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Abstract

In thispaperweshow how planningcanbeachievedby meansof abduction,a form of non-monotonicreasoning,in the
LUPSlanguage.LUPSemploystherecentlyintroducednotionof DynamicLogic Programming, wherebytheknowledge
representationrules,namelythoserepresentingactions,candynamicallychange,crucialwhenagentsareto besituated
in evolving environments.By integratinginto asingleframework severalrecentdevelopmentsin thelogic programming
andnon-monotonicreasoningfield of research,thiswork contributesto abettermodelingandunderstandingof rational
agents.At thesametime,it enjoys theadvantagesof adeclarativeandimplementablespecification,shorteningtheusual
gapbetweentheoryandpracticeoften found in logical basedapproachesto agents.The systemintegratingDynamic
Logic Programming, LUPSandAbduction, in orderto achieve this form of planning,hasbeenimplemented.

1 Intr oduction and Moti vation

In thelastfew yearsagent-basedcomputinghasbeenone
of the most debatedconcepts. Being a paradigmthat
virtually invadedevery sub-fieldof computerscience,it
foundin imperative languagesthemostcommonadopted
vehicle to its implementation,mainly for reasonsof ef-
ficiency. However, sinceefficiency is not alwaysa real
issue, but clear specificationand correctnessis, Logic
ProgrammingandNon-monotonicReasoninghave been
brought(back) to the spot-light. Add to this significant
recentimprovementsin theefficiency of Logic Program-
ming implementations(Niemel̈a andSimons,1997;XSB
System,1999). Besidesallowing for a unified declara-
tive andproceduralsemantics,eliminatingthetraditional
high gapbetweentheoryandpractice,the useof several
andquite powerful resultsin the field of non-monotonic
extensionsto Logic Programming(LP) canrepresentan
importantaddedvalue to the designof rational agents.
For a betterunderstandinga thoroughexpositionof how
Logic Programmingcancontribute to agent-basedcom-
puting,thereaderis referredto SadriandToni (1999)and
Bozzanoet al. (1999). Embeddingagentrationality in
the LP paradigmaffords us with a numberof tools and
formalismscapturedin thatparadigm,suchasbelief revi-
sion, inductive learning,argumentation,preferences,etc.
(KowalskiandSadri,1996;Rochefortet al., 1999)

Traditionally, the work on logic programmingwas
mainly focusedon representingstatic knowledge, i.e.
knowledgethat doesnot evolve with time. Somework

hadbeendoneon updatingknowledgebasesbut limited
to factualupdates.The problemof updatingthe knowl-
edgerules,asopposedto updatingthemodelsgenerated
by themremainedan openissue. Recently, in Leite and
Pereira(1997),theauthorsarguedthattheprincipleof in-
ertia couldbesuccessfullyappliedto therulesof aknowl-
edgebase,insteadof to theliterals in its models,thereby
yielding the desiredresult. This leadto the introduction
of theparadigmof DynamicLogic Programming(Alferes
et al., 1998,2000).

DynamicLogic Programming, supportedby the no-
tion of Logic ProgramUpdates, is simpleandquite fun-
damental. Supposethat we are given a set of theories
(encodedasgeneralizedlogic programs)representingdif-
ferentstatesof theworld. Differentstatesmay represent
differenttime periodsor differentsetsof priorities. Con-
sequently, the individual theoriescontainmutually con-
tradictory aswell asoverlappinginformation. The rôle
of DynamicLogic Programmingis to usethemutualrela-
tionshipsexistingbetweendifferentstatesto preciselyde-
terminethe declarative aswell asthe proceduralseman-
tics of the combinedtheory composedof all individual
theories.

Althoughsolving the problemof dynamicallyevolv-
ing logic programs,DynamicLogic Programmingdoes
not by itself provide a proper languagefor its specifi-
cation. To achieve this goal, and in particular to allow
logic programsto describetransitionsof knowledgestates
in addition to the knowledgestatesthemselves,Alferes
et al. (1999) introducedthe languageLUPS. LUPS al-



lows the association,with eachstate,of a setof transi-
tion rules, providing an interleaving sequenceof states
and transition rules in an integrateddeclarative frame-
work. It is worth pointingout that, themostnotabledif-
ferencebetweenLUPS andAction Languages(Gelfond
andLifschitz, 1998) is that the latter dealonly with up-
datesof propositionalknowledgestateswhile LUPSup-
datesknowledgestatesthat consistof knowledgerules
i.e. the outcomeof a LUPS updateis not a simple set
of propositionalliterals but rathera setof rules. LUPS
alsomakesit easierto specifyso-called“static laws”, to
dealwith indirecteffectsof actionsandto represent,and
reasonabout,simultaneousactions.

