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Abstract. Among others,Alferes et al. (1998)presentedan approachfor up-
datinglogic programswith setsof rulesbasedon dynamiclogic programs.We
syntacticallyredefinedynamiclogic programsand investigatetheir semantical
properties,looking at themfrom perspectivessuchasa belief revision andab-
stractconsequencerelationview. Sincetheapproachdoesnot respectminimal-
ity of change,we refineits stablemodelsemanticsandpresentminimal stable
modelsandstrict stablemodels.Wealsocomparetheupdateapproachto related
work, andfind thatis equivalentto aclassof inheritanceprogramsindependently
definedby Buccafurriet al. (1999).

1 Intr oduction

In recentyears,agent-basedcomputinghasgainedincreasinginterest.The needfor
softwareagentsthatbehave“intelligently” in theirenvironmentled to questionfor pos-
sibilitiesof equippingthemwith advancedreasoningcapabilities.

Theresearchon logic-basedAI, andin particularthework on logic programming,
hasproduceda numberof approachesandmethodsfrom whichwe cantake advantage
for accomplishingthis goal (seee.g.[11]). It hasbeenrealized,however, that further
work is neededfor extendingthemto fully supportthatagentsmustadaptovertimeand
adjusttheirdecisionmaking.

In asimple(butasfor currentlydeployedagentsystems,realistic)setting,anagent’s
knowledgebase ��� may be modeledas a logic program.The agentmay now be
promptedto adjustits ��� after receiving new informationin termsof an update � ,
whichisaclauseor asetof clausesthatneedtobeincorporatedinto ��� . Simplyadding
therulesof � to ��� doesnotgivea satisfactorysolutionin practice,andwill resultin
inconsistency evenin simplecases.For example,if ��� containstherule �	� and �
consistsof the rule 
���
���� statingthat � is not provable,thenthe union �������
is not consistentunderstablesemantics(naturallygeneralizedto programswith de-
faultnegationin ruleheads[21]), which is thepredominatingtwo-valuedsemanticsfor
declarative logic programs.

Most recently, severalapproachesfor updatinglogic programswith (setsof) rules
havebeenpresented[2,5,17,13]. In particular, theconceptof dynamiclogic programs
by Alfereset al., introducedin [2] andfurtherdevelopedin [3,5,4,20], hasattracteda
lot of interest.Their approachhasits roots,andgeneralizes,the ideaof revision pro-
gramming[22], andprovidesthe basisfor LUPS,a logic-programmingbasedupdate



specificationlanguage[5]. Thebasicideabehindthe approachis that in caseof con-
flicting rules,a rule � in � (which is assumedto becorrectasof thetimeof theupdate
request)is morereliablethanany rule ��� in ��� . Thus,applicationof � rejectsapplica-
tion of � � . In thepreviousexample,therule 
���
���� from � rejectstherule ���
from ��� , thusresolvingtheconflictby adoptingthat � is notprovable.Theideais nat-
urally extendedto sequencesof updates������� ���!�"�$# by consideringthe rulesin more
recentupdatesasmorereliable.

While usesand extensionsof dynamiclogic programminghave beendiscussed,
cf. [5,4,20], its propertiesandrelationshipsto otherapproachesandrelatedformalisms
have beenlessexplored(but see[4]). The aim of this paperis to shedlight on these
issues,andhelp us to get a betterunderstandingof dynamiclogic programmingand
relatedapproachesin logic programming.

Themaincontributionsof ourwork canbesummarizedasfollows.

– We syntacticallyredefinedynamiclogic programsto equivalentupdateprograms,
for which stablemodelsaredefined.Updateprogramsareslightly lessinvolved
and, as we believe, betterreflect the working of the approachthan the original
definition of dynamiclogic programs.For this, information aboutrule rejection
is explicitly representedat theobjectlevel throughrejectionatoms.Thesyntactic
redefinition,which reducesthe type of rules in updateprograms,is helpful for
establishingformal resultsaboutproperties.

– We investigatepropertiesof updateprograms.Weconsiderthemfrom theperspec-
tive of belief revision, andreview differentsetsof postulatesthat have beenpro-
posedin this area.We view updateprogramsasnonmonotonicconsequenceop-
erators,andconsiderfurtherpropertiesof generalinterest.As it turnsout, update
programs(andthusdynamiclogic programs)do not satisfymany of the proper-
ties definedin the literature.This is partly explainedby the nonmonotonicityof
logic programsandthecausalrejectionprincipleembodiedin thesemantics,which
stronglydependson thesyntaxof rules.

– Dynamiclogic programsmakenoattemptto respectminimality of change.Wethus
refinethesemanticsof updateprogramsandintroduceminimal stablemodelsand
strict stablemodels.Informally, minimal stablemodelsminimize the setof rules
thatneedto berejected,andstrict stablemodelsfurtherrefineon thisby assigning
rulesfrom a laterupdatehigherpriority.

– Wecompareupdateprogramstoalternativeapproachesfor updatinglogicprograms
[13,17] and relatedwork on inheritanceprograms[9]. We find that updatepro-
gramsareequivalent to a classof inheritanceprograms.Thus,updateprograms
(anddynamiclogic programs)may be semanticallyregardedas fragmentof the
framework in [9], whichhasbeendevelopedindependentlyof [2,5]. Ourresultson
thesemanticalpropertiesof updateprogramsapplyto this fragmentaswell.

Dueto spacereasons,thepresentationis necessarilysuccinctandproofsareomit-
ted.Moredetailswill begivenin thefull versionof thispaper.



2 Preliminaries

Generalizedlogic programs[21] consistof rulesbuilt over a set % of propositional
atomswheredefault negation 
&�'
 is available.A literal, ( , is either an atom ) (a
positiveliteral) or thenegation 
&�'
�) of anatom ) (a negativeliteral, alsocalledde-
fault literal). For a literal ( , the complementaryliteral, 
&�'
�( , is 
&�'
�) if (+*,) ,
and ) if (-*.
���
/) , for someatom ) . For a set 0 of literals, 
&�'
�0 is given by
��'
�01*32/
���
/(546(8790;: . We alsodenoteby <&=?>?@ the set %��A
��'
�% of all liter-
alsover % .

A rule, � , is a clauseof theform (�BC�D(E�F� ��� � �G(�#&� where HJILK and (�B maybe
missing,andeach(�MONPKRQA=$QAHOS is adefault literal, i.e.,eitheranatom ) or anegated
atom 
��'
�) . Wecall ( B theheadof � andtheset 2F( � � ��� � �G( # : thebodyof � . Thehead
of � will alsobedenotedby TUNV��S , andthebodyof � will bedenotedby WXNP��S . If the
rule � hasanemptyhead,then � is a constraint; if thebodyof � is emptyandthehead
is non-empty, then � is a fact. We saythat � hasa negativehead if TYNV��SX*,
���
/) ,
for someatom ) . Theset W[Z\NV��S comprisesthepositive literalsof WXNP��S , whilst W^];NP�'S
containsall default literalsof W	NV��S .

By _ @ wedenotethesetof all rulesover theset % of atoms.We will usuallywrite_ insteadof _ @ if theunderlyingset % is fixed.A generalizedlogic program (GLP)`
over % is a finite subsetof _ @ . If no rule in

`
containsa negativehead,then

`
is a

normallogic program(NLP); if no default negationwhatsoeveroccursin
`

, then
`

is
a positiveprogram.

By an N HerbrandS interpretationwe understandany subsetacb8% . The relationaX4 *d( for a literal ( is definedasfollows:

– if (U*e) is anatom,then a	4 *e) if f )97fa ;
– if (U*�
��'
�) is a default literal, then a	4 *�
���
�) if f afg4 *d) .

