulty behaviorgiven the current
set of inputs. If we are only concernedwith one set of
inputs, theneverycomponent is modeledwith a biconcli-
tional. Thus, the inverters of Fig. 1 are insteaddescribed
by:

!.VVERTER(z) —

e [in(.r) = 0 E out(z) = 1]].

Supposethe input and output are measured to he 0.
There are only two diagnoses(the secondof which is
ntinimal):

.IB(4) A .LB(f2). —UB(4) A -‘AB(12).

It is not possible that one inverter is faulted and the
other not. Each inverter exoneratesthe other. In terms
of [20], each inverter is an alibi for the other. Thus.
although —‘.48(4) A -‘.48(12) is a minimaL diagnosis.

neither —‘AB(11 )AJB(12) nor .48(4)A—ctB(12) are di-
agnoses.Again, we seethat by including axioms which
restrict faulty behavior in any way. the Minimal Diag-
nnsis Hypothesisfails to hold.

In the remainder of this paper we explore two ap-
proaches to address this problem: (1) find an alterna-
tive meansto characteri7e all diagnoses.and (2) restrict
the form of SI)UOBSsuchthat the Minimal Diagnosis
Ilypot hesis holds. ~Vefirst requiresomepreliminaries.

3 Minimal diagnoses

The minimal diagnosesare convenientlydefined in terms
of the familiar [Itt] notions of implicates and implicants
(see[17: 21] for similar usesof thesenotions).

Definition 5 An .18-lift ral is .lBfr) or —‘AB(c) for
saint i~E (‘03)1’S.

Definition 6 An .411-clause is a disjunction of .48-
Iderain containing no coin pit inc ntarp pair of .48-iite rids.
.4 positire .4B-’ lause is an .48-clause all of whose lit-
erats are positive.

Note that the enipty clauseis considered a positive
.48-clause.

Definition 7 .4 conflict of (SD.(‘OJIP.’A OBS) is an
.48-c lause entailed by SD U OB.s’. .1 positire conflict
is a conflict all of whose literals are positive.

If SD UOBS is propositional. then a conflict is any
.4B-clausewhich is an implicate of SDUOBS.

The conflicts provide an intermediate step in deter-
mining the diagnosesand arecentral to many diagnostic
frameworks. The reasonfor this can he understood in-
tuitively as follows. The diagnostic task is to determine
malfunctions. and therefore the primary sourceof cliag-
nostic information about a systemare the discrepancies
betweenexpectations and observations. A conflict rep-
resentssuch a fragment of diagnostic information. For
example.the conflict .4B( .4)V. 4B( B) might result from
the discrepancy betweenobservinga’ = 1 while expect-
ing it to be 2. if components.4 and B were normal. As
a consequence,we infer that at least one of .1 or B is
abnormal. i.e.. the conflict .IB(.1) V .48(8). Most re-
searchershave focussedonLy on positive conflicts. (As
mostprevious researchhas focusedon the positive con-
flicts. they usually represented conflicts assets of ab-
normal components.) However, aswe see in Section 1.
the non-positiveconflicts are important when we model
faults and do exoneration.

Remark 4 .4 diagnovis e rist~ for (SD,
(‘OJIPS.OBS) if the emptyclause is not a conflict of
(SD.( ‘OMPS.085).
Theorem1 Suppose (SD.C ‘OMPS.085) iv a systcni.
II is its vet of conflicts, and S ç (‘OJJPS. Then
D(S(’OMPS—S) is a diagnosisif

flU {D(S.(‘0111’S— .S)}

is satisfiable.



II u {?(~.(O~iP.~’—-~)}

Proof. H is logically equivalent to the set of conflicts of
(SD.( O\IPS.OBS). The result now follows from Theo-
rem 1. ~

Remark 5 If all fbi in mi in a! conflict
of (.~‘I).( ‘O.l1P~’.OI3~’)(I Cl II Oil-i ni~ul~(1/1(1 ~O5ili i’m. lb mu
D(( ‘0.11 Ph’. { }) is (I diagnosis.

As theminimal conflicts determinethediagnoses.they

play a central role in most diagnostic frameworks.

Example 3 ( onsiderthe familiar circuit of Fig. 2. Sup-
pose the componentmodels are:

[-~,1B(.r)— out(.c) = iii 1(r) + in2(.i’)]

[m-1B(r) — ont(v) = in 1(i) x in2(r)]

As hefore we assuniethat hi) is exteiided with the ap—

proprmatm~axioms for ant limetic, etc. \V it h the given
inputs, thereare two minimal conflicts

.IB(J1 ) V J19()11)V ,lB(.\f~)

,1B(,11) V ~lB()11 )v B(,\fa) V .113(J),

and four familiar niininial (liagnoses:
P({.11}. {.t. ,\1~.)1~,,\I~}):
.IB(,11 )AmlB~Am1B(.1f1 )AtB(,1I~)AmtB(.11:i)
P({.\1

1
}. {,l~.J’c )1~..~1~}):

.IB( )[~)A-~.IB( .11 )A -~.1B(.~ )A -~.IB( )1~) A —~.1B(.11:3)
P({.l1~, .lf:3}. {.)‘.J~. .1f

1
}):

.1 B( .lh) A .4 B( .11:i) Am) B( ~ A mlB( , Li) A mlB( .11~)

3

2

2

3

3

Figure 2: F = .l(+ BD.(; = (E+ 13/)

P({.12. .1f~}.{.tI..1f1..1f:3}):
.lB(J~) A. 113( ,1I~ ) Am1B( .1~) Am IB( hi ) Am IB( .\1;~).

To prove tie next t svo theoremswe needthe following
leiii ma

Lemma 1 .5iipposi lb at Ii is fbi st I of in in un a! ion flict.s
of (SD.(‘O.hlPh’. 013.5’). and lb al ~ is a in mini al sO such
lb (It,

A mlBft)}
EC03fP5—~~

is .satis’tiabli. T/i( n P(...~. (‘O.’t[Ph’ — _,~) us a nimnuinal
dmaqno.s is.

Proof. By the niinnnality of .~. we have, for eachc’ ~
hat

A mlB(c)} U {mlB(c’)}

E( ‘0.tIP5—,,~

is insatisfiahle, i.e. for each c” ~

H U { A mlB(c)}
“E( ‘0\IP~—..~.

IT u { A m1B(c)} A .IB(c’).
“E( ‘Oil P~—~

\loreover, hy hypothesis.

Ii u { A -~,1B(c)}
E ( ‘C) if P 5 — -~

is satisfiable, Hence. U U {‘P(~,(‘0MPh’ — ~)} is sat-
isfiahle. so by fheorein 2 ‘P( ~. (‘O.iIPh’ — ~) is a diag-
nosis. It remainsonly to show that .~ is a minimal set
such that ‘P(~.(‘0MPh’ — ~) is a diagnosis. But this
is easy. for if P(~. (‘0.11f’h’ — ~‘) were a diagnosisfor
a strict subset ~ of ~, then

flu{ A -~.113(c)

Pi’oof Considera diagnosisI). Sinceh’DUOBh’U{ L)}
is satisfiable,so is I U D} for any set I of sentencesen-
tailed by h’DU OBh’. Since El consistsof clausesemit ailed
by h’D U 0i3h’. [I Li { D} must he satisfiable.
—~ ( ‘onverselv. consider a ~ Li ( ‘0.11Phi for which
H ~ {‘P(~.(‘0MPh’ — ~)} is satisfiable. Suppose.5/) U
0Bh’U{PLi~. ( 1,11 Ph’—~) is unsatisfiable.Therefore,

sD U 013,5’ = ~ ( ‘O.hIPh’ —

Bin —‘~P(~.(‘0,11 Ph’ — ~) is an . tB—clauseso it niiist he
in II. contradicting the tact that flU {P(~.( ‘O,hIPh’—
~)} is satisfiable. Li

Definition 8 .1 uiimniinal ( onfli~I of (hi). (‘OJIPhi. 013.s’)
/.5 a ion flict no pro~imi’ siuhi Ia usi of u/ill/i is a onfled of’
(.~D.( ‘O.liPh’, OBh7.

Thus, if hf) U 0 Bh’ is propositional. then a miii imal
conflict is any ,1B—clausewhich is a prune implicate of’

hi) U OBh’.

Theorem 2 Slip/lose (SD. ( ‘OiiP,s’, OBh’) is a sijstm iii.

II is its sO of in cuminaI conflu Is, and ~ C (‘OifPh. Tbiii

P(~.(‘Oil Ph’ — is a diagnosi.s i/f’

u.s satesflab/i.

