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Abstract. Among others,Alferes et al. (1998) presentecan approachfor up-
datinglogic programswith setsof rulesbasedon dynamiclogic programsWe
syntacticallyredefinedynamiclogic programsand investigatetheir semantical
propertiesjooking at themfrom perspecties suchas a belief revision and ab-
stractconsequenceelationview. Sincethe approachdoesnot respectminimal-
ity of changewe refineits stablemodel semanticaand presentminimal stable
modelsandstrict stablemodels We alsocomparehe updateapproacho related
work, andfind thatis equivalentto a classof inheritancegprogramsndependently
definedby Buccafurrietal. (1999).

1 Intr oduction

In recentyears,agent-basedomputinghas gainedincreasinginterest.The needfor
softwareagentghatbehave “intelligently” in theirervironmentled to questiorfor pos-
sibilities of equippingthemwith advancedreasoningcapabilities.

Theresearcton logic-basedAl, andin particularthe work on logic programming,
hasproduceda numberof approacheandmethodsrom which we cantake advantage
for accomplishinghis goal (seee.g.[11]). It hasbeenrealized,however, that further
work is neededor extendingthemto fully supporthatagentamustadaptovertime and
adjusttheir decisionmaking.

In asimple(butasfor currentlydeplojedagentsystemstealistic)setting,anagents
knowledge base KB may be modeledas a logic program.The agentmay now be
promptedto adjustits KB afterreceving new informationin termsof anupdateU,
whichisaclauseor asetof clauseshatneedo beincorporatednto KB. Simplyadding
therulesof U to KB doesnotgive a satishctorysolutionin practice,andwill resultin
inconsisteng evenin simplecasesFor example,if KB containgherulea + andU
consistf therule not a <  statingthata is not provable,thenthe union KB U U
is not consistentunder stablesemanticgnaturally generalizedo programswith de-
faultnegationin rule headq21]), whichis the predominatingwo-valuedsemanticgor
declaratve logic programs.

Most recently severalapproache$or updatinglogic programswith (setsof) rules
have beenpresented2, 5,17,13]. In particular the concepiof dynamiclogic programs
by Alferesetal., introducedn [2] andfurtherdevelopedin [3, 5,4, 20], hasattracteca
lot of interest.Their approachhasits roots,andgeneralizesthe ideaof revision pro-
gramming[22], and providesthe basisfor LUPS, a logic-programmingoasedupdate



specificationlanguagg5]. The basicideabehindthe approachis thatin caseof con-
flicting rules,aruler in U (whichis assumedo be correctasof thetime of theupdate
request)s morereliablethanary rule ' in KB. Thus,applicationof r rejectsapplica-
tion of 7. In the previousexample,therule not a < from U rejectstherule a «
from KB, thusresolvingtheconflictby adoptingthata is notprovable.Theideais nat-
urally extendedto sequencesf updated/, ..., U, by consideringherulesin more
recentupdatesasmorereliable.

While usesand extensionsof dynamiclogic programminghave beendiscussed,
cf.[5, 4,20],its propertiesandrelationshipgo otherapproacheandrelatedformalisms
have beenlessexplored (but see[4]). The aim of this paperis to shedlight on these
issuesandhelp usto geta betterunderstandingf dynamiclogic programmingand
relatedapproachem logic programming.

Themaincontributionsof our work canbe summarizedsfollows.

— We syntacticallyredefinedynamiclogic programso equivalentupdateprograms
for which stablemodelsare defined.Updateprogramsare slightly lessinvolved
and, aswe believe, betterreflect the working of the approachthan the original
definition of dynamiclogic programs.For this, information aboutrule rejection
is explicitly representeat the objectlevel throughrejectionatoms.The syntactic
redefinition,which reducesthe type of rulesin updateprograms,is helpful for
establishindormal resultsaboutproperties.

— We investigatepropertieof updateprogramsWe considerthemfrom the perspec-
tive of belief revision, andreview differentsetsof postulateghat have beenpro-
posedin this area.We view updateprogramsas nonmonotonicconsequencep-
erators,andconsiderfurther propertiesof generalinterest.As it turnsout, update
programs(and thus dynamiclogic programs)do not satisfy mary of the proper
ties definedin the literature.This is partly explainedby the nonmonotonicityof
logic programsandthecausalejectionprincipleembodiedn thesemanticswhich
stronglydepend®n thesyntaxof rules.

— Dynamiclogic programsnake noattemptto respecminimality of changeWe thus
refinethe semantic®of updateprogramsandintroduceminimal stablemodelsand
strict stablemodels.Informally, minimal stablemodelsminimize the setof rules
thatneedto berejectedandstrict stablemodelsfurtherrefineon this by assigning
rulesfrom alaterupdatehigherpriority.

— Wecomparaupdateprogramgo alternatve approachefor updatingogic programs
[13,17] andrelatedwork on inheritanceprograms[9]. We find that updatepro-
gramsare equivalentto a classof inheritanceprograms.Thus, updateprograms
(and dynamiclogic programs)may be semanticallyregardedas fragmentof the
frameaworkin [9], which hasbeendevelopedndependentlpf [2, 5]. Ourresultson
thesemanticapropertiesof updateprogramsapplyto this fragmentaswell.

Dueto spacereasonsthe presentatioris necessarilysuccinctandproofsareomit-
ted.More detailswill begivenin thefull versionof this paper



2 Preliminaries

Generalizedogic programs[21] consistof rules built over a set A of propositional
atomswhere default negation not is available. A literal, L, is eitheranatom A (a
positiveliteral) or the negationnot A of anatom A (a negativeliteral, alsocalledde-
fault literal). For a literal L, the complementaryiteral, not L, is not A if L = A,
and A if L = not A, for someatom A. For a setS of literals, not S is given by
notS = {not L | L € S}. We alsodenoteby Lit 4 the set. A U not A of all liter-
alsover A.

A rule, r, is aclauseof theform Ly « L4,..., L,, wheren > 0 andLy maybe
missing,andeachZ; (0 < i < n) is adefaultliteral, i.e., eitheranatom A or anegated
atomnot A. We call Ly theheadof r andtheset{L,, ..., L, } thebodyof . Thehead
of r will alsobe denotedby H(r), andthe body of » will be denotedby B(r). If the
rule »r hasanemptyheadthenr is a constaint; if thebody of r is emptyandthe head
is non-emptythenr is a fact We saythatr hasa negativeheadif H(r) = not A4,
for someatom A. ThesetB*(r) compriseghepositive literalsof B(r), whilst B~ (r)
containsall defaultliteralsof B(r).