If aX4 *d( , then a is a modelof ( , and ( is saidto betrue in a (if afg4 *e( , then ( is false
in a ). For a set 0 of literals, ah4 *i0 if f aj4 *9( for all (L7k0 . Accordingly, we saythata is a modelof 0 . Furthermore,for a rule � , we define aj4 *9� if f aj4 *�TYNV��S wheneveraj4 *�W	NV��S . In particular, if � is a contraint,then aj4 *�� if f a�g4 *iWXNP��S . In bothcases,ifaX4 *c� , then a is amodelof � . Finally, aX4 * `

for a program̀ if f aX4 *c� for all �[7 `
.

If a positive logic program
`

hassomemodel,it hasalwaysa smallestHerbrand
model,which we will denoteby lVmkN ` S . If

`
hasno model,for technicalreasonsit is

convenientto set lPm�N ` Sn*e<o=p>?@ .
We definethe reduct,

`rq
, of a generalizedprogram̀ w.r.t. to anHerbrandinter-

pretationa asfollows.
`rq

resultsfrom
`

by

1. deletingany rule � in
`

suchthateither aX4 *eWC]sNP�'S , or aX4 *eTUNV��S if TUNV��S�*9
���
�)
for someatom ) ; and

2. replacingany remainingrule � by � q , where � q *,TUNV��Sh�tW[Z\NP��S if TUNV��S is
positive,and � q *u�3WvZ\NV��S otherwise( � q is calledthereductof � ).
Observethat

`rq
is apositiveprogram,hencelVmkN `rq S is well-defined.Wesaythat a

is a stablemodelof
`

if f lVmkN `rq S$*da . By wxN ` S wedenotethesetof all stablemodels
of

`
. A programis satisfiableif w�N ` Sxg*�y .



Weregardalogic program̀ astheepistemicstateof anagent.Thegivensemantics
is usedfor assigninga beliefstateto any epistemicstatè in thefollowing way.

Let aCbJ% beanHerbrandinterpretation.Define

W[z�l @ N{a�S�*L2��|7}_ @ 4�a	4 *d�/:~�
Furthermore,for a class� of interpretations,defineW[z�l�@�N���S$*�� MV��� W[z�l�@xNPa�S .
Definition 2.1. For a logic program

`
, the belief state, Wvz�l @ N ` S , of

`
is given byW[z�l @ N ` S$*cWvzFl @ N�wxN ` S�S , where w�N ` S is thecollectionof all stablemodelsof

`
.

We write
` 4 * @ � if �j7�W[z�l @ N ` S . As well, for any program� , we write

` 4 * @ �
if

` 4 * @�� for all � 7e� . Two programs,̀ � and
`��

, areequivalent(modulothe set% ), symbolically
` ����@ ` �

, if f WvzFl�@xN ` ��S	*3W[z�l�@�N ` � S . Usually we will drop the
subscript“ % ” in W[z�l�@�N���S , 4 *�@ , and ��@ if noambiguitycanarise.

An alternativefor definingthebeliefstatewouldconsistin consideringbraverather
thancautiousinference,whichweomit here.

Belief statesenjoy thefollowing naturalproperties:

Theorem2.1. For everylogic program
`

, wehavethat:

1.
` bJW[z�l�N ` S ;

2. W[z�l�N{W[z�l�N ` S�Sn*dW[z�l�N ` S ;
3. 2��C4�aX4 *d� , for everyinterpretation a�:�bJW[z�l�N ` S .

Clearly, thebelief operatorWvzFl�N���S is nonmonotonic,i.e., in general̀ � b `O�
does

not imply W[z�l�N ` � S;b�Wvz�l�N `�� S .

3 UpdatePrograms

We introducea framework for updateprogramswhich simplifiesthe approachintro-
ducedin [2]. By anupdatesequence,

`
, we understanda series̀ � � � ��� � ` # of general

logic programswhereeach̀ M is assumedto updatethe informationexpressedby the
initial sectioǹ � ��� � ��� ` M ] � . This updatesequenceis translatedinto a singleprogram` � representingtheupdateinformationgivenby

`
. The“intended”stablemodelsof

`
areidentifiedwith thestablemodelsof

` � (modulotheoriginal language).
Let

` * ` � � ��� �!� ` # beanupdatesequenceoverasetof atoms% . We assumeaset
of atoms %v� extending % by new, pairwisedistinct atoms �G�V��N���S , )�M , and ) ]M , where)17�% and �CQL=�QLH . Furthermore,we assumeaninjective namingfunction �UN�������S ,
which assignsto eachrule � in a program̀ M a distinguishedname,�UNP��� ` MpS , obeying
thecondition �UNP��� ` MpS�g*e�UNP� � � `o� S whenever =�g*Y� . With aslightabuseof notationwe
shall identify � with �UNV��� ` M?S asusual.

Definition 3.1. Givenan updatesequencè * ` � � ��� � � ` # over a setof atoms% we
definethe updateprogram

`�� * ` �x� ��� � � ` # over %v� consistingof the following
items:

1. all constraintsin
` M , � QY=sQYH ;



2. for each �v7 ` M , ��QA=�Q�H :

)�M6�¡W	NV��S"��
���
o���P�¢NV��S if TUNP��S$*c) ;

) ]M �¡W	NV��S"��
���
o���P�¢NV��S if TUNP��S$*u
&�'
�) ;

3. for each �v7 ` M , ��QA=�£�H :

���P��NP�'S;�¡WXNP�'S¤��) ]M Z � if TUNP��S$*d) ;

���P��NP�'S;�¡WXNP�'S¤��) M Z � if TUNP��S$*9
&�'
�) ;

4. for each atom ) occurringin
` N�� Q�=�£�HOS :

) ]M �3) ]M Z ��¥ ) M �¡) M Z � ¥ )L�¡) � ¥ �¡) � ��) ]� �
Informally, this programexpresseslayeredderivability of an atom ) or a literal
��'
�) , beginning at the top layer

` # downwardsto the bottomlayer
` � . The rule �

at layer
` M is only applicableif it is not refutedby a literal ( that is incompatible

with TUNV��S derivedat a higherlevel. Inertiarulespropagatea locally derivedvaluefor) downwardsto the first level, wherethe local value is madeglobal; the constraint�¡) � ��) ]� is usedherein placeof therule 
&�'
�)L�¡) ]� .
Similar to thetransformationgivenin [2],

`��
is modularin thesensethatthetrans-

formationfor
` � * ` � � ��� ��� ` # � ` # Z � augments̀

�� * ` �E� � ��� � ` # only with rules
dependingon H^¦d� .

We remarkthat
`��

canobviously beslightly simplified,which is relevant for im-
plementingour approach.All literals 
&�'
����P��NP�'S in ruleswith heads) # or ) ]# canbe
removed:since �G�V��NV��S cannotbederived,they evaluateto true in eachstablemodelof` �

. Thus,norulefrom
` # is rejectedin astablemodelof

` �
, i.e.,all mostrecentrules

areobeyed.
Theintendedmodelsof anupdatesequencè * ` �'� ��� �!� ` # aredefinedin terms

of thestablemodelsof
` �

.

Definition 3.2. Let
` * ` �'� � ���!� ` # be an updatesequenceover a set of atoms % .

Then,0�bA% is an N updateS stablemodelof
`

iff 0�*d0 �F§ % for somestablemodel0 �
of

` �
. Thecollectionof all updatestablemodelsof

`
is denotedby ¨RN ` S .

Following the caseof single programs,an updatesequencè * ` ��� ��� � � ` # is
regardedas the epistemicstateof an agent,and the belief state Wvz�l�N ` S is given byW[z�l�N�¨RN ` S�S . As well, theupdatesequencè is satisfiableiff ¨RN ` Sxg*�y .