.1D1)E1?(.v)—

.‘if(’LTIPLIER(.r) —



would be satisfiable,contradictingthe hypothesisof this
lenunia. Li

Definition 9 .1 conjun ilion ( ‘ of luC ,‘a/.s COli i’s a con—
ju ncIi on D of let e ra l’s if ii ry lilt ra / of C o en rs in D.

Definition 10 .S’upposi ~ is a s’( I of propositional fo
in li/as. .1 satisflab/i (011111 n lion of’ /it ia/s ~r (i. m.,. a
conjunction containing n~pan’ of’ lollIpli ulie ntary /itr-

a/s) us an onp/u ant of’ ~ uff ~r ill tails ill/i form u/a ill

1’ is a priune uunp/icanl of ~ u/f I/u oui/y uuiup!ucant of ~
(0l’i u’nig ~ru.s 7r utst/f.

Theorem 3 ((‘hiirai Ii i’u.~ation of inunuiuial diagnosis)
P(.~.( ‘O.lIPh’ — ~) is a IluillillIal diagnosis of’

(SD.( ‘0.l1P,s~OBS7 u/f A.~~ .113(c) is a ~1’illl i lull-
/1/il (lilt of I/o I of’ jio.siluii ulliliiilla/ ioiifluu Is of

(sD,( ‘O,iIP,s’, OB,sj.

A proof of this theoremis given by ( ‘orollarv l.~of
[23]. ‘[he following is a direct proof in the tei’nuinology
of this paper.
Proof ~ SupposeU+ is the setof positive mi inn/al con-

flicts for (SD.(‘O\IPS.OBS).and that ‘P(~.( ‘O.’tIi’h’—
is a diagnosis. By Theorem/I2. H U {‘P(~.( ‘O.’tlPh’—

~ ) } is satisfiable where U is the set of mnininual con-
flicts of (SD.(‘OMPS.OBS). Since H’1 C H. [0’ U
{‘P(~.( ‘O,’tIP,S’ — ~)} is also satisfiable, Since
P(~.(‘O,hIP,S’ — ~) contains every possible .IB-hiteral

or its negation.everyclauseof H+ n/list contain a literal
of P( ..X. ( ‘(1 11 Ph’ — ~). Tb erefoi’e.

A ,1B~’ A mlB(c) Ut

SinceU+ containsOilly positive hiterals.the negativelit-
erals ai’e irrelevant:

A .113(c) = Ut

Since ‘P(~.(‘O.’u[Ph’ — ~) is a mininial diagnosis. no
subsetof ~ has this property. Hence. ~ .-IB(c) is

not only an il//ph icant but a prime il/il/I icamIt of H+
~ Sill/pose ii and H~’ are the sets of nimninial al/il

positive mnininual conflicts for (SD.( ‘O\IPS.OBS), and
hat A..~~ .IB( c) is a prime mn/phicantof EI’~’. We pi’o~’e

that ,~ is a niminial set such that

flU { A mlB(c)}

‘E~‘C).ifP C—,.~

is satisfiable, ‘[he result will then f’ohlow from lemma 1
Supposetliemi that

II U { A mlB(c)

“E(’C).iIP5—~

is unsatisfiable, so that

H = V .113(c)

E ( ‘C) if P 5 —

which is a positive clause. BecauseU consistsof minimal
conflicts, it follows that sonic clauseof 11+ contamslit-
orals of V.€ ‘C) liPs ~ .113(c). But this cannot lie since

IB( C) is a prmie inphicant of 11+. Hence

HU { A m4B(c)}

EeC) iiP5—,.~

is satisfiable. We now pro~’e.~u. is a iuimnmual set with
Ins pi-operty. E~veryconflict in 10’ tins the f’oi-mmi

V ‘E~ul~.113(c) for sonic ~! c ~ amid IL C C0.h1Ph’ —

Moreover, for each ~ ~ ~, sonic such conflict con—
tail/s D(~.( ‘O.IIPh’ — ~) else ~ .113(c) Is lot a
p1-i u/c implica ut of H +. We prove t fiat someconflict in
11+ contam ing P( ~. (‘0.11P.5’ — ~) imnust havethe fornu
P( .~. (‘0.11 Ph’ — ~) V ~ ~ .1 B(L’). For if not. t lien

every conflict in fl+ which contains D( ~. ( ‘O.IIPh’ —

~) il/list have the form/i ‘P( X. (‘0.11 Ph’ — ~) V
P(P’. (‘O.hlPh’ — F) V V ~ .lBof’). whereF
and F ~ P. But then ~ ~ . 113(c) is a smaller

iniphicant than A .~~ .1 B( c) . yielding a contra fiction.
Uence. for each P I here is ;i i’ommfiict of t he
form P( ~. (O.lIPh’ — .~) V ~ .1(l) svhuei’e A C
(‘0.11 Ph’ — ~. Hence, for eachP E ~

us a conflict so that.

V
“Er ‘C) liPs —

H U { A mlB(c)}

‘El
1]u (‘C).ilP”—~)

is unsatisfiable.Since we haveahm-ead~’pi’o~’edthat

IIU{ A m-lBte)}
‘a ( ‘C/if P s —

is satisfiable. —~ il/list be a minimal set with I Ins prop-
erty. 0

‘[his theorem underlies mami~’nuodel—basedd iagnos—
tic algorit linis. The first step. comiflict recognition. fiuids
positive nuinimal conflicts, and t hue second step. can—
didate gemueratioiu. finds pruiie i/lplicants. ( ‘lean. if
we ~\‘ere only ii/temested ni mi/ininual diagnoses. then we
would only be niteresteil in identifvmng the positive i/un-
inial conflicts. but, in general.we i/lust ciinsider ti/c non-
positive nii/imal col/flicts aswell.

We now have the machinery to state precisely a,’luen
the m/uininial diagnosescharacterizeall diagnoses.

Theoreni 4 ‘[‘hi fl//o ni ng arm q in ia/i iii:

I If ‘P( _X’, ( ‘0.11 Ph’ — ,\o) u.s a liii Ili In ni c/ia guu osi.s fou’
(h’D. (‘0.IIP,s’. OBSJ. I/u n P( ~.(‘0.11Ph’ — ~) us a di-
agul os is for (SD. (‘O.lIP,S’, OB.S’) for i’m u’.q ~ suu/u I/u at
(‘0.11 Ph’ 9 ~ 3 ~‘ (i.e.. en u’y slupirsI I of Ibm ~iii/tg

dO1111)0111 Ills of a in uiuiin a / cling nosespro n/is a i/ia gno-

5 is).

U. .1//ni ciii iii a / do n//ui ts of’ (SD. (‘O.IIP,S’. 0 B.S’) uni posi—

D(~.(‘O.lIPh’ — ~ V .113(c)

liu’,



Proof. 1 ~ 2. Suppose,foi’ (‘ii. (ui C (‘0.11P.5’, t lint

V .IB(c) V V mlB(c)
,‘Ei ‘I,

is a comuflict of (.5/), ( ‘0.lI1’h’. 013,5’). Them/

V .tB(c)V V —.IB(c)

isac omuflict . so that the muegatioli of I his. whuich is
‘P(( ‘O.IIP,S’—( ‘p. (‘p). Is hot a diagnosis. \\‘e prove that

V .1 B( c) us a conflict. fronu which the result follows.
Sill/pose mint. Th mi .~DU0BhU{mlB(c) cE .1} is sat-
isfiable. Let ~ 3 ( ‘p be a maximal subset of ( ‘0.11Ph’
siii’h tluat .5/) U OB,s’ U mlB(c) c ~ ~} is satisfiable.
By henumita 1. ‘P(( ‘0.l11’h’ — ~. ~ is a minimal diagmio—
sis. Since .~ 3 ( ‘,o. thuemi by property I of t i/c theom’emn,
‘1)) (‘0.1/Ph’ — ( ‘p. (‘p) is a diagnosis.contradictimugour

previouslyestablished result.
2 — 1. Simppose ‘P(~’, ( ‘0.1/Ps’ — ~) is a mi/iluim/lal di—
agnosmsaml ( ‘0.1/P.5’ 3 .,~ 3 -~ . By ‘Theorem 2. mf 11
is the set of m/iim/imnal conflict of (SD. ( ‘0.1/ P.5’, OB.5’)
then II U {‘P( ~‘. (‘0.11 Ph’ — ~ ) us satishahile. Since
for each c ~ (‘0.111’s’ cut lien .IB(c) om’ mlB(c) occurs
ii/ P( V. ‘0.111’S’ — ~ ), tIns n/eamus t hint e’verv .1 B—
i’lauuse of U cont nil/s a literal of P( _~!. ( ‘O.\IPh’ —

and tIns hitemal is positive since the , tB—clauses are pos-
itive. 11cm/ce, because~ 3 ~‘. each .1/3—clause of
[I i’omitaim/s a positive literal of’ P(~.(‘0.1/Ph’ —

5C) 11 U { fl(.X, (‘0.11Ph’ — ~X)} is satisfiable, whence
D(~.(‘0.1/1’.”~’— ~) is a diagnosus. Li

In Examnple 1. .1 B( /~ ) A -~ B( 1~)wasa ihiagm/osis,but
.1B( I~) A .1 f?( I~) . which has muiore faulty components.
wasnot . By ‘I’lleorem// I ti/is u/ulmst ai-mse becauseom~eof
the mimmnin/al comuflicts us hot positive. In this exan/ple.
the muegativeclause. —~.tB( Ii ) V mlB( I~), is a nuinmmnal
conflict, which follows directly froruu the fault miiodels of
Ii aiud 1’,.