By L 4 we denotethesetof all rulesovertheset.A of atoms.We will usuallywrite
L insteadof £ 4 if theunderlyingsetA is fixed. A generlizedlogic program (GLP)
P over A is afinite subsebf £ 4. If norulein P containsa negative headthenP is a
normallogic program (NLP); if no default negationwhatsogeroccursin P, thenP is
apositiveprogram

By an (Herbrand) interpretationwe understancary subsetl C A. Therelation
I |= L for aliteral L is definedasfollows:

— if L = Aisanatom,thenl |= Aiff A € I,
— if L = not A isadefaultliteral, thenl = not Aiff I = A.

If I = L, thenI isamodelof L, andL is saidto betruein I (if I |~ L, thenL is false
in I). For asetS of literals,I = Siff I = L forall L € S. Accordingly, we saythat
I isamodelof S. Furthermorefor arule r, we definel = r iff I = H(r) whenever
I = B(r). In particulay if r is acontraint,then! = r iff I = B(r). In bothcasesif
I |=r,thenI isamodelof r. Finally, I = P for aprogramP iff I |=r for all r € P.

If a positive logic programP hassomemodel,it hasalwaysa smallestHerbrand
model,which we will denoteby im(P). If P hasno model,for technicalreasonst is
corvenientto setim(P) = Lit 4.

We definethe reduct P, of a generalizecprogramP w.r.t. to an Herbrandinter-
pretation/ asfollows. P! resultsfrom P by

1. deletingary ruler in P suchthateither] = B~ (r),orI = H(r)if H(r) = not A
for someatomA; and

2. replacingary remainingrule r by r!, wherer! = H(r) + B*(r) if H(r) is
positive,andr! = « B*(r) otherwisg(r! is calledthereductof r).

Obsenrethat P! is apositive programhencem (P?) is well-defined We saythat
is astablemodelof P iff Im(P!) = I. By S(P) we denotethe setof all stablemodels
of P. A programis satisfiablef S(P) # 0.



Weregardalogic programP astheepistemicstateof anagent.Thegivensemantics
is usedfor assigninga beliefstateto ary epistemicstateP in thefollowing way.
LetI C A beanHerbrandnterpretationDefine

Bely(I) ={reLa|IEr}.
Furthermorefor aclassZ of interpretationsdefineBel 4(Z) = ;o7 Bela(I).

Definition 2.1. For a logic program P, the belief state Bel 4(P), of P is givenby
Bel A(P) = Bel 4(S(P)), whee S(P) is thecollectionof all stablemodelsof P.

We write P |=4 r if r € Bel 4(P). As well, for ary program@, we write P =4 Q
if P =4 ¢forall ¢ € Q. Two programs,P; and P,, areequivalent(modulothe set
A), symbolically P, =4 P, iff Bel4(P,) = Bel 4(P,). Usually we will dropthe
subscript' A" in Bel 4(), =4, and=4 if noambiguitycanarise.

An alternatve for definingthe belief statewould consistin consideringorave rather
thancautiousinferencewhichwe omit here.

Belief stateenjoy thefollowing naturalproperties:

Theorem 2.1. For everylogic program P, we havethat:

1. P C Bel(P);
2. Bel(Bel(P)) = Bel(P);
3. {r | I = r,for everyinterpretation/} C Bel(P).

Clearly, the belief operatorBel(-) is nonmonotonici.e., in generalP, C P, does
notimply Bel(P,) C Bel(P,).

3 Update Programs

We introducea frameawork for updateprogramswhich simplifiesthe approachintro-
ducedin [2]. By anupdatesequenceP, we understand seriesP;, . . ., P, of general
logic programswhereeachP; is assumedo updatethe informationexpressedy the
initial sectionP, ..., P;_;. This updatesequences translatednto a single program
P’ representinghe updatenformationgivenby P. The“intended”stablemodelsof P
areidentifiedwith the stablemodelsof P’ (modulotheoriginallanguage).

LetP = Py,..., P, beanupdatesequenceverasetof atomsA. We assumea set
of atomsA* extending.A by new, pairwisedistinctatomsre;j(-), A;, and A;", where
A € Aandl < i < n. Furthermoreywe assumen injective namingfunction N (-, -),
which assigngo eachrule r in a programP; a distinguishechame,N (r, P;), obeying
theconditionN (r, P;) # N(r', P;) wheneveri # j. With aslightabuseof notationwe
shallidentify r with N (r, P;) asusual.

Definition 3.1. Givenan updatesequence® = Pi,..., P, overa setof atomsA we
definethe updateprogram P4 = P; < ... < P, over A* consistingof the following
items:

1. all constaintsin P;, 1 <4 <n;



2. foreathr € P, 1 <i<n:

A; < B(r), not rej(r) if H(r) = A;

A7 + B(r), not rej(r) if H(r) = not A;
3. foreathr € P, 1 <i<n:

rej(r) < B(r), A if H(r) = A;

rej(r) < B(r), Ait1 if H(r) = not A;

4. for eadh atomA occurringin P (1 < i < n):
Az_(_Az_-l—D Ai(—Ai+1; A(—Al; (—Al,Al_.

Informally, this programexpressedayeredderivability of an atom A or a literal
not A, beginning at the top layer P,, downwardsto the bottomlayer P;. The rule r
at layer P; is only applicableif it is not refutedby a literal L thatis incompatible
with H (r) derivedata higherlevel. Inertiarulespropagatea locally derived valuefor
A downwardsto the first level, wherethe local valueis madeglobal; the constraint
+ Ay, A, isusedherein placeof therule not A + A; .

Similarto thetransformatiorgivenin [2], P4 is modularin thesensedhatthetrans-
formationfor P! = Py, ..., P,, P,y augmentP, = P, < ... < P, only with rules
dependingnn + 1.