For illustrationof Definition3.2,considerthefollowing example,takenfrom [2].

Example3.1. Considertheupdateof
` � by

` �
, where` � *i©x� �xª sleep �«
���
 tv on�¬� � ª tv on �­�®��¯ ª watch tv � tv on ° ¥`O� * © � ± ª 
���
 tv on � power failure�¬��² ª power failure � ° �

Thesinglestablemodelof
` * ` ��� ` � is,asdesired,0k*u2 power failure� sleep: , since0 � is theonly stablemodelof

` �
:

0 � * © power failure
� � power failure� � power failure�

tv on]� � tv on]� � ���P�¢NP� � S"� sleep� � sleep ° �



If new informationarrivesin form of theprogram̀ ¯ :
` ¯�*³©���´ ª 
���
 power failure � °��

thentheupdatesequencè ��� ` � � ` ¯ hasthestablemodel µ9*¶2 tv on� watch tv : , gen-
eratedby themodel µ � of

` � � ` � � ` ¯ :
µ � * © power failure]¯ � power failure]� � power failure]� �

���P�¢NV� ² S¤� tv on��� tv on� watch tv��� watch tv °·�
Next, we discusssomepropertiesof our approach.Thefirst resultguaranteesthat

stablemodelsof
`

areuniquelydeterminedby thestablemodelsof
` �

.

Theorem3.1. Let
` * ` ����� � ��� ` # bean updatesequenceover a setof atoms% , and

let 0n��µ bestablemodelsof
`��

. Then,0 § %i*cµ § % only if 0k*dµ .

If an updatesequencè consistsof a singleprogram,the notionof updatestable
modelsof

`
andregularstablemodelsof

`
coincide.

Theorem3.2. Let
`

be an updatesequenceconsistingof a singleprogram
` � , i.e.,` * ` � . Then,̈RN ` S$*JwxN ` ��S .

Stablemodelsof updatesequencescanalsobecharacterizedin apurelydeclarative
way. To thisend,we introducethefollowing concept.

For an updatesequencè * ` � � � ��� � ` # over a setof atoms % and 0¸b¸% , we
definetherejectionsetof 0 by ¹��V��N{06� ` Sn*�º #M�»O� ¹��V� M N{0n� ` S , where¹��V� # N{0n� ` Sn*�y ,
and,for H�¼A=$I�� ,

¹��P� M N{06� ` Sn*u2F�v7 ` M 4�½�� � 7 ` �s¾ ¹��P� � N¿06� ` S¤� for some�^7j2F=&¦d��� ��� �!��H6:~�
suchthat TUNP� � S�*u
���
�TUNV��S and 0J4 *dW	NV��SÀ�	WXNP� � S":~�

Thatis, ¹��P�¢N¿06� ` S containsthoserulesfrom
`

whicharerejectedon thebasisof rules
whicharenot rejectedthemselves.

Weobtainthefollowing characterizationof stablemodels,mirroringasimilarresult
givenin [2].

Theorem3.3. Let
` * ` ����� � ��� ` # bean updatesequenceover a setof atoms% , and

let 0�bA% . Then,0 is a stablemodelof
`

iff 0k*dlPm�N�N ` ¾ ¹��P�¢N¿06� ` S�S�ÁoS .

4 Principles of UpdateSequences

In this section,we discussseveral kinds of postulateswhich have beenadvocatedin
the literatureon belief changeand examineto what extent updatesequencessatisfy
theseprinciples.This issuehasnot beenaddressedextensively in previouswork [2,3].
Wefirst considerupdateprogramsfrom theperspectiveof beliefrevision, andassessthe
relevantpostulatesfromthisarea.Afterwards,webrieflyanalyzefurtherproperties,like
viewing updateprogramsasnonmonotonicconsequenceoperators andothergeneral
principles.



4.1 Belief revision

Following [14], two different approachesto belief revision can be distinguished:(i)
immediaterevision, wherethe new information is simply addedto the currentstock
of beliefsandthe belief changeis accomplishedthroughthe semanticsof the under-
lying (often,nonmonotonic)logic; and(ii) logic-constrainedrevision, wherethe new
stockof beliefsis determinedby a nontrivial operationwhichaddsandretractsbeliefs,
respectinglogical inferenceandsomeconstraints.

In the latter approach,it is assumedthat beliefs are sentencesfrom somegiven
logical language_;Â which is closedunderthestandardbooleanconnectives.A belief
set, Ã , is a subsetof _sÂ which is closedundera consequenceoperator Ä6
6N���S of the
underlyinglogic. A belief basefor Ã is a subsetW,b1Ã suchthat ÃÅ*«Ä�
nN{W|S . A
belief baseis a specialcaseof an epistemicstate[10], which is a setof sentencesÆ
representingan associatedbelief set Ã in termsof a mappingWvz�l�N���S suchthat ÃÅ*W[z�l�N{ÆvS , whereÆ neednotnecessarilyhavethesamelanguageas Ã .

In what follows,we first introducedifferentclassesof postulates,andthenwe ex-
aminethemwith respectto updatesequences.

AGM Postulates Oneof themainaimsof logic-constrainedrevision is to characterize
suitablerevision operatorsthroughpostulates.Alchourrón,Gärdenfors,andMakinson
(AGM) [1] consideredthreebasicoperationsona beliefset Ã :

– expansionÃÇ¦�È , which is simplyaddingthenew information Èh7}_;É to Ã ;
– revision Ã1Ê È , which is sensiblyrevising Ã in the light of È (in particular, whenÃ contradictsÈ ); and
– contraction ÃÌË�È , which is removing È from Ã .

AGM presenteda setof postulates,K Ê 1–KÊ 8, thatany revision operatorÊ mappinga
belief set ÃÍb1_ É anda sentenceÈL7c_ É into the revisedbelief set ÃÎÊ|È should
satisfy. If, following [10,8], we assumethat Ã is representedby anepistemicstateÆ ,
thenthepostulatesK Ê 1–KÊ 8 canbereformulatedasfollows:

(K1) ÆYÊ�È representsa beliefset.
(K2) Èh7fWvz�l�NPÆYÊ�ÈoS .
(K3) WvzFl�NPÆYÊ�ÈoS;b�Wvz�l�NPÆd¦�ÈoS .
(K4) ÏnÈAÐ7}Wvz�l�NPÆ|S implies WvzFl�NPÆd¦�È&SEbAWvzFl�NPÆYÊ�ÈoS .
(K5) Ñ�7}Wvz�l�NPÆYÊ�ÈoS if f È is unsatisfiable.
(K6) È � �eÈ � implies WvzFl�NPÆYÊ�È � Sn*eW[z�l�NPÆYÊ�È � S .
(K7) WvzFl�NPÆYÊvN{È|Ò	ÓES�S;b�WvzFl�N�N{Æ�Ê�ÈoSO¦�Ó\S .
(K8) Ï�Ó¶Ð7ÔW[z�l�NPÆYÊ�ÈoS implies Wvz�l�N�N{ÆYÊ�È&SÕ¦�Ó\SsbAWvzFl�NPÆYÊvN{È|Ò	ÓES�S .

Here,ÆfÊ�È and Æ�¦ÔÈ is therevisionandexpansionoperation,respectively, applied
to Æ . Informally, thesepostulatesexpressthatthenew informationshouldbereflected
aftertherevision,andthatthebeliefsetshouldchangeaslittle aspossible.As hasbeen
pointed,this setof postulatesis appropriatefor new informationaboutan unchanged
world, but not for incorporationof a changeto theactualworld. Sucha mechanismis
addressedby thenext setof postulates,expressingupdateoperations.