4 Partial diagnoses

Supposewe havethe following two diagmiosesfor a thm’ee
compom/emut system/i: .-IB(ci ) A .-tB(c~) A .IB(c:i ) and
.-tB(c1) A . 1B(d~) A mlB(c:i). 1\e can interpret this as
saynugthat c

1
and c:., are faulty, and that c

3
miiay 0~hu/ay

not be faulty. ‘[bus, the two diagnosesmay lie repre—
senteil more compactly by .1B(c

1
) A . IB( c2) . In fact,

we can view this as a ‘partial’ diagmuosis in wluii’hi we
are mimiconiniit ted to the stat us of C

3
: no li/at ten WI/at

that status is. it leads to a ihiagnosus. ‘[Ins is the ba-
sis for Poole’s ol servatiomi [Ii)] tI/at a diagnosis need m/ot
couuunuit to a stat us for cmli comuipom/ei/t whei/ever t hunt
status is a ‘domi’t care’ Accordingly. we iuitroditce the
(‘01/dept of’ a partial diagm/osis. ‘I’lns conceptalso hasthe
nice side effect of’ pI’o~’idim/ga com/vemimem/t i-epresentation
cl/am’actenmzim/gti/c set of all diagu/oses.

Definition 11, .1 partial i/un gno.su.s for’
(hiD, (‘0,11 P.5’. OBh’) us a salesflab/i ionjiiuidtuon P of
.1 B-/elmna/s .suu lb I/u at for ui ry sates flub/i conju II cluoiu o

of lB-lute ra/.s cou’erid by P SD U OB,5’ U {o} us salisfi-
(Ill/f.

\otice that as every com/Juunctioncovers itself tluat all

him/il ia I ii iaguuosesare satisuiable.
‘The fohloivimig is au easycom/sequenceof thus defiuuition:

Remark 6 If P u.s a pa i’ti a / c/u aguuosis of (SD.( 0.TIP,5’.
OB.S’) auld ( - is I/u set of’ a/I eounpouueuuIs Ill in tuo111(1 en

/~,1/1(11

PA A
“Em ,O.ilPs—(.

I (C’)

us a duagnosis. u/un inch .1(c) us .113(i) on mIIJ(c).

‘[i/uis, a partial diagmiosis P m-epresemutst hue set of all ihi—
aghioseswhicl/ comutam 1’ as a sumliconj liuict . It is u/atui-al
then to consider ti/u’ mnimiimiual such P’s. \vhicl/ wi call
kernel diagmioses.

Definition 12 .1 L’ I’ll I / i/la yn osi.s us a pa uIuui/ i/ill gil osi.s

uu’ut/u I/u pro/a u’ty I/mt I/ic ouu/y par’Iueu/ i/ia gno.si.s n’/uub

ioi’ens ut ms uI.sm/f.

‘[lie fLilloiviuug easy result provides exactly ti/c chuam’acter-
iz imig pm-ohierty we have beemm looking fom-:

Theorem 5 (( ‘ha i’d cti u’u :al ion of’ dimiy Ii (/515)

‘P( .~ . ( ‘0.11 Ph’ — ..~ ) is a duaguu o.su.s i/f I/u (11 u.s a Li rui /
diagnoses u’/iuch cou’mn.s il.

om/sider t lie exaniple of Fig, 1. Without t lie iii—
moductiou of fault nuoi lels t hem-c were t h/nec diagm/oses:

,iB(Im)AmIB( 1/). m~B(1~)A.tB(/~). .1B(I( )A.1B(h)

\vhiicl/ are i’baractem’izeiI by t lie two ken/el diaguioses:
.1B(1~) amid ,IB( I~). With t hue additionof the fault mod-
els, time ken/eldiagm/oscshiecomiie’. .1B( Im ) A mlB( 12) and
mtB(/

1
) A ,lB(I~).

Partial amid kem-miel iliagmuosescaui lie partucmilanly easily
characterizedin term//s of’ prime umuplicantsand uuun/imal
com/flicts. Recall that a conjunctionof hiterais iT cOmitaii/—
ing no paurof comiiplemiiemutaryliterals is 1/li iniphicau/t (if
~ iff ii cut ails each fornituha ii/ ~.

Theorem 6 The pa ntua/ din i/lu osm S of (SD.( ‘O.IIP.S’,
013.5’) ciii I/ui u uuu p/ucaiu I.s of I/ui un umu i iuu n/ co uiflu ct.s of
(SD.(‘OUuIP.S’, OB.57.

Proof. I.et H be the set of all couuflicts of

(SI).( ‘O\IPS,OBS). Sim/ce [I is logically equmivahemit to tI/c
set of tnininial conflicts of (SD,( ‘O\IPS.OBS), it is suf—
ficicmut to prove t hat tI/c partial diagnosesat-e t lie u/i phi—
(‘am/ts of’ U. As a further siniiihification, we al/i/cal to the
following analog of Thieoreni 2. whoseproof is simu/ular:
IL is a partial diagnosis if 11 U is satisfiable for every
satisfialile cOi/jlum/ct of ,4B—literais coveredby Is.’.
~ Suppose A is a partial ihiagm/osis. We prove IL = it

for eachit E El, wlueiuce IL is’an inuphucam/tof U. Suppose
m/Ot. fl/eu IL ~ it for 50mm/u’ in ~ II. which miucans that
no litcnal of’ in occuurs imu IL. Let L lie t lie set of t hose
litcrais of in wh/mch arenot con/plenieu/tsof literals of Is..
( onsider P = IL A ~ ~ ~/. P A ir i5 umm/satisflahile. But
IL covemsP. (‘om/tm’adicting lie fact ti/at K is a partial
diagnosis.



‘~ SupposeI limit IL is an iu/iphicaiit of 11. \\‘e move IL us
a partial diagnosis. Since IL ~= II for each in E 1’l. ( ‘ = in
for eacl/satisfiablecomujuunct (‘ of . 113-hitem-alscoveredby
IL. [Tel/ce II U {( ‘} is satisfiablebin au/y such ( ‘ so Ihat
IL is a pan ml ihiagnosis. Li

Corollary 1 (( Ii a ia e Ii lu ~iuleon of’ Lu r’uum / di e~guuosm s)
Tb /‘ riu i / ‘/uiurjn o’e s of (.51). (‘0.1IP.~’, 0B.~’) a uu the
primuuc imp/u auil.s of Ibm in uiuuuuma/ io mu//eu Is of’ SD U 0/3,5’,

Pr’oof. Lei II lie tb’ su’l of’ mniinuuual comifiiets of’

(SD.( ‘O\IPS.OBS).
~ If IL is a kem’uiel duagnosms.thiem/ by ‘I’I/eorehui (5 It is
am/ iuuuphicmuuuu of’ II. We prove It us prime. If hot , then
for souuie(‘ distinct l’m’omn IL lint i’ovel’ing IL, ( ‘ ~= in f’oi’
each i- E U. hlemuce. fom’ everysal usfialihe comuj uumict I) of
,IB-htem-alsi’ovem’eil buy (‘, I) = it. ‘[Inus 11 U { D} is sat-
isfiable fol’ emuch/ -(1111/ [). svhimcb m/ieamus tI/at IL is uuot a
kenmuel Iiagmiosu~.colitm-adictiol/.
—~ Sum ipose I~’ ms a I/ri mi/c imn pllcamit of II. Iliei/ hmv [Iueo—
menu (5 It mi pm/l’tual (imagm/osms.Slipjiose IL is not a kenuiu’l
diagnosis. l’hehu I here is a coniIll/ct ( ‘ covering Is. but
distinct from Is.’ siuchu that ( ‘ Is a partial hiagmiosis. By
Iheom’eml/ (5, ( ‘ Is auu iniplmcamit of U, couitm’adictiimg ti/i’
fact t limit Is.’ is a lull//c umi/phicamit of U. Li

As a (‘omisequmei/ceof this corollary auud Thieoremmu3. if
all uiuumiui/ial conflicts mini’ posItive. t i/eli ti/crc is a siuuiple
one-Io-omue correspoi/uleuicebetuveemu mull/ni/al diagm/oses
mu mid ho mud i hiagm/oscs.