We remarkthat P4 canobviously be slightly simplified, which is relevantfor im-
plementingour approachAll literals not rej(r) in ruleswith headsA4,, or A, canbe
removed: sincerej(r) cannotbe derived, they evaluateto truein eachstablemodelof
P,. Thus,norulefrom P, isrejectedn astablemodelof P, i.e.,all mostrecentrules
areobeyed.

Theintendedmodelsof anupdatesequence®? = Py, ..., P, aredefinedin terms
of the stablemodelsof P.

Definition 3.2. Let P = Pi,..., P, be an updatesequencever a setof atoms.A.
Then,S C A is an (update stablemodelof P iff S = S’ N A for somestablemodelS’
of P4. Thecollectionof all updatestablemodelsof P is denotecoy i/ (P).

Following the caseof single programs,an updatesequence®? = Py,..., P, is
regardedas the epistemicstateof an agent,and the belief state Bel(P) is given by
Bel(U(P)). As well, theupdatesequence? is satisfiabldff 1/ (P) # 0.

For illustrationof Definition 3.2, considerthe following example takenfrom [2].

Example3.1. Considettheupdateof P, by P, where

Py ={ry: sleep~ nottv.on, ry: tvon+, r3: watdtv«+ tvon};
P, = { rq4 : mottv_on <« powerfailure, r5: powerfailure < }

Thesinglestablemodelof P = P, P, is, asdesired,S = {powertfailure, sleeg, since
S' is theonly stablemodelof P:

S = { powerfailure,, powerfailure, , powerfailure,
tv_on, , tv.on; , rej(r2), slee, sleep}.



If new informationarrivesin form of theprogrampPs:
P3 = { rg : not powerfailure + },

thenthe updatesequencé®;, P», P; hasthe stablemodelT = {tv_on, watd_tv}, gen-
eratecby themodelT"' of P, <1 P, <1 Ps:

T = { powetfailure; , powerfailure, , powetfailure],
rej (rs), tv.ony, tv_-on, watdh_tv;, watch_tv }.

Next, we discusssomepropertiesof our approachThe first resultguaranteethat
stablemodelsof P areuniquelydeterminedy the stablemodelsof P.

Theorem3.1. LetP = P, ..., P, beanupdatesequencever a setof atomsA, and
let S, T bestablemodelsof P4. ThenSNA=TnAonlyif S =T.

If anupdatesequence’ consistsof a single program,the notion of updatestable
modelsof P andregularstablemodelsof P coincide.

Theorem 3.2. Let P be an updatesequenceonsistingof a single program P, i.e.,
P = P,.ThenU(P) = S(P).

Stablemodelsof updatesequencesanalsobecharacterizeth a purelydeclamative
way. To this end,we introducethefollowing concept.

For anupdatesequence® = P, ..., P, overasetof atomsA4 andS C A, we
definetherejectionsetof S by Rej (S, P) = U}, Rej;(S, P), whereRej,, (S, P) = 0,
and,forn >4 >1,

Rej;(S,P) ={r € P;| 3r' € P; \ Rej;(S,P), forsomej € {i +1,...,n},
suchthatH (r') = not H(r) andS |= B(r) U B(r')}.

Thatis, Rej (S, P) containghoserulesfrom P which arerejectedon thebasisof rules
which arenotrejectedhemseles.

We obtainthefollowing characterizatioof stablemodelsmirroringa similarresult
givenin [2].

Theorem3.3. LetP = P, ..., P, beanupdatesequencever a setof atoms.A, and
let S C A. Then,S is a stablemodelof P iff S = Im((P \ Rej(S, P))%).

4 Principles of Update Sequences

In this section,we discussseveral kinds of postulatesvhich have beenadwcatedin

the literature on belief changeand examineto what extent updatesequencesatisfy
theseprinciples.This issuehasnot beenaddressee@xtensvely in previouswork [2, 3].

Wefirst considemupdateprogramdgrom theperspectie of beliefrevision, andassesthe
relevantpostulategrom thisarea Afterwards we briefly analyzeurtherpropertieslike

viewing updateprogramsas nonmonotoniconsequenceperators and other general
principles.



4.1 Beliefrevision

Following [14], two differentapproacheso belief revision can be distinguished(i)
immediaterevision, wherethe new informationis simply addedto the currentstock
of beliefsandthe belief changeis accomplishedhroughthe semanticof the under
lying (often,nonmonotonic)ogic; and(ii) logic-constainedrevision, wherethe new
stockof beliefsis determinedy a nontrivial operationwhich addsandretractsheliefs,
respectindogical inferenceandsomeconstraints.

In the latter approachijt is assumedhat beliefs are sentence$rom somegiven
logical languagel s which is closedunderthe standardbooleanconnectves.A belief
set K, is asubsebf £z which is closedundera consequenceperatorCn(-) of the
underlyinglogic. A beliefbasefor K is asubsetB C K suchthat K = Cn(B). A
belief baseis a specialcaseof an epistemicstate[10], which is a setof sentence®
representin@n associatedbelief set K in termsof a mappingBel(-) suchthat K =
Bel(E), whereE neednot necessarihave thesamelanguageas K .

In whatfollows, we first introducedifferentclasseof postulatesandthenwe ex-
aminethemwith respecto updatesequences.

AGM Postulates Oneof themainaimsof logic-constrainedevisionis to characterize
suitablerevision operatorghroughpostulatesAlchourron, GardenforsandMakinson
(AGM) [1] consideredhreebasicoperation®n abeliefsetK':

— expansionK + ¢, whichis simply addingthennew information¢ € £p to K

— revision K x ¢, whichis sensiblyrevising K in thelight of ¢ (in particulay when
K contradictsp); and

— contraction K — ¢, whichis remaoving ¢ from K.

AGM presentec setof postulateskKx1-Kx8, thatary revision operatorx mappinga
beliefset K C Lp andasentencep € Lp into therevisedbelief set K x ¢ should
satisfy If, following [10, 8], we assuméhat K is representetly anepistemicstateF,
thenthepostulate& x1-Kx8 canbereformulatedasfollows:

(K1) E x ¢ representabeliefset.

(K2) ¢ € Bel(E x ¢).

(K3) Bel(E x ¢) C Bel(E + ¢).

(K4) —¢ ¢ Bel(E) impliesBel(E + ¢) C Bel(E * ).

(K5) L € Bel(E * ¢) iff ¢ is unsatisfiable.