It is perhapsuseful to remark at this point that in
imperative programmingthe programmerspecifiesonly
transitionsbetweendifferentknowledgestateswhile leav-
ing the actual (resulting)knowledgestatesimplicit and
thushighly impreciseanddifficult to reasonabout. On
theotherhand,dynamicknowledgeupdates,asdescribed
above, enabledus to give a preciseandfully declarative
descriptionof actualknowledgestatesbut did not offer
any mechanismfor specifyingstatetransitions.With the
high-level languageof dynamicupdates,we areable to
makeboththeknowledgestatesandtheir transitionsfully
declarativeandprecise.

Rational agentsmust be able to reasonabout the
knowledgethey possessand,amongotherthings,planto
achieve their goals. In general,planningconsistsof the
deliberativeprocessby whichasetof (partiallyor totally)
orderedactionsis generatedto achieveoneor moregoals.
Most approachesto agentsbasedon computationallogic
achieve planningbut noneof themallowing for dynami-
cally changingrulessincethey arelimited to staticinten-
sionalknowledge. For a survey androadmapof compu-
tationallogic basedagentsthe readeris referredto Sadri
andToni (1999)andBozzanoet al. (1999).

Exampleswherethisdynamicbehaviourof rulesises-
sential,wherenew rulescomeinto playwhile,at thesame
time, somerulesceaseto be valid, canbe found in Le-
gal Reasoning, namelyin what concernsthe application
of law over time. In countrieswith legal systemswhere
lawsareoftenchanged,jurisprudencemakesheavy useof
thearticlesgoverningtheapplicationof law in time. The
representationof andreasoningaboutsucharticlesis not
trivial, beingmost importantthe part dealingwith tran-
sientsituations,for examplewhenan event occursafter
somenew law hasbeenapprovedbut hasn’t takeneffect
yet. Dif ferent outcomescan be obtaineddependingon
thedateof thetrial. In suchsituationsanagentactingas
a lawyer for example,wouldhaveto planits courseof ac-
tion in quitecomplex situationsdueto thechangingrules.
In Sect.5 we presentanexampleof sucha situation.

Otherexamplescanbefoundin computergames(of-
tennot takenveryseriouslyby thecomputersciencecom-
munitybut extremelychallengingandlucrative(Jennings
et al., 1998)) wherean agenthasto deal with partially
different rules from level to level, andcrosslevel plan-

ning is needed.In general,this framework is quiteuseful,
in all its power, in situationswhereagentswith learning
capabilitiesaremovedinto slightly differentdomains(or
thedomaindescriptionschange)andit is usefulto usethe
knowledgefrom thepreviousdomain.

In this paperwe show how planningcanbeachieved
by meansof abduction,a form of non-monotonicreason-
ing, in theLUPSlanguage,whereactionsto beperformed
canbe envisagedasabducedupdaterules. By integrat-
ing into asingleframework severalpresentdevelopments
in the logic programmingandnon-monotonicreasoning
field of research,this work contributesto a bettermod-
eling and understandingof rational agentswhile, at the
sametime, it enjoys the advantagesof a declarative and
implementablespecification,shorteningtheusualgapbe-
tween theory and practiceoften found in logical based
approachesto agents(SadriandToni, 1999).

ThesystemintegratingDynamicLogic Programming,
LUPS and Abduction, to achieve this form of planning,
hasbeenimplementedandtestedon top of theXSB Sys-
tem(1999).This overall systemallows for severalforms
of reasoninghavingmany applicationscurrentlybeingex-
plored.

The paperis structuredthus: After an introductory
sectionto briefly recapDynamicLogic Programmingand
LUPS, the planningproblemin LUPS is formalizedand
its solutionscharacterized.This is followed by the pre-
sentationof animplementedsolutionbasedonabduction,
proven correctaccordingto the formal characterization.
Finally we illustratewith anexampleandconclude.

2 DynamicLogic Programmingand
LUPS

In theLUPSframework (Alferesetal.,1999),knowledge
evolves from one stateto anotheras a result of setsof
(simultaneous)updatecommands.In order to represent
negative information in logic programsand in their up-
dates,the framework resortsto moregenerallogic pro-
grams,thoseallowing default negation ���	��
 not just in
the premisesof their rulesbut in their headsaswell. In
Alfereset al. (1998),suchprogramsaredubbedgeneral-
izedlogic programs:

Definition 1 (GeneralizedLogic Program) A general-
ized logic programP in the language � is a (possibly
infinite) setof propositionalrulesof theform:������������������

(1)

where


and
��

are literals. A literal is eitheran atom 

or its defaultnegation ���	��
 . Literals of theform ���	��

arecalleddefaultliterals. If noneof theliteralsappearing
in headsof rules of � are defaultliterals, thenthe logic
program � is normal. �



The semanticsof generalizedlogic programsis de-
fined asa generalizationof the stablemodelssemantics
(GelfondandLifschitz, 1988).