( ‘om’ollam’v I provudu’s a (him-ect ivay of comnplutim/g tI/c
kermuu I iliagiuoses f’romiu the uuuimulmuial couiflmcts (if hiD is

iim’oIiosul ionmul I lic~u i hue m//uunmi/al u’onfiuu’t s i’an lie couuu—
p lute I liv a imi’uiu~e miuip hucat e aIgoniIl/mum, ot I/eru’usc li/Ore
sophislicatei I inb’remitml m/uachuuu/cl’y uuust lie bm-oughit to
mean).One ss’a~of ulouuig this is to conyem-t ti/c (‘NF-bnm-mii
of t iue nuinunuaicol/fimcl s to DN F amid simplify as fohlosvs
(ive 0mm/it t lie pm’oof):

I. ‘\l nit iplv’ tI/c muiuunuuial couifiicts to give a iisj unit iou
of conjumluct ions.

2. Delete amuv comqtmuuct iomi (‘omitm/iuum/g a (‘on/plenuemutary

pami of hiterals.
3. Delete any (‘om/j uuuuctioui covered liv sonic ot lien con—

jill/ct iOu

1, l’hc nu’nimiumnmugcolujluuictmomus are lime pm’inue lmi/plicam/ts
of the om’igmhiai nuimumnualcohiflicts, am/d h/u’i/ce I he kennei
(liagu/oses.

Example 4a ( ‘ouusidei- Examuuple3. [luu’m’e ali’ two miii—
in/al conflicts:

.1B(.l~) V .IB(.l/i) V .4B(.l/1)

.1B(.Im) V .iB(.111) V .IB(.1f:u)V .IB(.19),

mind f’oui n kermich hi agmioses:

As all niiuniiial comuflictsarepositive. thesediaguuosescon-
respouidoh/c-to-oneto t hie fahim ihian u/ui mu In/al d iagm/oses.
Example 4b Suu~mposewe usedsligl/t ly (iifferel/t commupo—
nehit i/ii)di~ls:

,1DT)ER(.i’) —

[mlBhu’) [onlhu’) = iuu Ibm’) + iii2hr)]]

[mlBhu’) [ouil(u’) = in ILl’) K iiu2hu’)]].

[mu this case the munmnhmual comulllu’ts hmi’couuie:

.IB(.I~) V .lB(.lI~) V .IB( .119)

.113) .1 ~)‘V . lB(.12) V .1B( ,11) V ,IB) ,1I~)

,l B( .12) V IB( ,1I1) V . IB( .1/3)

V .hB(,119) V mlB(.II:i)

mtB(.1
9

) V .IB(.l[:i) V .1B(.11~).

and the kernel (hiagulosesI uecoliuc:

I R( .19) A .1 B( .11~)A m 1B( ,111) A m iI3( .113)

.1B(.19) A .IJ3(.1I~)A .fB(.1I:i)

IB(. t~) A -~.lB(.19) A mtB( ,1/2) A ml B( ,II:i)

.IB(.lm ) A ,4B(.12) A .1B(.11:i)

- IB( .19) A . IB( ,l[)

.IB(.\19) A .1B(.lI:~),

‘sote t hal hiccausc t hue Imositmve n/il/in/al conflucts ale
lumich/am/guol. the set of h/mum/al (hiagm/oses hem//nuns iuiu—
cii ange(I

Ii/ tI/is example t here are omuly a few uiiore kem-nel di—

agi/Osesrh/all muuiu/in/ah diagmuoses((5 vs. I). Ilosvevcr.umuue

hiossilile disau.hvau/tageof ti/is approacluis that I here mumay
som//etinicslie exponciutiahlyu//one kem-uuci nhimigmiosesthami
diagnoses.

It is interestumg to note t humi t t he set of nuumimnal i’oIu—
flicts mnay lie rethluiudal/t, In Exai/u1mle lb. tI/c fim’st and
lund iuui uuinial col/flicts entail t lie sccouud:

.IB(.11) V .lB(~1Im)V ,IB(.119)
.19) V “elB( .112) V .IB( ,lf3)

.1B(.1~)V .IB(.4
9

) V .1B(.111) V .4B(.11:i)

‘I’Iucncfore, lie second miumninial col/flict is ichumndaiut
Such rciIumuudammcycami only occur if thele arc muoi/-posmtivc
unulmin/al conflicts, 1’ mifort unatchs.’,t iuesc olmscnvatiOm/s do
1/Ot seemil to lie of nuuuch pt’actical use hie-auusc t here is
1/0 easy way to tchl svhiet lien thi’rc ale eu/olugh luuininial
u’ouifiicts ss.’it luout first fi uu’ hng t luemuu all.

Definition 13 .1 sit of’ Li 1111 / din gui os is u.s u nrc clii ii u/a uml
u/f it us a sma//ist ciune/urua/ulg sit ui’mth I/ui pr’opiu’ty I/u at
e ic ny dueigmu osu.s us co ic rid by at least one of’ its 1/11111 il Is,

Tlmeoreni 7 If a/I un in mual co n/lu Is a n pose tu n thu ri us
mm’act/y omuc u rn drIll i/mint sil of Li rue / dun gui osus. na lilt

the set of a/I L’i u’uie / ulua gum osms,

.IIT’Li’IPLIILR(i’) —

.4B(.-l~)

.1 B) .1I~

.1B(.1/2) A ,1B(.1Iu)

.1I3(.119) A .IB(.19).



5 Prime diagnosesA systel/icm/li haveuuuuiltiple irreduhm/dam/tsetsof kcrmicl
d iagluoscs.

Example 5 ( ‘omisideu’ a cmm’cuit having thineccom//imonents
.1. 13. (‘ muiul ti/c two I/ill/il//al couiflicts:

1B(.4) V.113(B) V .1B((’)

mlB(.I) V mtB(B) V m113((’)

‘[Ilese h/nyu’ six pm’imiuc ummuphiu’amils (i.e., io’m-m/ci diagnoses).

.IB(.1) A mlB(B)

mlB(.l) A .IB(( )

.113(B)A-~.1B(()

mlB(.1) A .113(13)

.lB(. I) A m113((’)
mlB(B) A .iB((’)

‘I here aretwo irredtuuiuIamut setsof kenich diagmiosu’s:

{.IB(.l)AmIB( B). mlB(.t)A.1B((’), .IB( B)AmtB(( ~)}

{m113(.1)A.1B(B), .IB(.t)Am1B(( ), mlB(B)A.1B(( ‘)}.

Oumr auunhysmsof kcm’uiei diagnosescorrcspouudsto the
u-lmissical ahim/hysis Iii siVitciiiuig t I/cony of so—called two—
level I/ui mnmiiization of lmoolu’aiu fum ni-t iomus (e.g.. t hue Quuiuue-
\Ic( ‘Iusku’y ahgonithuiu [1(5: Is]). ‘[lie pioblem there is to
symit 1/esizea cilcumit m-cmiliziuug a givemi fumictiomi as a dis—

ummi-tiomi of comujumuctiomis of hitei-als ill such mi way as to
muuininimze the muuuiiberof cou/Jluh/ctiOlis amid hiterals. Such
-urcuitsane ci/aractenizedby im’ncihuumidamit setsof pnuumic
iniphicauutsof’ t he Livemi flu/ct iO~. Iiu t lie caseof mhagmio—
sis. tue givemi hioolcamu f’umuuctiou us specified liy H. ti/c set
of comiflicts of hiD U 0B,5’. Ti/c kernel uhiaguuoscsarc the
~inmu/ieimplicants of U, auiuh t lie lnuluun/ai scts of kernel
uhumigmuosessufficuemit to coverevery diaguuosisare the mrre-
duiuidauit su’t s of prilne mmimlicants of II. It is well kuuosvmu
from sivitchimig ti/cony ti/at thic nuininiizatuoui pnoblcuui
is computnumonally untm’nctablc: therm’ ui/nv lie too many

prmmuu’ iniphicam/ts. nuud cven if t hem’c areui’t . finding an
irnechuumiuiauit sufiset of I Iuemii is N P—Iini-d . ‘Therefore, de—
signersof \‘LSI circunts luave developeulvaniolls ahipu’oX—
inuation techimuiqmmcs [I]. Bccauusc of t hue corrcsponuIcuice
svitlu diagmiosms,svc cauuexpect to profit froni thiesu’ tech-
i/iqlics.