(KG) ¢1 = @2 |mp|IESBel(E*¢1) = Bel(E*¢2)

(K7) Bel(E* (¢ A1) C Bel((E x ) +1)).

(K8) —) ¢ Bel(E x ¢) impliesBel((E x ¢) + 1) C Bel(E x (¢ A1)).

Here,Ex ¢ andE + ¢ is therevisionandexpansioroperationyespectiely, applied
to E. Informally, thesepostulatesxpressthatthe new informationshouldbereflected
aftertherevision, andthatthe beliefsetshouldchangeaslittle aspossible As hasbeen
pointed,this setof postulatess appropriatefor new informationaboutan unchanged
world, but not for incorporationof a changeto the actualworld. Sucha mechanisnis
addressedly thenext setof postulatesexpressingupdateoperations.



Update Postulates For updateoperatorsB ¢ ¢ realizingachangep to abeliefbaseB,

KatsunocandMendelzor{18] proposed setof postulatesix1-Ux8, whereboth ¢ and
B arepropositionalsentencesgver a finitary languageFor epistemicstatesE, these
postulatezanbereformulatedasfollows.

(UL) ¢ € Bel(E ¢ ¢).

(U2) ¢ € Bel(E) impliesBel(E ¢ ¢) = Bel(E).

(U3) If Bel(E) is consistenaind¢ is satisfiablethenBel(E ¢ ¢) is consistent.

(U4) If Bel(E) = Bel(E') and¢ = 1, thenBel(E o ¢) = Bel(E o 1)).

(US) Bel(E < (¢ A1) C Bel((E o ) + ).

(UB) If ¢ € Bel(E o) andy € Bel(E ¢ ¢), thenBel(E o ¢) = Bel(E o).

(U7) If Bel(E) is completethenBel(E o (¢ vV ¢')) C Bel(E o)) A Bel(E o 4')).
(U8) Bel((EV E") o) = Bel((E o) V (E' o).

Here,conjunctionanddisjunctionof epistemicstatesarepresumedo be definable
in thegivenlanguagdlik e, e.g.,in termsof intersectiorandunionof associatedetsof
modelsrespectiely).

ThemostimportantdifferencebetweenK1)—(K8) and(U1)—(U8)arethatrevision,
if ¢ iscompatiblewith £, shouldyield thesameresultasexpansion® + ¢, whichis not
desirablefor updatein generalcf. [24]. Onthe otherhand,(U8) saysthatif E canbe
decomposeihto a disjunctionof states(e.g.,models) theneachcasecanbe updated
separatehandthe overall resultsareformedby takingthe disjunctionof theemeging
states.

Iterated Revision DarwicheandPearl[10] have proposedpostulatedor iteratedrevi-
sion,whichcanberephrasedh oursettingasfollows (we omit parentheseis sequences
(E * ¢1) * ¢ Of revisions):

(Cl) If Py € Bel(lﬁl), thenBel(E*z/a *1/)1) = Bel(E*lﬁl)

(C2) If ~ps € Bel(thy), thenBel(E % 11 * vs) = Bel(E % 1))

(C3) If 12 € Bel(E x 1), thenys € Bel(E % 12 % 11).

(C4) If —|’L/J2 ¢ Bel(E*’wﬂ, then—|¢2 ¢ Bel(E*’(ﬁg *’(ﬁl).

(C5) If -y € Bel(E*wl) and¢1 ¢ Bel(E*w2), thenwl ¢ Bel(E*wl *w2).
(C6) If _|¢2 € Bel(E*zﬁl) and—-zh € Bel(E*zh), then—npl € Bel(E*?,bl *'(ﬁg).

Anothersetof postulategor iteratedrevision,correspondingo asequencé of ob-
senations,hasbeenformulatedby Lehmann19]. Hereeachobsenationis a sentence
whichis assumedo be consistenti.e., falsity is not obsered),andthe epistemicstate
E hasan associatedelief set Bel(E). Lehmanns postulategseadasfollows, where
E, E' denotesequencesf obserationsand”,” stand€or concatenation:

(I11) Bel(E) is aconsistenbeliefset.

(12) ¢ € Bel(E, ¢).

(13) If ¢ € Bel(E, ¢), theng = 1 € Bel(E).

(14) If ¢ € Bel(E), thenBel(E, ¢,E') = Bel(E, E).

(15) If ¢ F ¢ thenBel(E, ¢,9, E') = Bel(E, v, E").

(16) If - ¢ Bel(E, ¢),thenBel(E, ¢,v, E') = Bel(E, ¢,¢, E').
(17) Bel(E,~¢,6) C Cn(E + ¢).

1 A beliefsetK is completeff, for eachatom A, eitherA € K or—-A € K.



Postulate Interpretation Postulatehold

(K1) [(Py, P2) represents beliefset yes
(K2), (U1)| P, C Bel(P1, P2) yes

(U2) |Bel(P2) C Bel(Py) impliesBel(Py, P;) = Bel(Py) no

(K3) Bel(P1, Py) C Bel(Bel(Py) U P) yes

(U3) |If P, andP; aresatisfiablethen( Py, P,) is satisfiable no

(K4) |If Bel(Py) U P, hasastablemodel,then no

Bel(Bel(Pl) @] P2) g Bel(Pl, P2)

(K5) |(P1, P,) is unsatisfiabléff P, is unsatisfiable no
(K6), (U4)| P, = P{ and P, = P} implies(Py, P») = (P{, P}) no
(K?), (U5) Bel(Pl,Pz U P3) g Bel(Bel(Pl,Pz) @] P3) yes

(U6) If Bel(Pg) g Bel(Pl,Pz) andBel(Pz) g Bel(Pl,P;;), no

thenBel(Pl, P2) = Bel(Pl, P3)

(K8) [If Bel(Py, P2) U P;s is satisfiablehen no

Bel(Bel(Pl, P2) U P3) - Bel(I:’17 Py U P3)

Table 1. Interpretatiorof Postulategk1)—(K8) and(U1)—(U6).