UpdatePostulates For updateoperatorsWYÖsÈ realizingachangeÈ to abeliefbaseW ,
KatsunoandMendelzon[18] proposedasetof postulates,UÊ 1–UÊ 8,whereboth È andW arepropositionalsentencesover a finitary language.For epistemicstatesÆ , these
postulatescanbereformulatedasfollows.

(U1) Èj7}Wvz�l�NPÆAÖ�ÈoS .
(U2) Èj7}Wvz�l�NPÆ|S implies WvzFl�NPÆAÖ�ÈoS$*eW[z�l�N{ÆvS .
(U3) If Wvz�l�NPÆ|S is consistentand È is satisfiable,then W[z�l�N{ÆAÖ�È&S is consistent.
(U4) If Wvz�l�NPÆ|Sn*dWvzFl�NPÆ � S and È}�dÓ , then WvzFl�NPÆAÖ�ÈoS$*cWvz�l�NPÆAÖ\Ó\S .
(U5) WvzFl�NPÆAÖrN{È|Ò	ÓES�S;bAWvz�l�N�N{ÆAÖ�È&SÕ¦�Ó\S .
(U6) If Èj7fW[z�l�N{Æ�Ö\Ó\S and Óc7fWvz�l�NPÆAÖ�ÈoS , then Wvz�l�NPÆAÖ�ÈoS$*eW[z�l�N{ÆAÖ\ÓES .
(U7) If Wvz�l�NPÆ|S is complete,then WvzFl�NPÆ�ÖrNVÓj×XÓ � S�SsbJW[z�l�NPÆ�Ö\ÓES&Ò	W[z�l�N{Æ�ÖEÓ � S�S .1
(U8) WvzFl�N�N{Æd×XÆ � S¢Ö\Ó\S$*cWvzFl�N�N{ÆJÖ\ÓESo×�NPÆ � Ö\ÓES .

Here,conjunctionanddisjunctionof epistemicstatesarepresumedto bedefinable
in thegivenlanguage(like,e.g.,in termsof intersectionandunionof associatedsetsof
models,respectively).

Themostimportantdifferencesbetween(K1)–(K8)and(U1)–(U8)arethatrevision,
if È is compatiblewith Æ , shouldyield thesameresultasexpansionÆj¦}È , whichis not
desirablefor updatein general,cf. [24]. On theotherhand,(U8) saysthat if Æ canbe
decomposedinto a disjunctionof states(e.g.,models),theneachcasecanbeupdated
separatelyandtheoverall resultsareformedby takingthedisjunctionof theemerging
states.

Iterated Revision DarwicheandPearl[10] haveproposedpostulatesfor iteratedrevi-
sion,whichcanberephrasedin oursettingasfollows(weomitparenthesesin sequencesNPÆ�Ê�È � S·Ê�È � of revisions):

(C1) If Ó � 7fW[z�l�NVÓ � S , then W[z�l�N{ÆUÊ�Ó � Ê�Ó � S$*cWvzFl�NPÆYÊ�Ó � S .
(C2) If Ï�Ó � 7fW[z�l�NVÓ�� S , then W[z�l�N{ÆYÊ�Ó$�OÊ�Ó � Sn*dWvz�l�NPÆYÊ�Ó � S .
(C3) If Ó � 7fW[z�l�NPÆYÊ�Ó�� S , then Ó � 7ÔWvzFl�NPÆYÊ�Ó � Ê�Ó���S .
(C4) If Ï�Ó � Ð7fW[z�l�NPÆYÊ�Ó � S , then Ï�Ó � Ð7}WvzFl�NPÆYÊ�Ó � Ê�Ó � S .
(C5) If Ï�Ó � 7fW[z�l�NPÆYÊ�Ó � S and Ó � Ð7}Wvz�l�NPÆYÊ�Ó � S , then Ó � Ð7ÔW[z�l�N{ÆUÊ�Ó � Ê�Ó � S .
(C6) If Ï�Ó � 7fW[z�l�NPÆYÊ�Ó���S and Ï�Ó���7ÔW[z�l�N{ÆUÊ�Ó � S , then Ï�Ó���7ÔW[z�l�N{ÆYÊ�Ó$�ÀÊ�Ó � S .

Anothersetof postulatesfor iteratedrevision,correspondingto asequenceÆ of ob-
servations,hasbeenformulatedby Lehmann[19]. Hereeachobservationis a sentence
which is assumedto beconsistent(i.e., falsity is not observed),andtheepistemicstateÆ hasan associatedbelief set W[z�l�N{ÆvS . Lehmann’s postulatesreadasfollows, whereÆC��Æ � denotesequencesof observationsand“,” standsfor concatenation:

(I1) W[z�l�N{ÆvS is a consistentbelief set.
(I2) ÈÔ7ÔW[z�l�NPÆC�"È&S .
(I3) If Óc7fW[z�l�N{ÆC�GÈoS , then È	Ø3Óc7ÔW[z�l�NPÆvS .
(I4) If ÈÔ7ÔWvzFl�NPÆvS , then W[z�l�N{ÆC�GÈO�GÆ � Sn*eW[z�l�NPÆC�GÆvS .
(I5) If Ó�Ù}È then W[z�l�N{ÆC�GÈO��Óx��Æ � Sn*eW[z�l�N{ÆC��Óx��Æ � S .
(I6) If Ï�ÓiÐ7ÔW[z�l�N{ÆC�GÈoS , then W[z�l�N{ÆC�GÈO��Óx��Æ � S$*dW[z�l�N{ÆC�GÈO��Óx��Æ � S .
(I7) W[z�l�N{ÆC�GÏnÈO�"È&SEbAÚ�H$NPÆe¦�ÈoS .

1 A belief setK is completeif f, for eachatom Û , either ÛYÜRÝ or ÞoÛAÜ|Ý .



Postulate Interpretation Postulateholds
(K1) ßVàÕá"â�àoã!ä representsabelief set yes

(K2), (U1) à&ãEå�æ�ç!è¿ßVàOá"â�à&ã!ä yes
(U2) æ�ç!è¿ßVàoã¤äOå�æ�ç è{ßVàOá�ä implies æ�ç!è¿ßVàOá"â?àoã!äoéUæ�ç!è¿ßVàOá�ä no
(K3) æ�ç!è¿ßVàOá"â?àoã!äOå�æ�ç!è¿ßVæ�ç è{ßVàOá�ä·êvàoã¤ä yes
(U3) If àOá and àoã aresatisfiable,then ßVàOá"â�à&ã!ä is satisfiable no
(K4) If æxç!è¿ßVàÕá�ä�êvàoã hasastablemodel,thenæ�ç!è¿ßVæ�ç è{ßVàOá�ä·ê|àoã¤äOå�æxç!è¿ßVàÕá"â�àoã¤ä no

(K5) ßVàÕá"â�àoã!ä is unsatisfiableiff àoã is unsatisfiable no
(K6), (U4) àÕá6ë�àEìá and à&ã�ë�àEìã implies ßVàOá"â?àoã!äoëcßVàEìá â�àEìã ä no
(K7), (U5) æ�ç!è¿ßVàOá"â?àoãOê[à&í äOå�æxç!è¿ßVæ�ç!è¿ßVàOá"â�à&ã¤ä�êvà&í!ä yes

(U6) If æ�ç è{ßVà&í!ä\åJæxç!è¿ßVàÕá"â�àoã!ä and æxç!è¿ßVàoã"ä\åcæ�ç!è¿ßVàOá"â?à&í ä ,
then æ�ç è{ßVàOá"â�àoã!äoé�æ�ç è{ßVàOá"â�à&í!ä no

(K8) If æxç!è¿ßVàÕá"â�àoã!ä·êvà&í is satisfiablethenæ�ç!è¿ßVæ�ç è{ßVà á â�à ã ä�ê[à í äOå�æ�ç!è¿ßVà á â�à ã êvà í ä no

Table1. Interpretationof Postulates(K1)–(K8) and(U1)–(U6).