It cami bc umsefnhto couustruuct irnuahmumiulaiutsctsof h/alt ial
chmagmuoscscouutaumimnghioul—kenmiel uhiagmuoses.For example,
iou’ pm’oiuabihity calcuulatuomusit is uusef’uml (asfar as possible)
to emusure that i/O two of the f/artial diaguioscshave ml
don/momisujmcrset. ‘Ti/c probability calculus of [5: 9: 10:
20] com/ililites tb/c prohahiilit icsof ouitcomiies by conihiiuung
lie prohahiihitiesof h/artml uhiaguioses. For exaui’uplc. if

501/ic olitcomne huohuls umu Iwo diagmioses.1 amid B t lien its

hmm’ohim/hihhity us:

P(.1 V B) = P(.1) + P(B) — P(.t A B)

If .4 mumiul B havcno counnionsum pensu’t, thueui P(.1 A B) =

0. ‘[‘Ins caui nu’smult in au expouiemitml specd up in I lie

pi’obalmilmly u’alclmhal iomis.

Baimiiaui [20] I)rohmos~a notuomu ol pl’ih/l~ (hingliosis to
characterize(hiagnoses.Imi huis TRIAL architecture,couii-

1ioncuits are imudivmduiahly uuucm’iunimiateil and exomierated.
‘fhenu’fbre. lie chiaractu’nmzcsI lie hnguuoscsof a systcli/ Ill

terms of t lie diagnosesimivolving its inuhvmduhal coinpo—
muemuts. ‘[lie fohloivimig is a gcmicr:ihizatiol/of his d’~fiuuitiol/.

Definition 14 Guu’u ui (SD. (‘0.1/P.s. 013.5’). a pr’inm u/u-
uugnose.s fin’ u~COiJP,S’ is a uulummuuumiu/ dmeu gnosu.s for
(.S’D,(’O.iIP,S’.OB.S’U {.1I3(c)}).

Pniuiic iliagmioses u’ham’nctcm-izu’ mdi diaguiosesas follows.

Theorem 8 (fl.aimnan) .S’upposm ‘1)) ~. (‘0.11 P.5’ —

us a u/ecu ijlmises. Flue um for u ac/i c
1

E ~ therm es a pu’uiuul

diagnosis P(~.( 0.IIP,5’ — ~) for c sac/u that ~ =

UI -~

I ‘iufort ulhim/tehy. Exaniphi’ I shioss’s t lint not every comiu—
hiiuual ion of pnuniediagmiosesheads 10 a ihiaguiosis. ‘T’lue
/ mmliii’ il iagh/oscsani’:

P(1
1

) = {.IB(/m) A mlB(I1)}

P(I
9

) = {.1B(19) A mIB(/m )}

Flowcvcr..IB( I~) A .1 B) 12) is uiot a duagnosis. Thus.

prime duagnosesare imiadeijtuate to i’haractcu’ize iliag—
hoses.

Raimnan[20] implicitly assuul/icsall uvuimiimuah -omiflicts
i’ontaiui mut i/lost omic negative lii u’ral. In tluis caseU aimuaui
shows t hint thecomivcrseof ‘TI/corel/i S huoldssviuichi niakes

pnihuic diaguioscsadequatefor chnnacteu’izingdiaghioses.
[his tmscf’uh property luolds if SDU 0I3.S’ is [lonmi, buit sve
do not kuiow of am/y mi/cure gel/erah practical comidit101/ on
h’D U 0B.~’ uvhicIi eiusuunu’s it.

6 Abductive diagnoses

Ami miltu’rmmative to t hc comisustency-basedapproach is to
lefimie uhiagiuosisin teu-nisof abdtuctiou [3: 4: 12: 19]. [mu
order to i ho so s”c m/itlst (ilfferem’mtia tc t hose ohservmituons
svhiicb arc ahicut imipuml s from thosewhich are almouut out-

lmuuts. ‘The mt tutiohi is that uve souiictinies uvamit t lie di—

agnoscs lot oh/hy to bc consistcuitwith thuc olmscm’vmitiouus,
lout to also 1mrcduct the ouut huts given t lie inputs. ~‘siig

hic logical fi-auumcwoi-k we have laid ouit t Iiuus far, it is
stm-aighit-fom’wandto developa (‘huaractenmzationof ahmduc-
live diaguioscs.

In ou’uhen to ilcfimic the notmoul of ahmductive diagmiosis
we uiuust distinguish betsveeui I hose semutemices in OB.S’
wInch aic abouut iui puuts, 1. frouii I Imose iv loch arc a boumt
u/uth/ults. 0. [he I cr1/is “imipul 5’. “(lilt lituts’ a mud “di-
ag~/Oscsale here imeimug uuseul gencrucahIy.. \bduuction Iii
geiucral aImI/u’ais 10 a hmunlt—imi mis nih/letny based uuu h/mint
on a ihistiuictuomi betsvecmi caiuseamiui efcct. In pcnf’oruiiiiig
abduuctmvi’ l’eiisOl/ihig 01/ cauusalsysteui/s,t he ohiscm’vatiomus
to imc explaimiedau-c takemu to be effectsof (‘aulsah factors:
thesecnulsesarc tncatu’d as t houigh t lucy arc pait of SD.
So for Circuits, oiutj/luls would be I lie nu’suuhts of muica—

sulli’I/icl/ts. whihc u’iu’cumit imi1/umts, uvIuichu are thic uionmmil



caulsesof the otuthuts are treated as t hollghi they s.s-ere
~mu.513. In a umieulucmil setting, I lie “diagmioses” might lie
discasi’s ( uuicashcs.malaria), while thc “out huts nuighut
be s~’m/mptonis(fever, dizzuncss)anul the ‘i I/puts” nnghit
he pertunhiations to the systeu/i, sllchi mis iluet on aIm tests.
‘f hcsc observat iomis ahmotut aIm ii umc11(11/ arc mteuidcuI as a
guhuhu’ to f’onmntuhat11mg the (‘ontemits of hiD. I and OB,S’
ill ou’uler to ai’luicve iitihituvi’i\’ satmsfyimig reslilts lilt
ouiu’ f’ramiiewom’k allil its conu’huisiohis apply whuatevcu- I hue
couuti’hutsof .5/), / amuih 0 B,S’.

Definition 15 Lit ~ :( ‘O.lIP,S’. OB,S’ = I U
0. In ahuluii Ii i’m dingii osus for (SD. ( ‘O.IIP,S’, OB.S’) us
‘fl(~.( ‘O.lIP,S’ — ~) suuih that;

SDUI U {fl(~.(’0.1IP.S’—~)}

us sem/e~flahle. aimd

hiD U/U {P(~. (‘0.1/PS’ — ~)} ~= 0.

Definition 16 .1 puum’lia/ ahu/uu Ii i’m u/un gnosus for

(SD. (‘0.11 Ph’. 0B.S’) is a suulusflah/i doumjuuuluIuoil P of

I 13-hIm,‘a/.s suiu h Ihuul for u’m r’y salrsflab/i commjuuuiu luouu o
of . 113-luti rn/s mi/ni red by P. SD U I U { o } is satusf nh/i
and SDUI U {o} =0.

Definition 17 .1 Lii uui/ ahduuclune uluagiiosus us a peui’Iueu/
a hi/ui nlu i’m duuugiu osu.s uu’elh I/ui pmo~mmu’ly lb at lb ouu ly jmn nlun/

ci lie/ui cli ii dumugui osus n/uui/u co i’m ns it us u Ism/J.’
‘[hi’ foblouvimig con/cs almost uhlncctlv f’romu the b’fini—

tiOlus

Remark 7 Ei’i nj pam’lual ahdiue Ii ui /uaguu o.si.s of’
(.51). ( ‘O.IIP,s’. I U 0) us il/so a ~meuntua/ u/ungui osu.s of
(SD. (‘O,IIPS’, I U 0). Tb i donni l’.si us um ol euu gium na/ Inuim.

H.eniark 8 ((‘Ii a r’ai Ii I’m outmoim of alue/uu lu ui dun gnosc s)
‘13) ,~,. (‘0.1/PS’ — Ui) iS amu mu/aIim m Ii ui /eagn osis i/f I/ui u’i
u.s a Li r’n i / ahductn’m u/ia giu osus ut/u ui/i corer’s it.