Analysis of the Postulates In orderto evaluatethe differentpostulatesye needto
adaptthem for the setting of updateprograms.Naturally, the epistemicstate P =
P, ..., P, of anagents subjecto revision. However, theassociatetielief set Bel ( P)
(C L£.4) doesnotbelongto alogical languageclosedunderbooleanconnectves.Clos-
ing £ 4 underconjunctiondoesnot causemuchtroubles,astheidentificationof finite
GLPswith finite conjunction®f clausegpermitsthatupdateof aGLP P by aprogram
P, canbeviewedastheupdateof P with a singlesentencérom the underlyingbelief
language Ambiguitiesarise,however, with the interpretationof expansionaswell as
themeaningof negationanddisjunctionof rulesandprogramsrespectiely.

Dependingon whetherthe particularstructureof the epistemicstate E shouldbe
respecteddifferentdefinitionsof expansionareimaginablein our framework. At the
“extensional’level of sentencesgpresentetly a programor sequencef programspP,
Bel(P + P') is definedasBel(Bel(P) U P'). At the“intensional”level of sequences
P =P,...,P,, Bel(P + P') couldbedefinedas Bel(Py, ..., P, U P'). An inter
mediateapproachwould be defining Bel(P + P') = Bel 4(P4 U P'). We adoptthe
extensionalview here.Notethat,in generaladding P’ to Bel(P) doesnotamountto
the semanticaintersectiorof P’ andBel(P) (norof P andP’, respectiely).

As for negation,we mightinterpretthecondition—¢ ¢ Bel(E) (or ) ¢ Bel(E %
¢) in (K4) and(K8)) assatisfiabilityrequirementor E + ¢ (or (E % ¢) + ).

DisjunctionV of rulesor programgasepistemicstateslappearso be meaningful
only atthe semanticalevel. TheunionS(P;) U S(P,) of the setsof stablemodelsof
programsP; and P> may be representedyntacticallythrougha programP;, which
in generalrequestsan extendedset of atoms.We thusdo not considerthe postulates
involving V.

Given theseconsiderationsTable 1 summarizesour interpretationof postulates
(K1)—(K8) and (U1)-(U6), togetherwith indicating whetherthe respectie property
holdsor fails. We assumeéhat P, is anonemptysequencef GLPs.



Postulate Interpretation Postulateholdg
(Cl) If P3 - Bel(Pz), thenBel(Pl, P3, P2) = Bel(Pl, Pz) no
(C2) |If S = P3, forall S € S(P2), thenBel(Py, P3, Py) = no
Bel(Pl, Pz)

(C3) If Ps - Bel(Pl, P2), thenPg - Bel(Pl, P3, P2) no

(C4) |If S |= PsforsomeS € S(P1, P»),thenS |= Ps for some yes
S € S(P1, P3, P»)

(C5) |If SE Psforall S € S(Pi, P2) andP, ¢ Bel(Pi1, Ps), no
thean Z Bel(Pl, P2,P3)

(Ce) |If S = Psforall S € S(Pi,P;)andS [ P, for all no
S e S(Pl, Pg), thenS bé P forall S € S(Pl, Ps, P3)

(11) |Bel(Py) isaconsistenbeliefset no

(12) |P: C Bel(Py, P2) yes

(13) |If Lo + € Bel(Py,{L1,...,Lx}), then yes
Lo + Ll, . ,Lk S Bel(Pl)

(14) |If P, C Bel(Py), then no
Bel(P1, Py, Ps,...,P,) = Bel(P1,Ps,..., P,)

(15) |If Bel(Ps) C Bel(P),then no
Bel(Pl, Pz, Pg, P4, ey Pn):Bel(Pl, P3, P4, - ,Pn)

(16) |If S = Ps forsomeS € S(Py, P2), then no
Bel(P1, Py, P3, Py, ..., P,) = Bel(P1, P2, P,U
Ps,Py,...,P,)

Table 2. Interpretatiorof Postulate¢C1)—(C6)and(11)—(16).

Thus,apartfrom very simplepostulatesthe majority of the adaptedAGM andup-
datepostulategreviolatedby updateprogramsThis holdsevenfor the casewhere P
is a singleprogram.In particulay Bel(Py, P») violatesdiscriminatingpostulatesuch
as(U2) for updateand (K4) for revision. In the light of this, updateprogramsneither
have updatenorrevision flavor.

We remarkthat the picture doesnot changeif we abandorextensionalexpansion
and considerthe postulatesunderintensionalexpansion.Thus, also underthis view,
updateprogramsdo not satisfyminimality of change.

The postulategC1)—(C6)and(11)—(17) for iteratedrevision aretreatedin Table2.
Concernind-ehmann$[19] postulates(l3) is consideredsthependanto AGM postu-
lateK*3. In aliteral interpretatiorof (13), we may, sincethebelieflanguagessociated
with GLPsdoesnot have implication, considerithe casewherey is a defaultliteral Lg
and¢ = Li A --- A Ly is aconjunctionof literals L;, suchthat¢ = « corresponds
totherule Ly + Li,..., L. Sincethe negationof GLPsis not defined,we do not
interpret(17).

Notethat, althoughpostulate(C3) fails in general,it holdsif P; containsa single
rule. Thus, all of the above postulatesexcept C4 fail, alreadyif P; is a singlelogic
program,and,with theexceptionof C3, eachchanges givenby asinglerule.

A questionat this point is whether after all, the variousbelief changepostulates
from above aremeaningfufor updateprograms.



We canview the epistemicstateP = P, ..., P, of anagentasa prioritizedbelief
basein the spirit of [7,23,6]. Revision with a new pieceof information() is accom-
plishedby simply changingthe epistemicstateto P = P, ..., P,, Q. The changeof
the belief baseis thenautomaticallyaccomplishedy the nonmonotonicsemanticof
asequencef logic programsUnderthis view, updatinglogic programsamountgo an
instanceof theimmediaterevision approach.

Ontheotherhand referringto theupdateprogramwe mayview thebeliefsetof the
agentrepresentethroughapair (P, A) of alogic programP anda (fixed)setof atoms
A, suchthatits beliefsetis givenby Bel 4(P). Underthisview, anew pieceof informa-
tion @ is incorporatednto the belief setby producinga representation,P’, A), of the
new beliefset,whereP’ = P <1 (). Here,(a setof) sentencefrom an extendedbelief
languagés usedto characterizéhe new belief state whichis constructedby a nontriv-
ial operatioremploying the semantic®f logic programsThus,updateprogramsenjoy
to someextentalsoa logic-constrainedevision flavor. Nonethelessasalsothefailure
of postulateshaws, they aremoreaninstanceof immediatethanlogic-constainedre-
vision. Whatwe naturallyexpect,though,is thatthetwo views describedabore amount
tothesameat a technicallevel. However, aswe shalldemonstratbelow, thisis nottrue
in general.