Analysis of the Postulates In order to evaluatethe differentpostulates,we needto
adaptthem for the settingof updateprograms.Naturally, the epistemicstate

` *` � � ��� �!� ` # of anagentis subjectto revision.However, theassociatedbeliefset W[z�l�N ` SN�bA_ @ S doesnotbelongto a logical languageclosedunderbooleanconnectives.Clos-
ing _ @ underconjunctiondoesnot causemuchtroubles,astheidentificationof finite
GLPswith finite conjunctionsof clausespermitsthatupdatesof aGLP

`
by aprogram` � canbeviewedastheupdateof

`
with a singlesentencefrom theunderlyingbelief

language.Ambiguitiesarise,however, with the interpretationof expansion,aswell as
themeaningof negationanddisjunctionof rulesandprograms,respectively.

Dependingon whetherthe particularstructureof the epistemicstate Æ shouldbe
respected,differentdefinitionsof expansionareimaginablein our framework. At the
“extensional”level of sentences,representedby aprogramor sequenceof programs̀ ,W[z�l�N ` ¦ ` � S is definedas W[z�l�NPW[z�l�N ` S&� ` � S . At the“intensional”level of sequences` * ` � ��� � ��� ` # , W[z�l�N ` ¦ ` � S couldbedefinedas WvzFl�N ` � ��� � ��� ` # � ` � S . An inter-
mediateapproachwould bedefining WvzFl�N ` ¦ ` � S�*¸W[z�l @ N `$� � ` � S . We adoptthe
extensionalview here.Note that,in general,adding

` � to WvzFl�N ` S doesnot amountto
thesemanticalintersectionof

` � and W[z�l�N ` S (norof
`

and
` � , respectively).

As for negation,wemight interpretthecondition ÏnÈ�Ð7fW[z�l�NPÆvS (or Ï�Ó¶Ð7ÔW[z�l�NPÆUÊÈ ) in (K4) and(K8)) assatisfiabilityrequirementfor Æd¦�È (or N{Æ�Ê�È&SÕ¦�Ó ).
Disjunction × of rulesor programs(asepistemicstates)appearsto bemeaningful

only at thesemanticallevel. Theunion wxN ` � SO�}wxN `�� S of thesetsof stablemodelsof
programs̀ � and

`��
may be representedsyntacticallythrougha program

` ¯ , which
in generalrequestsan extendedsetof atoms.We thusdo not considerthe postulates
involving × .

Given theseconsiderations,Table 1 summarizesour interpretationof postulates
(K1)–(K8) and (U1)–(U6), togetherwith indicating whetherthe respective property
holdsor fails.We assumethat

` � is a nonemptysequenceof GLPs.



Postulate Interpretation Postulateholds
(C1) If à&íEå�æxç!è¿ßVàoã"ä , then æxç!è¿ßVàOáGâ�à&íFâ�àoã!äoé�æ�ç è{ßVàOá"â�àoã!ä no
(C2) If î³ïð é1à&í , for all î9ÜUñ;ßVàoã¤ä , then æ�ç!è¿ßVàOá"â�à�íFâ�àoã!ä�éæ�ç!è¿ßVà á â?à ã ä no

(C3) If à í å�æxç!è¿ßVà á â�à ã ä , then à í å�æxç!è¿ßVà á â�à í â�à ã ä no
(C4) If î ð éUà&í for someîÔÜvñEßVàOá�â�àoã!ä , then î ð é�à&í for someîfÜ|ñ;ßVà á â�à í â�à ã ä yes

(C5) If îcïð édà í for all îUÜXñEßVà á â?à ã ä and à ã ïåAæ�ç!è¿ßVà á â?à í ä ,
then àoã�ïå�æxç!è¿ßVàÕá"â�àoã â�à�í ä no

(C6) If î8ïð é5à í for all îòÜdñ;ßVà á â�à ã ä and î5ïð éÌà ã for allîfÜ|ñ;ßVàOáGâ�à�í!ä , then î�ïð éYà&ã for all îÔÜvñ;ßVàOá"â�àoã�â?à&í!ä no

(I1) æ�ç!è¿ßVàOá�ä is aconsistentbeliefset no
(I2) à&ãEå�æ�ç!è¿ßVàOá"â�à&ã!ä yes
(I3) If óOôsõ+Ü|æ�ç è{ßVàOá"â � ó$á!â"ö"öGö"â�óO÷��Fä , thenó ô õÇó á â"ö"ö"ö¤â?ó ÷ ÜRæxç!è¿ßVà á ä yes

(I4) If àoã;å�æxç!è¿ßVàOá�ä , thenæ�ç!è¿ßVà á â?à ã â�à í â"öGö"ö"â�à&ø�äoéUæ�ç!è¿ßVà á â?à í â"ö"ö"öGâ�à&ø�ä no

(I5) If æxç!è¿ßVà í ä6å�æ�ç!è¿ßVà ã ä , thenæ�ç!è¿ßVàOá"â?àoã�â�à&íFâ�à�ù�â"ö¤ö"ö"â?à ø ä = æ�ç è{ßVàOá¤â�à&í�â�à�ù�â"ö"ö¤ö"â?à ø ä no

(I6) If î ð éUà í for someîfÜ|ñ;ßVà á â�à ã ä , thenæ�ç!è¿ßVàOá"â?àoã�â�à&íFâ�à�ù�â"ö¤ö"ö"â?à ø äÀé�æxç!è¿ßVàÕá"â�àoã�â�à&ã"êà�í�â�à&ù�â"öGö¤ö"â�à ø ä
no

Table2. Interpretationof Postulates(C1)–(C6)and(I1)–(I6).

Thus,apartfrom verysimplepostulates,themajority of theadaptedAGM andup-
datepostulatesareviolatedby updateprograms.Thisholdsevenfor thecasewherè �
is a singleprogram.In particular, W[z�l�N ` ��� ` � S violatesdiscriminatingpostulatessuch
as(U2) for updateand(K4) for revision. In the light of this, updateprogramsneither
haveupdatenor revisionflavor.

We remarkthat the picturedoesnot changeif we abandonextensionalexpansion
andconsiderthe postulatesunderintensionalexpansion.Thus,alsounderthis view,
updateprogramsdonotsatisfyminimality of change.

Thepostulates(C1)–(C6)and(I1)–(I7) for iteratedrevision aretreatedin Table2.
ConcerningLehmann’s[19] postulates,(I3) is consideredasthependanttoAGM postu-
lateK Ê 3. In a literal interpretationof (I3), wemay, sincethebelief languageassociated
with GLPsdoesnot have implication,considerthecasewhereÓ is a default literal (�B
and ÈY*1( � ÒY� ����Òh(;ú is a conjunctionof literals ( M , suchthat ÈYØÅÓ corresponds
to the rule ( B �û( � � ��� �!�G(sú . Sincethe negationof GLPsis not defined,we do not
interpret(I7).

Note that,althoughpostulate(C3) fails in general,it holdsif
` ¯ containsa single

rule. Thus,all of the above postulatesexceptC4 fail, alreadyif
` � is a single logic

program,and,with theexceptionof C3,eachchangeis givenby a singlerule.
A questionat this point is whether, after all, the variousbelief changepostulates

from abovearemeaningfulfor updateprograms.



We canview theepistemicstatè * ` � ��� ��� � ` # of anagentasa prioritizedbelief
basein the spirit of [7,23,6]. Revision with a new pieceof information � is accom-
plishedby simply changingtheepistemicstateto

` * ` � ��� � ��� ` # �G� . Thechangeof
thebelief baseis thenautomaticallyaccomplishedby thenonmonotonicsemanticsof
a sequenceof logic programs.Underthisview, updatinglogic programsamountsto an
instanceof theimmediaterevisionapproach.