Definition 18 Sri pposi ~ us a se I of (lust order’ síii—
Ii ui cms..lconj uumu leon of go-mu mmd lili rn/s it coil Iauuu umug no
pair of conup/m uuu in In u’y /etm ral.s u.s amu ullu p/mi ci nI of ~ if it
riutmuu/s inch ~uuiImimcmun ~. .1 salusflah/i ioiujuiuictuomu of

go- uimuul Ii Ii ia/s it us a jm ii miii i Ill p/uceu uut of ~ u/f I/ui ouu ly
inup/uiiuuul of’ ~..‘ i ou’m r’uuug in is in ulsilf.

l’siuig t hic franiework (lcvi’lopeul ill u his paperwe can
relati’ kenmich mihidluctlve (hiagu/oses to 1mm/c iniphicamits, at
icast for fImiitc mixionunt mint momis:

Theoremmi9 S’upposi hiD. I ci im d 0 a ii fluuute seIs (so
that ui’e cauu Ireal ian/i of Ihesc as a sinlmuuci consist-
i lug u)f I/ui cog] inicleon of its c/ilium ui Is) onjii mu’—
luomu IL of .1 B-hIm in/s us a Li I’ll I / abdiuc Ii ui c/un gui osus
of (hiD. ( ‘().lIP,S’. I U 0) u/f Is.’ us a pm’uiiui ciii p/u auul of’
U A { hiD A I — 0}. ul’hi ne U us I/ui iou )luuldluouu of I/ui
iuuuuimnun/ conflmcl.s of (SD. ( ‘0,11 P.5’, / U 0).

Proof. ~ (‘onsidem’ ally satisfiahlc comijulictioli 0 (If .4/3-
hi tenniscovcm’eul by IL. Thciu { o } = IT A { SD A I — 0 }.
umi whuchi casc {o } ~= IT nhud

By Thicoru’ni 0. o is a un rtinl u lmngnosms of
(SD. (‘O.IIP.S’.I U 0). ahud thrms {o} U SD U I is smitis-
fiable. Moreover, by (1), {oj U SD U I ~= 0. Hence.
by definitioui . Is. is a partial nhmduucl ive ulimuguiosis. \Ve
uuuust pro~’~’that Is.’ is a kcrnel ahiilumctivc uhiaguiosis. ‘fo
I lint cud - sill/pose Is.’ is a hiartial nhiuhuctivc uhiagumosus
of (.513. (‘0.1/P.S. I U 0) whiichu covers IL. By Reuumank
7, IL’ is a Imartinh uhingnosisof (hI). ( ‘0.11 Phi. I U 0).
ivhencu’ liv ‘T’heom-euui (5, { Is.’’ } = [I Moreover. { Is.’’ }
,SDA 1 —0 lmy vim’tuuc of hicimig a pmim’tiah mIii(Iumctmye ihung-
uiosusof (SD. (‘O,lIP,S’. /U0). llcncc, IsY us miii iniphicauit
of [I A {hiI) A I — 0}. Simice IL us a jmtiuuic imphicmlhil of
II A {.S’D A I — 0}. IL’ = IL. Thus IL mi/ust he a kermiel
uhuhuctivediagliosisof (SD. (‘O.lIP ~. I U 0).
~ We first imlove thmit IL is niu imnplicmint of HA {.S’DA I —

0 } . Since Is.’ is a kennel ( nnch hucmic’e him/ntml) ahmductive
uhinguiosis,IL is a partial diaghiosisof (SD. (‘0 lIPS’, I U
0), liv Rcninrk 7. By Tiueorcmiu(5. {IL} ~= II. \Iorcovcn.
A’ n,S’DU I 0 siuicc IL is a pantini almduictivc uhingnosis.
Uenci’, JL} ~= ,S’DA[ — 0 and{IL} ~= [I so thuat IL is niu
iunphicnmit of II A {.s’D A I — 0}. Next sve shosvt lint IL is

hininuc. Sumphiose IL’ is au iniphicnuit (If HA {.S’D A I — 0}
which coversIL. aiuuh let o Ime any satisuinhmle(‘omijuluiction
of . IB—Iitcrnls covered by K’, Thieuu ‘a is au inuphicnnt
of II A { SD A I — 0 } . Smnce ‘a is an i l/iplicnlit of Ii.
imy ‘[heorem (5. {o} U SD U I U 0 is satusfiahile. svheuice
so also is {o} U SD ~ I. Moreover, {o} U SDU I ~ 0.
‘[hicrefonc. IL’ us a pau’tinl abuhuctivediagnosis. Since IL’
covers IL and IL us kcriucl. IL’ = IL so Il/at IL is pu’irne.
Li

Poohe [11)] has des.’elo1iu’d a sd- i/art mc ulnr ulefiumut ion
of “aimuluictive diagnosis” svhichm dufcrs from that of ilefi—
mntion 15. To pres.’ehutcomufusionsve refer to los dcfiuuitioui
as P-nbichuuctivcdiagiuoses.

Definition 19 .1 ii P-a/md iunlui’i dun guuocus of
SD. ( ‘0 .1/PS’, I U 0) us a colii liii C leon P of . 113—/uIi r’a /.s

suuch 1/unt; (I) ,S’D U I U P ms sntus flab/i, (V) SD IU I U P

H 0. niui/ (3) ul es uuol ioi’er’id by soiuii oI/uin P-ui hi/nc/mi
dung Il OSi.5.

Thus definition is difem-ent thunmu t lie t huree miotiouis us’c
havejust seen. P—nhiuhuuclive hingmioscs arenot nlmiluuct ive
mhiagnoscsas thucy ulo hot imiciudc aim AB—hiteral foi- every
component Alt hioughu h/nrtial uhiagnosesdo nut il/cludc
ami AB—hitel-al foi’ every couuipouuent, they nrc hot uuuimi—
imunh. Although kcrnch chiagnosesare nuninini. Poole’s
uhefinition ulocs not nc(huuire thuat every other comujunuctiolu
of AB—hiternhscovered1y it is also n~uP—nhuhuctivcding—
miu/sus.

P-nl/duictive dingnoscsdo not characterizethuc spaceof
ahiulumctivcdingiuoses. Neventhehess. wit hi t hue ulefinutiou/s
we have hcvchopcul it is possilmhc to state precisely what

P—nliuhuictiv— ihinguiust-s nil’ in tcnuuus of luu’iuhae imiujuhicnuits.

Theorem 10 :1 u on) a uu c luomu of . IB—/utm i’a/.s Is.’ u.s au P—
a lid ui Ii ne u/u img uu os u.s of (SD.( 0 .IIP.S’. I U 0) if Is.’ es uu

jmnuuiui euuup/ucnuul of’ SD U I — 0 nmic/ SD UI U {Is.’} us
sn lusfi ii h/i.

Proof.’ ~ Let IL lie a conjuuict101/ C/f .1 B—hitcrmils which
(1) is a pi-immuc iuuilmhicant (If SD U I — 0 amid SD U I U IL{o} ~= SD A I — 0.



Is satisfinhhc. ( ‘onsuder nuiy C) cos.’ereh liv Is.’. 13v t he
uieflnitioui of’ cover. {o} ~= SD U I — 0. If {o} ~= SDU
I — 0. t lien { o } U,S’DUI ~= 0 by tI/u’ ulcu huct ion t hicoi’cuii,
h’D U I L {o} is satisfiable. As IL is a h/u’in/c iuiihihicnnt.
it is not covcrechhy auiy ot hen u’om/jtuuict ion of AB-hiterals
miicet11mg t huese t wI u’omiul it uohis. Thus, IL uiici’ts t lie t hinu’u’
u’ouudutuomus fol’ P-aIm,I cuct ive hiagnosis.