4.2 Further Properties

Belief revision hasbeenrelatedin [14] to nonmonotonidogicsby interpretingit asan
abstracttonsequenceelationon sentenceswherethe epistemicstateis fixed. In the
sameway, we caninterpretupdateprogramsas abstractconsequenceelation ~ on
programsasfollows. For afixed epistemicstateP andGLPsP; and P, we define

P ~p Py if andonly if P, C Bel(R Pl),

i.e.,if therules P, arein thebelief stateof the agentafter updateof the epistemicstate
Variouspropertiesfor nonmonotonidnferenceoperationshave beenidentifiedin
theliterature(see e.g.,[14]). AmongthemareCautiousMonotonicity Cut, (Left) Con-
junction, Rational CautiousMonotonicity and Equivalence Exceptfor Cut, noneof
thesepropertieshold. We recallthat Cut denoteghefollowing schema:

AAB{A...ABp,~pC ArpBiA...AB,
ArpC
Additionally, we canalsoidentify somevery elementapropertiesvhich, aswe be-
lieve, updatesandsequencesf updateshouldsatisfy Thefollowing list of properties
is notdevelopedn asystematienanneythough,andis by nomeansxhaustve. Update
programgdo enjoy, unlessstatedotherwisetheseproperties.

Addition of Tautologies: If the programP» containsonly tautologicalclausesthen
(Pl, Pg) = P1 .
Initialization: (0, P)

=P.
Idempotence: (P, P) = P.



Idempotencefor Sequences:(Py, Py, P3) = (P, P).

Update of Disjoint Programs: If P = P, U P, is a union of programsP;, P> on
disjointalphabetsthen(P, P;) = (P, P5) U (P2, Ps).

Parallel updates: If P, and P; are programsdefinedover disjoint alphabetsthen
(Pl,Pg)U(Pl,P:;)E(Pl,PQUP3). (FallS)

Noninterference: If P, and P; are programsdefinedover disjoint alphabetsthen
(P, P2, P3) = (P1, 3, P»).

Augmentedupdate: If P, C P; then(Py, P2, P3) = (P, P3).

As mentionedbefore,a sequencef updatesP = P, ..., P, canbeviewedfrom
the point of view of “immediate”revision or of “logic-constrained'revision. The fol-
lowing property which deseres particularattention,expressesquivalenceof these
views (the propertyis formulatedfor thecasen = 3):

Iterati vity: For ary epistemicstate”; andGLPs P, and P3, it holdsthat P, <1 P> <
Py =4 (P1 < Pz) < Ps.

However, this propertyfails. Informally, soundnes®f this propertywould mean
thata sequencef threeupdatess a shorthandor iteratedupdateof a singleprogram,
i.e.,theresultof P, < P; is viewed asa singletonsequenceStatedanotherway, this
propertywould meanthatthedefinitionfor P, <1 P; <« P; canbeviewedasashorthand
for the nestedcase.Vice versa,this propertyreadsas possibility to forget an update
onceandfor all, by incorporatingt immediatelyinto the currentbelief set.

For a concretecountergample,consider?, = §, P, = {a + , nota + },
P; = {a + }.TheprogramP, = P, < P> < P3 hasauniguestablemodel,in which
a istrue.Ontheotherhand,(P; <1 P») < P; hasno stablemodel.Informally, while the
“local” inconsisteng of P, isremovedin P; <1 P, <1 P3 by rejectionof therule not a «
via P3, asimilar rejectionin (P; < P,) <1 Pj is blockedbecausef a renamingof the
predicatesn P; < P,. Thelocalinconsisteng of P, is thusnoteliminated.

However, undercertainconditionswhich excludesuchpossibilitiesfor localincon-
sistenciestheiteratiity propertyholds,givenby thefollowing result:

Theorem4.1. LetP = Py,..., P,, n > 2, beanupdatesequencen a setof atoms
A. Supposehat, for anyrulesry,ra € P;, i < n, sudthat H(ry) = not H(rz), the
union B(ry) U B(rs) of their bodiesis unsatisfiableThen:

(--'(Pl<]P2)<]P3)"'<]Pn_1)<lpnEAP1<IP2<IP3<|"'<]Pn.

5 Refined Semanticsand Extensions

Minimal and strict stable models Evenif we abandorthe AGM view, updatepro-
gramsdo intuitively not respeciminimality of changeasa new setof rules P, should
beincorporatednto anexisting programP; with aslittle changeaspossible.

It appearsaturalto measurechangein termsof the setof rulesin P; which are
abandonedrhisleadsusto preferastablemodel S, of P = P, P» overanotherstable
modelS; if S; satisfiesalargersetof rulesfrom P, thanS;.



Definition 5.1. LetP = P, ..., P, beasequencef GLPs.A stablemodelS € U(P)
is minimaliff thereisno T € U(P) sudthat Rej(T, P) C Rej(S, P).

Example5.1. ConsiderP;, = {r; : mnota < }, P» = {r2 : a + notc}, and
Py ={r3: ¢+ notd, ry : d <+ notc}. Then(Py, P») hasthesinglestablemodel
{a}, which rejectstherule in P;. The sequencéP;, P, P;) hastwo stablemodels:
S1 = {c} andS; = {a,d}. Si rejectsnorule,while S, rejectstherule ;. Thus,S; is
preferredto S, and.S; is minimal.

Minimal stablemodelsput no furtheremphasin the temporalorderof updates.
Rulesin morerecentupdatesnay be violatedin orderto satisfyrulesfrom previous
updatesEliminatingthis leadsusto thefollowing notion.

Definition 5.2. Let S, S" € U(P) for anupdatesequencé® = Py,..., P,. Then,S is
preferredto S’ iff somei € {1,...,n} existssud that (1) Rej,;(S, P) C Rej;(S', P),
and(2) Rej;(S", P) = Rej;(S, P),forall j =i +1,...,n. AstablemodelS of P is
strict, if no S’ € U(P) existswhich is preferredto S.