Ontheotherhand,referringto theupdateprogram,wemayview thebeliefsetof the
agentrepresentedthroughapair ü ` �G%[ý of a logic program̀ anda(fixed)setof atoms% , suchthatits beliefsetis givenby W[z�l�@xN ` S . Underthisview, anew pieceof informa-
tion � is incorporatedinto thebelief setby producinga representation,ü ` � ��%[ý , of the
new belief set,where

` � * ` � � . Here,(a setof) sentencesfrom anextendedbelief
languageis usedto characterizethenew beliefstate,which is constructedby a nontriv-
ial operationemploying thesemanticsof logic programs.Thus,updateprogramsenjoy
to someextentalsoa logic-constrainedrevision flavor. Nonetheless,asalsothefailure
of postulatesshows,they aremoreaninstanceof immediatethanlogic-constrainedre-
vision.Whatwenaturallyexpect,though,is thatthetwo viewsdescribedaboveamount
to thesameat a technicallevel. However, asweshalldemonstratebelow, this is nottrue
in general.

4.2 Further Properties

Belief revision hasbeenrelatedin [14] to nonmonotoniclogicsby interpretingit asan
abstractconsequencerelationon sentences,wherethe epistemicstateis fixed. In the
sameway, we caninterpretupdateprogramsasabstractconsequencerelation þ on
programsasfollows.For afixedepistemicstatè andGLPs

` � and
`O�

, wedefine

` � þ�ÿ ` �
if andonly if

` � bAWvzFl�N ` � ` ��S"�
i.e., if therules

` �
arein thebelief stateof theagentafterupdateof theepistemicstate

with
` � .

Variouspropertiesfor nonmonotonicinferenceoperationshave beenidentifiedin
theliterature(see,e.g.,[14]). AmongthemareCautiousMonotonicity, Cut, N LeftS Con-
junction, RationalCautiousMonotonicity, andEquivalence. Exceptfor Cut, noneof
thesepropertieshold.We recallthatCutdenotesthefollowing schema:

)YÒ}W��6Ò���� �FÒ	W�� þAÿ Ú ) þAÿ W �nÒ�� ����Ò}W��
) þYÿkÚ

Additionally, wecanalsoidentify someveryelementalpropertieswhich,aswebe-
lieve,updatesandsequencesof updatesshouldsatisfy. Thefollowing list of properties
is notdevelopedin asystematicmanner, though,andis by nomeansexhaustive.Update
programsdoenjoy, unlessstatedotherwise,theseproperties.

Addition of Tautologies: If the program
`��

containsonly tautologicalclauses,thenN ` � � `O� S$� ` � .
Initialization: N{y·� ` Sn� `

.
Idempotence: N ` � ` S$� `

.



Idempotencefor Sequences: N ` � � `O� � `�� S$��N ` � � `O� S .
Updateof Disjoint Programs: If

` * ` � � `��
is a union of programs̀ � � `O� on

disjointalphabets,then N ` � ` ¯�S$�9N ` � � ` ¯FSo��N `O� � ` ¯FS .
Parallel updates: If

`��
and

` ¯ are programsdefinedover disjoint alphabets,thenN ` � � `O� So��N ` � � ` ¯�S$�9N ` � � `�� � ` ¯FS . (Fails.)
Noninterference: If

`��
and

` ¯ are programsdefinedover disjoint alphabets,thenN ` � � `O� � ` ¯�Sn�iN ` � � ` ¯'� `�� S .
Augmentedupdate: If

`�� b ` ¯ then N ` � � `�� � ` ¯�Sn��N ` � � ` ¯FS .
As mentionedbefore,a sequenceof updates̀ * ` ��� � ��� � ` # canbeviewedfrom

thepoint of view of “immediate”revision or of “logic-constrained”revision. The fol-
lowing property, which deserves particularattention,expressesequivalenceof these
views(thepropertyis formulatedfor thecaseHh* �

):

Iterati vity: For any epistemicstatè � andGLPs
` �

and
` ¯ , it holdsthat

` � � ` � �` ¯ ��@cN ` � � ` � S � ` ¯ .
However, this propertyfails. Informally, soundnessof this propertywould mean

thata sequenceof threeupdatesis a shorthandfor iteratedupdateof a singleprogram,
i.e., the resultof

` �x� `��
is viewedasa singletonsequence.Statedanotherway, this

propertywouldmeanthatthedefinitionfor
` ��� `�� � ` ¯ canbeviewedasashorthand

for the nestedcase.Vice versa,this propertyreadsaspossibility to forget an update
onceandfor all, by incorporatingit immediatelyinto thecurrentbelief set.

For a concretecounterexample,consider̀ � *­y ,
`O� * 2���� , 
���
��L� : ,` ¯x*92F�^� : . Theprogram̀

$� * ` �E� `�� � ` ¯ hasa uniquestablemodel,in which� is true.Ontheotherhand, N ` �$� `�� S � ` ¯ hasnostablemodel.Informally, while the
“local” inconsistency of

` �
is removedin

` � � ` � � ` ¯ by rejectionof therule 
&�'
��C�
via

` ¯ , a similar rejectionin N ` � � ` � S � ` ¯ is blockedbecauseof a renamingof the
predicatesin

` � � ` �
. Thelocal inconsistency of

` �
is thusnoteliminated.

However, undercertainconditions,whichexcludesuchpossibilitiesfor local incon-
sistencies,theiterativity propertyholds,givenby thefollowing result:

Theorem4.1. Let
` * ` � � � ��� � ` # , HcI�� , bean updatesequenceon a setof atoms% . Supposethat, for any rules � � ��� � 7 ` M , =�QuH , such that TYNV� � S�*Ç
���
�TUNV� � S , the

union WXNV����SÀ�	W	NV� � S of their bodiesis unsatisfiable. Then:

N�� � �FN ` � � ` � S � ` ¯ S�� ��� � ` # ] ��S � ` #R��@ ` � � ` � � ` ¯ � ��� � � ` #&�

5 RefinedSemanticsand Extensions

Minimal and strict stable models Even if we abandonthe AGM view, updatepro-
gramsdo intuitively not respectminimality of change,asa new setof rules

`��
should

beincorporatedinto anexistingprogram̀ � with aslittle changeaspossible.
It appearsnaturalto measurechangein termsof the setof rulesin

` � which are
abandoned.This leadsusto preferastablemodel 0 � of

` * ` � � `O� overanotherstable
model 0 � if 0 � satisfiesa largersetof rulesfrom

` � than 0 � .



Definition 5.1. Let
` * ` � ��� ���!� ` # bea sequenceof GLPs.A stablemodel0Y7C¨RN ` S

is minimaliff there is no µ�7C¨RN ` S such that ¹��V��NVµ�� ` S��c¹��V��N{06� ` S .
Example5.1. Consider

` ��* 2���� ª 
���
��9� : , ` � *D2F� � ª �9� 
&�'
	��: , and` ¯ *12�� ¯ ª �v� 
���
�
 , � ± ª 
f� 
���
��x: . Then N ` ��� ` � S hasthesinglestablemodel2F�¢: , which rejectsthe rule in
` � . The sequenceN ` ��� ` � � ` ¯ S hastwo stablemodels:0Õ��*i2
��: and 0 � *i2��¢��
·: . 0Õ� rejectsno rule,while 0 � rejectstherule ��� . Thus, 0Õ� is

preferredto 0 � and 0Õ� is minimal.