~ Let o lie a P—nhmuhuctuvcihiaguiosis. By ilefiuuitiouu
of P-nhiuluuctuveuhimiguiosis syc knosv I hint SDU I (U {o } is
satIsfiablenumil t limit .513 (U I U { ‘a } ~= 0. By the u lechuuctioui
thicoi’i’uuu, { ‘a } H .51) U I — 0. Hence, ‘a is aim mnihllhcnmit
umf .51) IU I — 0.As t hue only comijuuictiomi of AB-htcrnls
wluich c’oveu’s cm amiul uiicets t hiceecomiuhitiomus is 0 itself’. o
is a pi’hmoi~mniphic:uuit of SD U I — 0. Li

7 Restricting the system description

Ouui’ ovu’rahhoh ject ivc us to fluid u/lethiouls of chnracterizuuig
nil ihiaguuoscs. \Ve sawthat nnnimiinl chinguioseswere iii—
nuleuluhatefou’ tIns task in gcnu’u’nh amuil svm’ examiiinechkeniel
al/uI plume diaguiosesas ahtem’nativcs. ,‘\uuothier aI/hmi’onch/
is to i’esti’ict the fol-u/i of thic system/i so that thic Minimal
Dinguiosis FIyL/othiesis luohils. We kuiow from ‘[hiconu’uui 1
that a necessarynuich sumfficient couiditioui cmistuniuig t hunt
every su~mci’sctof t lie fn uiltv coun1/onemuts of a 11 ui ii in/nh
ulimigliosis h~u’os.’mdcsa uhinguiosis is t hunt nil nuiuuimiunl con-
flicts lie posmtuvc. I, h/fontruuuntely, we ale huot aware of
ally siuiiple necessaryanul suufficicl/t couichitioui 01/ 1 he syui-
tnu’tic hoi’nu of a systeluusvhumchi euistmrest hint nih uniunmnl
couifliu’ts arc hiositive. ( ‘leanly hot Ii 0 B,5’ and .51) miced
to lie lestt’icteuh hiccauusedefih/it iou I allows huoli—hiositftc
,l/3-clntuscsto lie h/art of OB,S’ nuiuh SD. Iui thus sectiomi
we cxhuhom’e sou//e i’ouiinionhy tusech practical m’cstu-ictiouis
oum 0 B,S’ and SD thunt suuffiu’c to cuisuure that the \Iiuii—
mimi DiaguiosisHypothuesis hiokhs. In thesedcfiuiitions we
nsstuuiiethat OB,S’ and SD cnmi he exhmnessedas a set of
fii’st—oniler clauses.

Definition 20 Thu e Ign o r’n nce of .1bn~ian a/ Bi hun ii on
(IA B) coui ulutuomu holds for a sy.sli uuu (SD. ( ‘0,1/P.S. OB,S’)
uf uui I/ui c/nasa! for’uiu of h’D U OB.S’ I Ii r’y occuurri uuci of’
a mu .1 B-jmi’educati i’s poselu ii.

Fou’ exauiuplc.if all axionus of hiD in whiichi .TB appears
follow I lie sclicuima:

A,1, —(‘1V..V(’,,

s.vhnu’Iu is equivahemut to I lie clause,

.1B(.i’)VmtmV ‘‘‘Vm1,V(’mV’’’V(’,,,,

wherethe .4~mimuuh (‘~are hiteralsnot nuentiounuig,4B. nmoh
if every.4B—hitcnnh (if nl/v) in 013.5’ is h/ositive. tIucmi lAB
hiohils. The lAB couuuhitioui ms umsed ill all of t lie niouleh—
baseduhinguiosisfranieworksss’hiichi rely oui kiioss’iuig only
I lie connecthiel/aviol’of counhiom/cuits(uvhucrethe .1~specify
lie couuuhioumcnttype(s) nuiul t hue (‘~ s~mccifythue vni’iouus

possible1101-ui/nh buehinviou’ uuoulcsfoi’ t lie coniponcuut). F’ou’

exaunphe,
-~.IB(.u’) A TR.I.V.S’I.S’TO/?(.i’) —

Theorem 11 If (SD, (‘O.lIP,s’. OB.S’) snlusfle s thi 1.1 B
comuduteoum aiud P(...~,(‘0.1/P.S — Ui) us a dunguuosus for
(SD.(‘O.IIP,S’, 0/3.5’). Ibm uu ‘D(Ui’, (‘0,1113,5’— Ui’) u.s cm di-
nguuosus for (SD.(‘O.lIP.S’, OB.S’) for e re ny Ui’ ~ Ui uu’hm ru
Ui’ C ( ‘0,51 P.5’. lu ,‘ua r’Iucuula u’, I/ui .llumue muma/ Dueigmu o.sis
flip oI/uu ses ho/c/s for’ (SD. (‘0,1/PS’, OB.S’).

Pr’oof. If .-1B ouihy nh/h/cal’spositively iui .~DU0Bhi.themi
ouihv hiosit ive uununuiial i’iIl/flmct s arc imossihihe, l’h’ue rcsuhlt
uiow folIo-s’s f’nuiuuu ‘fhucorcuiu I. Li

‘The couivenseof tIns thieimu’emn is f’mulse, A lessresti’mctive
au/il ~uiorc uusef’uul ulefiuntioui us:

Definition 21 /‘hm I ilil uli ul Is.’iu ni/i i/gm of’ -hI him ou’uiu a/
Be ha rio, ( ‘ouu u/iluouu (I Is.’. 1 B) ho/c/s for’ a syslimn
(sD. C0.IIP.~. 0B~) uf for cii ny ciiulijmouui ut c fi (‘O.lIP,S’
eimu d emiug ‘fl( ( ‘p. ( ui ) ru/ui r’e e’ ~ ( ‘p im iud c’ ~ ( ‘mu em um ul
(‘p. (‘iu C (‘0.1/PS’ 1/unt uf SD U 0B,5’ U {.IB(u’)} aulu/
S D U 0 B S IU { 13) ( ‘p. (‘n ) } nu e salusfieu h/i. I/ui ui SD U
0/3,5’ U {P( (‘p U {c }. (‘n)} us satisfiable.

s shuosvmi In tel’ in Theorem 12, 1 lie L N,1. B conuhitmon

hlrovidesa genci’al chinu’nctei-uzatiouiof a u’lass of svsteuius
fe/n which t hucrc ms iuisuulhciehit kmiowheuhgc of ahiutonunnl
hiehiavior to m’uuhc ouut amiy ihinguuosis iunphucmutimig a set uif
fau.ultv comu/Imomuemutsguvu’ui a uhiagliosis luiuI/hicnti ig a sill/set
of thicuiu.

Reniark 9 If (SD. ( ‘0.1/P.S. OBS’) suulusflms thum I.) B iou-
elutmomu, I/ui im it scilisfu’is I/ui LIs.’.4B couuc/uluiuui,

Proof. (‘ilulsider cnu’hu . 1B(c’) c’ ~ (‘0.1113,5’, If .!B ou’cun’s
oumly positively mu .5’DU 013.5’, then . 113(i) cauiuuotappeal’
uuegntivehyium ally uuuil/iuunl comifluct. [huus, .51) U OB.S’ ‘U
{.IB(c)} is nhss’nys satisfiable. Auiml, thuci’cfou’e. if SD (U
OB.5’ U { fl( (‘p. (‘II) } is sntlshnhihe where c ~ ( ‘p niud
c ~ (‘n, then SD U 0B.s’ U ~P(( ‘p. (‘uu)} U {.IB(c’)} is
sntisfiabihc, Li

Theorem 12 If (SD. (‘O.IIP,S’, OB.S’) sa Ii.sfii s Ibm L IL:! B
couu diluo Ii an ul ‘P( Ui. (‘0.1/PS’ — Ui) us a i/un giu osu’s [or
(.513. (‘O.IfP.S’.OB.S’). lb muu ‘13) Ui’. (‘0.1/P.S — Ui’) u.s a i/u-

uuguuo.su.s for’ (.513. C0,1IP,S’.OB.S’) for e ui my Ui! Li Ui um’hi ni

Ui’ C (‘0,1/PS’ aim u/for mac/u c ~ Ui’ .S’DUOB.S’U{.IB(c)}
u.s .snlu.sflcuh/e.

Pr’oof. (‘ouusudem’ a diagmiosis fl(Ui. (‘O,IIP,S’ — Ui) and
eachu c E (0.1IPS’ — Ui for whiiclu c ~ Ui’ .513 U OB.S’ U
{.1B(c)} is satisfunlmle. If ‘fl(Ui. (‘0,1/PS’ — Ui) is a uhi-
ngiuosis. thucuu {‘fl(Ui.(’O.lfP.S’ — Ui)) U SD U OB,S’ is
satisfiable hmy uhcfinutlOll oh dhingluosus. Then, liv LNA B
{‘fl(Ui(’O.IIP.S’— Ui — {c})} U ,4B(c’) U SD U 0B.5’ is
sntisflahihcand lieu/cc {‘fl( Ui U { c}. (‘0.1/ Phi — Ui — {c} ) } U

SD U 0 13,S’ is also. By mterntilig thus hil’occss syc prove
t hic t hieomemo. Li

Intuitively, this thicorcuim shinisvs I hat if a syslcuii ohmcys
L NAB and 1/0 couuuhmoncuit cn~ilie hi’i/s.’io I corm’cu’t , t hieui
the \Iininmnl Dinguiosis FIy~iothicsisluolds fou’ that svstcuui.