Example5.2. ConsiderP = P, Py, P;, Py, whereP, = {r; : nota + }, P» =

{re: a + notc}, P = {r3 : notc < },andPy = {ry: c + notd,r5 : d +

not ¢ }. Then, P hastwo stablemodels,namelyS; = {c} andSz = {a,d}. We have

Rej(S1, P) = {r3} andRej(S2, P) = {r1}. Thus,Rej(S1, P) andRej(S2, P) arein-

comparableandhenceboth.S; andS, areminimal stablemodels However, compared
to S, in S; themorerecentrule of P; is violated.Thus, S> is the uniquestrict stable
model.

Clearly every strict stablemodelis minimal, but not vice versa.Unsurprisingly
minimal andstrict stablemodelsdo not satisfyAGM minimality of change.

Thetrade-of for epistemicappealis highercomputationatompleity thanfor ar
bitrary stablemodels.Let Bel,,;, (P) (resp.,Belg,.(P)) bethe setof beliefsinduced
by the collectionof minimal (resp. strict) stablemodelsof P = P, ..., P,.

Theorem5.1. Givena sequencef programsP = Py, P, ..., P, overa setof atoms
A, decidingwhether

1. P hasa stablemodelis NP-complete;
2. L € Bel(P) for agivenliteral L is coNRcomplete;
3. L € Belmin(P) (resp.L € Bel,.(P)) for agivenliteral L is ITf-complete

Similar resultshave beenderived by Inoueand Sakamg17]. The compleity re-
sultsimply thatminimal andstrict stablemodelscanbe polynomially translatednto
disjunctie logic programmingwhichis currentlyunderinvestigation.

Strong negation Updateprogramsanbeeasilyextendedo the settingof generalized
extendedogic programs(GELPs),which have besidesuot alsostrongnegation— as
in [21]. Viewing, for A € A, theformula—A asafreshatom,therulesnot A + —A
andnot -A + A emulatethe interpretationof — in answersetsemanticqcf., e.g.,
[2]). More precisely the consistenanswersetsof a GELP P correspondne-to-one



to the stablemodelsof P~, which is P augmentedvith the emulationrulesfor - A.
Answer setsof a sequencef GELPsP = Pi,..., P, canthenbe definedthrough
this correspondencin termsof the stablemodelsof P~ = P°,..., P;, suchthat
Bel(P) = Bel(P™).

Like for dynamiclogic programg3], P~ canbe simplified by removing someof
theemulationrules.Let C R(P) bethesetof all emulationrulesfor atomsA suchthat
—A occursin somerule headof P.

Theorem5.2. For anysequencef GELPSP = P;,...,P,overA, S C AU {-A4 |
A € A} isananswersetof P iff S € U(Py, ..., Po_1, Py UCR(P)).

First-order programs The semanticof a sequence? = Py, ..., P, of first-order
GLPs,i.e.,where A consistoof nongroundatomsin a first orderlanguageis reduced
to the groundcaseby definingit in termsof the sequencef instantiatedprograms
P* = P, ..., P overtheHerbranduniverseof P asusual.Thatis, U(P) = U(P*).
Thedefinitionof updatgprogramP, canbeeasilygeneralizedo non-groungrograms,
suchthat P4 = P* 4, i.e., P4 faithfully representthe updateprogramfor P*.

6 RelatedWork

Dynamic logic programming Recallthatour updateprogramssyntacticallyredefine
dynamiclogic programsfor updatein [2,5], which generalizethe idea of updating
interpretationghroughrevision programs[22]. As we feel, they more transparently
reflecttheworking behindthis approach.

Themajordifferencebetweerour updateprogramsanddynamiclogic programss
thatthelatterdeterminghe valuesof atomsfrom thebottomlevel P, upwaidstowards
P,, usinginteria rules, while updateprogramsdeterminethe valuesin a downward
fashion.

Denoteby ¢ P = P, @ - - - & P, thedynamiclogic programof [2] for updatingP;
with B, ..., P, overatomsA, whichis a GLP overatomsAg4,, 2 A. For ary model
M of P, in A, let

Rejected(M, P) = i, {r € P;| 3" € P;, forsomej € {i +1,...,n}, such
thatH (r') = not H(r) A S = B(r) U B(r')},
Defoults(M,P) = {not A |Vr € P: H(r) = A= M [~ B(r)}.

Stablemodelsof & P, projectedo A, aresemanticallycharacterizedsfollows.

Definition 6.1. For a sequence® = P4, ..., P, of GLPsoveratomsA, an interpre-
tation N C Agyy is a stablemodelof @P iff M = N N A is a modelof U suc
that

M =Im(P \ Rejected(M, P) U Defaults(M, P)).

Here, literals not A are consideredas new atoms,whereimplicitly the constraint+
A, not A isaddedLet uscall ary suchM adynamicstablemodelof P.

As onecansee we mayreplaceRej (S, P) in Theorem3.3by Rejected(S, P) and
addall rulesin Defaults(S, P), asthey vanishin the reductionby S. However, this
impliesthatupdateanddynamicstablemodelscoincide.



Theorem6.1. For anysequenceé’ = Py, ..., P, of GLPsoveratomsA4, S C Aisa
dynamicstablemodelof P iff S € U(P).

Inheritance programs A framawork for logic programswith inheritances introduced
in [9]. In ahierarchyof objectsoy, .. ., 0,, representedly a disjunctive extendedogic
programP;, ..., P, [15], possibleconflictsin determiningthe propertiesof o; arere-
solved by favoring ruleswhich are more specificaccordingto the hierarchy which is
givenby a (strict) partialorder< overtheobjects.

If we identify o; with the indexed programP;, aninheritanceprogram consistsof
asetP = {P,...,P,} of programsover atoms.4 anda partial order < on P. The
programP (P;) for P; (asanobject)is givenby P(P;) = {P;} U{P; | P; < P;},i.e.,
thecollectionof programsatandabove P;.

Thesemanticof P(F;) is definedn termsof answersetsIn therestof this section,
we assumethat ary programpP; € P is disjunction-freeand we simplify definitions
in [9] accordinglyLet, for eachliteral L of form A or —A, denote-L its oppositeand
let Lity = AU{-A| A € A}

Definition 6.2. LetI C Lit 4 beaninterpretationandr € P;. Then,r is overridden
inI,if (1) I | B(r), (2) ~H(r) € I, and(3) there existsa rule r; € P; for some
P < P; sudhthat H(r,) = —H(r).