Minimal stablemodelsput no furtheremphasison the temporalorderof updates.
Rulesin morerecentupdatesmay be violatedin orderto satisfyrulesfrom previous
updates.Eliminatingthis leadsusto thefollowing notion.

Definition 5.2. Let 06�G0 � 7X¨RN ` S for an updatesequencè * ` � � � ��� � ` # . Then,0 is
preferredto 0 � iff some=;7U2~����� ���¤��H6: existssuch that (1) ¹��V� M N¿06� ` S���¹��P� M N{0 � � ` S ,
and(2) ¹��P� � N¿0 � � ` Ss*9¹��V� � N{06� ` S , for all �^*�=o¦e����� ��� ��H . A stablemodel 0 of

`
is

strict, if no 0 � 7C¨RN ` S existswhich is preferredto 0 .

Example5.2. Consider̀ * ` ��� ` � � ` ¯ � ` ± , where
` �}*-2���� ª 
���
��J� : , ` � *2�� � ª ���®
&�'
	��: , ` ¯C*Ç2��F¯ ª 
���
	�C� : , and

` ±C*Ç2F� ± ª �C�®
&�'
	
 , ��² ª 
j�
��'
	��: . Then,
`

hastwo stablemodels,namely 0 � *ò2
��: and 0 � *ò2�����
�: . We have¹��P�¢N{0 � � ` S�*L2��F¯�: and ¹��V��N{0 � � ` Sn*92�� � : . Thus, ¹��P�¢N¿0 � � ` S and ¹��P�¢N¿0 � � ` S arein-
comparable,andhenceboth 0 � and 0 � areminimalstablemodels.However, compared
to 0 � in 0 � themorerecentrule of

` ¯ is violated.Thus, 0 � is theuniquestrict stable
model.

Clearly every strict stablemodel is minimal, but not vice versa.Unsurprisingly,
minimalandstrict stablemodelsdonotsatisfyAGM minimality of change.

Thetrade-off for epistemicappealis highercomputationalcomplexity thanfor ar-
bitrary stablemodels.Let Wvz�l��;M�#ÀN ` S (resp.,Wvz�l������'N ` S ) be thesetof beliefsinduced
by thecollectionof minimal (resp.,strict)stablemodelsof

` * ` ��� � ��� � ` # .

Theorem5.1. Givena sequenceof programs
` * ` � � `�� ��� ��� � ` # over a setof atoms% , decidingwhether

1.
`

hasa stablemodelis NP-complete;
2. (J7}Wvz�l�N ` S for a givenliteral ( is coNP-complete;
3. (J7}Wvz�l �;M�# N ` S�N resp.(J7}Wvz�l ����� N ` S�S for a givenliteral ( is � ÿ� -complete.

Similar resultshave beenderived by InoueandSakama[17]. The complexity re-
sults imply that minimal andstrict stablemodelscanbe polynomially translatedinto
disjunctive logic programming,which is currentlyunderinvestigation.

Strongnegation Updateprogramscanbeeasilyextendedto thesettingof generalized
extendedlogic programs(GELPs),which have besides
&�'
 alsostrongnegation Ï as
in [21]. Viewing, for )17U% , theformula Ï6) asa freshatom,therules 
���
�)ò� Ï6)
and 
&�'
·Ï6)-� ) emulatethe interpretationof Ï in answersetsemantics(cf., e.g.,
[2]). More precisely, the consistentanswersetsof a GELP

`
correspondone-to-one



to the stablemodelsof
`��

, which is
`

augmentedwith the emulationrulesfor Ï6) .
Answersetsof a sequenceof GELPs

` * ` � � ��� �!� ` # can thenbe definedthrough
this correspondencein termsof the stablemodelsof

` � * ` �� ��� � ��� ` �# , suchthatW[z�l�N ` Sn*cW[z�l�N `�� S .
Like for dynamiclogic programs[3],

`��
canbe simplified by removing someof

theemulationrules.Let Ú��RN ` S bethesetof all emulationrulesfor atoms) suchthatÏ6) occursin someruleheadof
`

.

Theorem5.2. For anysequenceof GELPs
` * ` �'� ��� �!� ` # over % , 0�b�%L��2�Ï6)¸4)u7f%C: is ananswersetof

`
iff 0Y7C¨RN ` �'� � ��� � ` # ] ��� ` # �fÚ��RN ` S�S .

First-order programs The semanticsof a sequencè * ` ����� ���!� ` # of first-order
GLPs,i.e., where % consistsof nongroundatomsin a first order-language,is reduced
to the groundcaseby defining it in termsof the sequenceof instantiatedprograms` � * ` �� ��� ���!� ` �# over theHerbranduniverseof

`
asusual.That is, ¨RN ` SE*c¨RN ` �FS .

Thedefinitionof updateprogram̀
$�

canbeeasilygeneralizedtonon-groundprograms,
suchthat

`�� � ` � � , i.e.,
`��

faithfully representstheupdateprogramfor
` � .

6 RelatedWork

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

Themajordifferencebetweenourupdateprogramsanddynamiclogic programsis
thatthelatterdeterminethevaluesof atomsfrom thebottomlevel

` � upwardstowards` # , using interia rules,while updateprogramsdeterminethe valuesin a downward
fashion.

Denoteby � ` * ` � �d� ����� ` # thedynamiclogic programof [2] for updating̀ �
with

` � � � ��� � ` # over atoms% , which is a GLP overatoms%�� �!#"!d% . For any model#
of

` # in % , let

¹��V� �%$�
¿�%&&N # � ` S$*Lº #M�»O� 2��|7 ` M�4�½�� � 7 `À� � for some�C7�2F=�¦c�~� ��� �!��H6:~� such
that TUNP� � S$*9
���
�TUNV��S�ÒL0A4 *dWXNV��SÕ�	W	NV� � SG:/�' �)(+*-,�. 
0/~N # � ` S$*92~
&�'
/)i421��v7 ` ª TUNP��S$*d)eØ # g4 *eWXNV��S":~�

Stablemodelsof � `
, projectedto % , aresemanticallycharacterizedasfollows.

Definition 6.1. For a sequencè * ` � ��� ��� � ` # of GLPsover atoms% , an interpre-
tation �tb % � �!# is a stablemodelof � `

iff
# *-� § % is a modelof � such

that # *elVmkN ` ¾ ¹��P� ��$�
p��&&N # � ` So� ' �0(+*3,�. 
0/~N # � ` S�S"�
Here,literals 
���
�) areconsideredasnew atoms,whereimplicitly the constraint �)r� 
&�'
�) is added.Let uscall any such

#
adynamicstablemodelof

`
.

As onecansee,we mayreplace¹��P�¢N{0n� ` S in Theorem3.3by ¹��V� �%$�
¿�%&oN¿06� ` S and
addall rules in

' �)(+*-,�.�
�/~N¿06� ` S , as they vanishin the reductionby 0 . However, this
impliesthatupdateanddynamicstablemodelscoincide.



Theorem6.1. For anysequencè * ` � � ��� � � ` # of GLPsover atoms% , 0eb�% is a
dynamicstablemodelof

`
iff 0�7C¨RN ` S .

Inheritance programs A framework for logic programswith inheritanceis introduced
in [9]. In a hierarchyof objects4������ ��� ��4�# , representedby a disjunctiveextendedlogic
program̀ �'� ��� �!� ` # [15], possibleconflictsin determiningthepropertiesof 4�M arere-
solvedby favoring ruleswhich aremorespecificaccordingto thehierarchy, which is
givenby a(strict)partialorder £ overtheobjects.