Shiem-hock [9] eXhlloits the [‘NAB cohidituoli, Iuu Shuen—
hock all axioumus 11/ sD mu/cut uouuuuig .!B has’,’ one of t lie
f’olhowil/g two fonuiis:

0.\’(,u’) V OF/:(.r) V .S’.hJ’[’R.4TED(.u’). ~.!B(.u’) A .4(i) — (,(.i’) V ‘‘‘V (((u’)



.IB(.u’) A .1(u) — F,(.i’) V ‘V 1~,,(.u)V (‘(i) 8 Surnn’iary

syhieu’c (~(u ) descrihiesa i/ossih/lc miormmumil hiehmivior fou-
(‘ol/ipouicuut .u’. I-”) .u’) (hescrmhicsa posemhilef’miuuht’s.’ hichinv—
iou’ Ion a d(Ihuihlimnemlt .e’. (‘(.1’) spcu’uhcs ohm uimknoss’ui lie—
liavioi’ sil t lie only occuunu’euicesof the litu’m’nh T ‘( u) arc iuu
cinuuscsof the f’ou’un. ~.1(.u’)V~(’(.r)V~((.u’) nuuul mI(,i’)V
~(‘(.m’) I ~f’(.u’). Fuirthieu’mom’e. (,(.u’). F~(.u’).[’(.u’) omilv
0ccu~ruiegaI Ively imu ot luci’ (‘1mm muses.

We si uoss’ t lint by uusimig resolutiolm . a ~011/imlete i uufeu’—
dice hmnelced ire, the L NA B couiul it ions anc u/met, (‘ouisihi’r
evcu’y .1 B( i’) c’ fi ( ‘O,SIP.S’, \\‘e lIlly miecul focus omi thuosc
couichumsiolmsss’hichi fohhosv fl’cIu/u u hue axiom/is umu svhmichi .IB
mi hI/cans miegatuvely. Not ice I limit every axiom/i ill svluichi
.-113(c) ap~/en1’snegatively.I’ (e’) m/hmhmcarsposit ively. (‘omi-

sidu’u’ t hue only two u/i h/el- tvimcs of chaihscsin whiu’hi I ~(c’)
nppemiu’s. ‘[lie chills,’ m 1(c) V ~I’(c’) V ~F.’ ( c) couutniuls
I hue u/egmitiouis i/f two of the hitcu-nls of u lie hmu’ohilm’luuat ic
.1B-cIauls~.t hi”nu’foru’ thies~’t iso ‘hnuhsi’s uho not resolve
ss’it h emmu’hu 01 heu’. Ilclwevcu’, the i~u’obleuiuau ic .1 I3—clmiuse
u’n~iresolvesvit Ii m 1( c’) V ~[ ‘(c) V ~G (c’) to hmrouhuucu’

.113(i) A .1(c) — [‘,(c) V.’’ V P,(i’) V ~((c’)

(~ ( e’) euuuh muhmimeans pulsut mvelv i mu chaumses couit nimuu uig
—~.1/3(c). thieretUu’e thuu’se clauusescnhiuuot resolveas svclh,
As t hueu’e moe uio ot lieu’ Ilossihile m’csuihuutiomis nhud t hiu’ ouilv
selitcuicescomitnu u/imig ,IB 11/ 0BS nrc m/tOliiic. time nmhdi—

101/ of .1B) c) cnuu u/everunnkc souiie P(~‘1~~(‘im) ihlusatis-
fimihile umuiless —‘~.1B(c)~ OB.S’. l’hiuus LNAB hlullds.

For exalnh/Ic, 11/ Shici-lock the axuomiusmumeuitiouimuig .IB
lou’ miii I uiveu’tu’r mi ic:

m113(.m’) A I.V1’ERTER(.u’) — (((u).

.1B(.u’) A I.V1’ERTERbu’)— .51(u)V ,S’O(.u’)V ~‘0’).

Auud souiie of the otluer axioumis for muivertem’s nrc:

~I.\’f ‘ILRTER(.u’)V ~Lu’) V ~S’1(.u’)

~I.\’1’ERTKR(.i’) V ~(~u’) V ~.5’0(.u-)

~/.\‘hI’ERTER(.m’) V ~(~r) V ~I’(.u’)

~I.Vl’ERTER(.m-) V ~.S’0(.i’)V ~.5’lLu’)

~I.\’1 ‘ERTER(.u’) V ~.S’0(.u’)V ~f’(.i’)

~I.\’h’ERTER(.u’) V ~.S’1(.u’)V ~f’(.u’)

I.V1’[LRTEI?hi’) A (~(u’)— [I.\’hr) = 0~0I’T(.u’) = 1]

I.\’b’ILI?TER(.u’) A .51(m)— 0(’T(.i’) =

I.V 1’ ERTER( i) A .50) .u’) — Of’ T( u) = 0

[‘noun a pturely logiu-nl poimit of vuess’ t hiesu’ clnuuseswhich
uI/eu/Iuouu I ‘( u ) couuvey 110 ulifornmnt iomi , hosvcveu’, in I hi’
Shicu’lou’k fnnnicss’ou-k every lmehavmoi’nh nuohe is assigned
a umm-emhnbihity nuid (‘(i) hehinviormil unodi’s arc tyjmicnlhy
nssmguuculvem’v suminhI hmu’obmnhmuhity.

‘I’hie uiotiouusof nnuiininh nuuuh Pi’hui~’uhingnosisarc i~iade—

qumitc to charnelcrlzedmngmuosesgeuuei-nhly. \Vi’ a rgi ue thin
t lie umotiomi (If kenuiel uhinguiosis svhiichi uhcsigminti’s sulnue
coui/h/ol/cuits as umormuinl - ot liens abuiou’ninI. auiih t lie ic—
hi/aIm/del’ as hmu’iuig either, is a hietter ss’ny to character—
uze uhiagmioses. \Vm’ avoid siguimficnnt colnhihexutvuf keruich
uhinguioscsu’ouit numi oumly positlvi’ hiterals (i.e.. all l/iuu/iuilal
i’omufhicts mu’,’ imosit ive). ‘T’luus mauu he nchuuevu’ul liv huuiiit—
hg the i hescruptuoui of I lie 5 ‘stem/i to ohiev I hue I AR or
L NA B coumdit lOll ss’ luiclu fonuuiahizet lie mu/lull t ions uuuuuherhv—
imig uiumuui existiu/u5 hinguuosis systi’uns.

.\ It hiouughi t lieu-c nrc ninny nhgonuthmnis to cohlu
1

ii ite

hinihue inuplicali’/imuuhmhicnnts [13: 17: 20: 29]. the tmisk
is N P—hau’ul nuid eXlienicluci’ humms ho-mi I hat unost ihin,g—
miostic tasks huns.’e a large uuuumumhicr of hniulinual couuflicts
muuiuh kenuich uhuaguioses(or ~ haguioscs. (II’ niilmuunah
hiaguiimscs). l’hmcrcfore, I lie hi-mite—fimu-ce nlmpiicntioui of t hue
tecluuuquuessuggu’stcdliv thuis pmipi’i’ is 1101 hml’i/u’tical. 11/

prmict iu’c, soune focuussil/g sI rategv uiutust Ime huu’ouught to
I/cal’. One apI/roach is to exI/hoit lumeranchncnl iuuforuna—
IOu i/S un [1.)]. Anotlii’i- mih/h/l’onchi is to foculs t lie rca—

somuluig to iehcuutify t lie uliost rehcvnuil comiflicu s imi oriler tel
himh tlue most probable hinguioscs[9: 11]. Hoss’evcr.both
umf theseahihironchics re(luuirc nilditlolinh iuiforl//nt ioui: t hue
st nulct uurah Iuiel’nu-chiv nuud pi-olinhiilist Ic umufonunnliou.

The ceuitm’al cohitrullutioli of thus ~mn~mcris t hint it pi-o—
viules a ‘hcmir forunnh franiework for chnrau’tcriziuig t lie
s1iacu’ elf dinghuilsesss’hiich also i’ornects 5Olil~‘If t hi’ pu’oh/
lemuis of [23]. It thus proviles t lie shmccificatuouu foi-
alu ideal ihingulosticiahi nlld clarifies svluy s steuuis suuchu
is (SDE [~] work. [his pnhleu estabhishiesthue couiuicc—

I ioui hietiveen uhiagumosisnuud t lie 101 i0115 (If lMiI/im’ iunphi—
catc/inuphicnuut. Thic counicction hmctweemi prime iuiiphi—
(‘ates/iniphicalits amiuh the ATMS [7] hashicen I~nesclmtcd
ehsesvhierc[24: 25]. fhuus, svc have couistnuucteuha logical
himidge frouuu a fonuiinl t hieory of uhingnosms1,1 tIme AI[i\IS
tcchuiiquucsthunt ui/ally uhingnosisiuiiimhcuimcuitntiou/s uhsc.
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