An interpretationl C Lit4 is amodelof P, if I satisfiesall non-overriddenrules
in P andthe constraink— A, not A for eachatomA € A; moreover, I is minimalif it
is theleastmodelof all theserules.Answersetsarenow asfollows.

Definition 6.3. A modelM of P = P(F;), is a DLP<-answersetof P iff M is a
minimal modelof P™, whee PM = {r € P | r is not overriddenin M} is the
reductof P by M.

It is naturalto view anupdatesequencé® = P, ..., P, asaninheritanceprogram
wherelaterupdatesareconsidereanorespecific.Thatis, we mightview P asaninher
itanceprogramP, < P,_; < ... < P;. It appearghatthelatteris in factequivalent
totheupdateprogrampP; < ... < P,.

For asequenc®f GLPsP = P, ..., P, over A, definetheinheritanceprogram
Q=Qn<Qn_1 <--<Q asfollows.Let P, betheprogramresultingfrom P; by
replacingin rule headghedefaultnegationnot through—. Define@); = P, U{-A +
not A| A € A}and@Q; = P, for j = 2,...,n. Thenwe have thefollowing.

Theorem6.2. LetP = Py, ..., P, bea sequencef GLPsoveratomsA. Then,S €
U(P)iffSU{-A| Ae A\ S}isaDLP<-answersetof Q(Py,..., Py,).

Corverselylinearinheritancgprogramsyield thesameresultasupdateprogramsn
theextensionwith classicahegation.

Theorem6.3. LetP = P, < --- < P, bean inheritanceprogram over atoms.A.
Then,S is a DLP<-answersetof P iff S is an answersetof the sequencef GELPs
Pn7Pn—17"'7P1-

Thus,dynamiclogic programsandinheritancgprogramsareequialent.



Program updatesthrough abduction On the basisof their notion of extendedab-
duction InoueandSakamd17] definea framework for variousupdateproblems.The
mostgenerals theoryupdate which is updateof anextendedogic program(ELP) P,
by anothersuchprogramP;. Informally, an abductve updateof P, by P, is alargest
consistenprogramP’ suchthat P, C P' C P; U P, holds.This is formally captured
in [17] by reducingthe updateproblemto computinga minimal setof abduciblerules
Q C P\ P; suchthat(P, U P») \ @ is consistentIn termsof [16], P, U P; is con-
sideredfor abductionvheretherulesin P, \ P, areabducibleandtheintendedupdate
is realizedvia a minimal anti-explanationfor falsity, which removesabduciblerulesto
restoreconsisteng.

While thislookssimilarto our minimal updatesthereis asalientdifferenceabduc-
tive updatedoesnot respecttausalrejection A rule r from Py \ P.» may berejected
evenif norule »’ P fires whoseheadcontradictsapplyingr. For example,consider
P ={q+ , ~q+ a}andP, = {a + }.Both P, and P, have consistenanswer
sets,while (P, P») hasno stablemodel.In Inoueand Sakamas approachpneof the
two rulesin P; will beremoved.Notethatcontradictiorremoval in aprogramP occurs
asaspecialcase(P, = P, P, = 0).

Abductive updatesare,dueto inherentminimality of change harderthanupdate
programssomeabductve reasoningproblemsare £’ -completg17].

Updatesthr ough priorities Zhangand Foo [13] defineupdateof anELP P; by an
ELP P, basedntheirwork on preferencefl 2] asatwo-stepapproachin Stepl, each
answerset S of P; is updatedto a closestanswersetS’ of P,, wheredistanceis in
termsof thesetof atomsonwhich S,S’ disagreendclosenesss setinclusion.Then,a
maximalsetQ C P, is chosersuchthat P; = P, U Q hasananswersetcontainings’.
In Step2, theanswersetsof P; arecomputedusingpriorities,whererulesof P, have
higherpriority thanrulesof Q.

This approacthis differentfrom ours.lt is in the spirit of the possiblemodelsap-
proad [24], which updatesmodelsof a propositionaltheory separatelythus satisfy-
ing the updatepostulateU8. However, like in Inoueand Sakamas approachrulesare
not removed on the basisof causalrejection.In particulay the sameresultis obtained
on the examplethere.Step2 indicatesa strongupdateflavor of the approachsince
rulesare unnecessarilpbandonedFor example,updateof P, = {p + notq} with
P, = {q + notp} resultsin P, eventhoughP; U P; is consistentSincethe result
of anupdateleadsto a setof programsjn general naive handlingof updategequires
exponentialspace.

7 Conclusion

We have consideredhe approacho updatinglogic programsbasedon dynamiclogic
programg?2, 3] andinvestigatedvariouspropertiesof this approachComparingit to
otherapproacheandrelatedwork, we foundthatit is equialentto a fragmentof in-
heritancgorogramsn [9].

Severalissuesremainfor further work. A naturalissueis the inverseof addition,
i.e. retractionof rulesfrom alogic program.Dynamiclogic programmingvolvedinto



LUPS[3], whichis alanguagdor specifyingupdatebehaior in termsof additionand
retractionof setsof rulesto alogic program LUPSis generichowever, asin principle,
differentapproacheto updatinglogic programscould provide the semanticabasisfor
anupdatestep.Exploring propertiesof the generalframework, aswell asof particular
suchinstantiationswould be worthwhile. Furthermoreeasoningaboutupdatepro-
gramsdescribinghe behaior of agentprogrammedn LUPSis aninterestingssue.

Anotherissuearepostulatesor updateoperatoronlogic programsand,moregen-
erally, on nonmonotonicheories As we have seen several postulatesrom the areaof
logicaltheorychangdail for dynamiclogic programgse€[8] for relatedobsenations).
This maypartly beexplainedby nonmonotonicityof stablesemanticandthedominant
role of syntaxfor updateembodiedby causalrejection.However, similar featuresare
not exceptionalin the context of logic programminglt would be interestingto know
further postulatesand desideratdor updateof logic programsbesideghe onescon-
sideredhere,and an AGM style characterizatiorof updateoperatorscompliantwith
them.
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