If we identify 4�M with the indexedprogram̀ M , an inheritanceprogramconsistsof
a set

` *+2 ` ��� ��� ��� ` #�: of programsover atoms % anda partial order £ on
`

. The
program5XN ` M S for

` M (asanobject)is givenby 5XN ` M Ss*92 ` M :;�j2 ` � 4 ` M £ ` � : , i.e.,
thecollectionof programsatandabove

` M .
Thesemanticsof 5XN ` M S is definedin termsof answersets.In therestof thissection,

we assumethat any program
` M 765 is disjunction-freeandwe simplify definitions

in [9] accordingly. Let, for eachliteral ( of form ) or Ï6) , denoteÏ6( its opposite,and
let <o=?> @ *d%c�j2�Ï6)�4�)�7}%R: .
Definition 6.2. Let a�b¶<&=?> @ bean interpretationand �Ô7 ` �

. Then, � is overridden
in a , if (1) ac4 *8W	NV��S , (2) Ï6TUNP��S^7�a , and (3) there existsa rule � � 7 ` M for some` M £ ` �

such that TUNP� � Sn*eÏ6TUNP��S .
An interpretationahb�<&=?>?@ is a modelof 5 , if a satisfiesall non-overriddenrules

in 5 andtheconstraint�3)r��
���
�) for eachatom )97h% ; moreover, a is minimal if it
is theleastmodelof all theserules.Answersetsarenow asfollows.

Definition 6.3. A model
#

of 5«*75XN ` M?S , is a 8^( `:9
-answersetof 5 iff

#
is a

minimal modelof 5:; , where 5:; *32F�Y765D46� is not overriddenin
# :3; is the

reductof 5 by
#

.

It is naturalto view anupdatesequencè * ` ����� ��� � ` # asaninheritanceprogram
wherelaterupdatesareconsideredmorespecific.Thatis, wemightview

`
asaninher-

itanceprogram̀ #�£ ` # ] �|£³� ���Õ£ ` � . It appearsthat the latter is in factequivalent
to theupdateprogram̀ � � ��� � � ` # .

For a sequenceof GLPs
` * ` ��� � ��� � ` # over % , definethe inheritanceprogram< *e� # £c� # ] � £L� ����£J� � asfollows.Let

` ]M betheprogramresultingfrom
` M by

replacingin ruleheadsthedefaultnegation 
���
 throughÏ . Define � � * ` ]� �v2�Ï6)u�
��'
�)i4')u7f%C: and � � * ` ]� , for �|*=�·� ��� �!��H . Thenwehave thefollowing.

Theorem6.2. Let
` * ` ����� � ��� ` # bea sequenceof GLPsover atoms% . Then, 0u7¨RN ` S iff 0f�j2�Ï6)�4')u7f% ¾ 0E: is a DLP

9
-answersetof

< N ` �'� � ��� � ` #�S .
Conversely, linearinheritanceprogramsyield thesameresultasupdateprogramsin

theextensionwith classicalnegation.

Theorem6.3. Let
` * ` � £¡��� ��£ ` # be an inheritanceprogram over atoms % .

Then, 0 is a DLP
9

-answersetof
`

iff 0 is an answersetof the sequenceof GELPs` # � ` # ] � ��� ���!� ` � .
Thus,dynamiclogic programsandinheritanceprogramsareequivalent.



Program updatesthr ough abduction On the basisof their notion of extendedab-
duction, InoueandSakama[17] definea framework for variousupdateproblems.The
mostgeneralis theoryupdate, which is updateof anextendedlogic program(ELP)

` �
by anothersuchprogram̀

�
. Informally, anabductive updateof

` � by
` �

is a largest
consistentprogram̀ � suchthat

` �vb ` � b ` ��� ` �
holds.This is formally captured

in [17] by reducingtheupdateproblemto computinga minimal setof abduciblerules�8b ` � ¾ ` �
suchthat N ` �;� ` � S ¾ � is consistent.In termsof [16],

` ��� ` �
is con-

sideredfor abductionwheretherulesin
` � ¾ ` �

areabducible,andtheintendedupdate
is realizedvia a minimalanti-explanationfor falsity, which removesabduciblerulesto
restoreconsistency.

While this lookssimilarto ourminimalupdates,thereis asalientdifference:abduc-
tive updatedoesnot respectcausalrejection. A rule � from

` � ¾ `��
may be rejected

even if no rule � � `�� fires whoseheadcontradictsapplying � . For example,consider` � *¸2 � � �sÏ � � ��: and
`�� *12F�Ô� : . Both

` � and
`��

have consistentanswer
sets,while N ` � � `�� S hasno stablemodel.In InoueandSakama’s approach,oneof the
two rulesin

` � will beremoved.Notethatcontradictionremoval in aprogram̀ occurs
asa specialcase(

` �\* `
,
` � *ey ).

Abductive updatesare,dueto inherentminimality of change,harderthanupdate
programs;someabductivereasoningproblemsare > ÿ� -complete[17].

Updatesthr ough priorities ZhangandFoo [13] defineupdateof an ELP
` � by an

ELP
` �

basedontheirwork onpreferences[12] asatwo-stepapproach:In Step1,each
answerset 0 of

` � is updatedto a closestanswerset 0 � of
` �

, wheredistanceis in
termsof thesetof atomsonwhich 0 , 0 � disagreeandclosenessis setinclusion.Then,a
maximalset �ib ` � is chosensuchthat

` ¯ * ` � �X� hasananswersetcontaining0 � .
In Step2, theanswersetsof

` ¯ arecomputedusingpriorities,whererulesof
` �

have
higherpriority thanrulesof � .

This approachis differentfrom ours.It is in the spirit of the possiblemodelsap-
proach [24], which updatesmodelsof a propositionaltheoryseparately, thussatisfy-
ing theupdatepostulateU8. However, like in InoueandSakama’s approach,rulesare
not removedon thebasisof causalrejection.In particular, thesameresultis obtained
on the examplethere.Step2 indicatesa strongupdateflavor of the approach,since
rulesareunnecessarilyabandoned.For example,updateof

` � *¡2�?d� 
���
 � : with`O� *Î2 � �Í
���
2?Õ: resultsin
`O�

, eventhough
` � � `O�

is consistent.Sincetheresult
of anupdateleadsto a setof programs,in general,naive handlingof updatesrequires
exponentialspace.

7 Conclusion

We have consideredtheapproachto updatinglogic programsbasedon dynamiclogic
programs[2,3] andinvestigatedvariouspropertiesof this approach.Comparingit to
otherapproachesandrelatedwork, we found that it is equivalentto a fragmentof in-
heritanceprogramsin [9].

Several issuesremainfor further work. A naturalissueis the inverseof addition,
i.e. retractionof rulesfrom a logic program.Dynamiclogic programmingevolvedinto



LUPS[3], which is a languagefor specifyingupdatebehavior in termsof additionand
retractionof setsof rulesto a logic program.LUPSis generic,however, asin principle,
differentapproachesto updatinglogic programscouldprovide thesemanticalbasisfor
anupdatestep.Exploringpropertiesof thegeneralframework, aswell asof particular
suchinstantiations,would be worthwhile. Furthermore,reasoningaboutupdatepro-
gramsdescribingthebehavior of agentsprogrammedin LUPSis aninterestingissue.

Anotherissuearepostulatesfor updateoperatorsonlogic programsand,moregen-
erally, on nonmonotonictheories.As we have seen,severalpostulatesfrom theareaof
logicaltheorychangefail for dynamiclogic programs(see[8] for relatedobservations).
Thismaypartlybeexplainedby nonmonotonicityof stablesemanticsandthedominant
role of syntaxfor updateembodiedby causalrejection.However, similar featuresare
not exceptionalin thecontext of logic programming.It would be interestingto know
further postulatesanddesideratafor updateof logic programsbesidesthe onescon-
sideredhere,andan AGM style characterizationof updateoperatorscompliantwith
them.
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