Definition 2 (Default assumptions) Let  be a model
of � . Then:!#"	$�%'&�(*),+ � �  .-0/ 1�243 ) 
6587 9;:=<>�6?'@ "�%;AB+ :	-C/D
 � E5 /GFH3 AJI�+ :	-HK �
Definition 3 (StableModelsof GeneralizedPrograms)
A model  is a stablemodelof thegeneralizedprogram� iff:  L/ (M"�%;N�),+ �PO !#"	$�%'&�(*),+ � �  .-Q- �

As provenin Alfereset al. (1998),theclassof stable
modelsof generalizedlogic programsextendstheclassof
stablemodelsof normalprogramsGelfondandLifschitz
(1988) in the sensethat, for the specialcaseof normal
programsbothsemanticscoincide.

In LUPS, knowledge states,eachrepresentedby a
generalizedlogic program,evolve due to setsof update
commands.By definition,andwithout lossof generality
Alferes et al. (1999),the initial knowledgestate RTS�U is
emptyand,in it, all predicatesareassumedfalseby de-
fault. GivenacurrentknowledgestateRVS � , its successor
stateis producedasa resultof the occurrenceof a non-
empty set W of simultaneousupdatecommands.Thus,
any knowledgestateis solelydeterminedby thesequence
of setsof updatescommandsperformedfrom the initial
stateonwards.Accordingly, eachnon-initial statecanbe
denotedby:RVS � /XW �0Y[Z�Z�Z	Y W � 2T\P]
whereeachW � is a setof updatecommands.

Updatecommandsspecifyassertionsor retractionsto
the currentknowledgestate(i.e. the oneresultingfrom
thelastupdateperformed).In LUPSasimpleassertionis
representedasthecommand:%�N�N^" : )C+*_�`��^����������Ca -cbd@ " 2 +*Ca,ef�	�������,�QCg - (2)

Its meaningis that if
 aHef� �������,�� g

is true in thecurrent
state,thentherule

��` � �������,�Q a
is addedto its succes-

sorstate,andpersistsby inertia,until possiblyretractedor
overriddenby somefutureupdatecommand.

In orderto representrulesandfactsthatdonotpersist
by inertia, i.e. that areone-stateevents,LUPS includes
themodifiedform of assertion:%;N�N^" : )c"^h'" 2 )i+*��`j�����������Qja -bd@ " 2 +*Ca,ef�	�������,�QCg - (3)

The retractionof rules is performedwith the update
command:: "^) : %'k,)Cl "�h;" 2 )nm�+M��� � ���������� a -bd@ " 2 +* aHef� �������,�� g - (4)

Its meaningis that,subjectto precondition
 aHef� �������,�Q g

(verified at the currentstate)rule
_�� � ���������� a

is ei-
ther retractedfrom its successorstateonwards, or just
temporarilyretractedin the successorstate(if governed
by
"^h'" 2 ) ).
Normally assertionsrepresentnewly incominginfor-

mation.Althoughits effectsremainby inertia(until coun-
tervenedor retracted),theassertcommanditself doesnot
persist.However, someupdatecommandsmaydesirably
persistin thesuccessive consecutive updates.This is es-
pecially thecaseof laws which, subjectto someprecon-
ditions,arealwaysvalid, or of rulesdescribingtheeffects
of an action. In the former case,the updatecommand
mustbeaddedto all setsof updates,to guaranteethatthe
rule remainsindeedvalid. In thelattercase,thespecifica-
tion of theeffectsmustbeaddedto all setsof updates,to
guaranteethat,whentheactiontakesplace,its effectsare
enforced.

To specifysuchpersistentupdatecommands,LUPS
introduces:%;( b %'I�Nol "^h;" 2 )nm�+*��`j�����������Qja -bd@ " 2 +* a,ef� �������,�Q g - (5)k,% 2 k,"�(c+Mp�qj�^���������Qja -4bo@ " 2 +MCaHef�r�������,���g - (6)

Thefirst statesthat,from thecurrentstateonwards,in
addition to any newly arriving setof commands,when-
ever the preconditionsareverified, the persistentrule is
addedtoo. The secondcommandcancelsthis persistent
update.

Definition 4 (LUPS language) An update program in
LUPSis a finitesequenceof updatesW ��YTZ�Z�ZnY W � where
each W � is a non-emptysetof (simultaneous)commands
of theforms(2)-(6). �

Any knowledgestate RTS4s ( ]utwv.tq2 ) resulting
from an updateprogram W � YuZ�Z�Z�Y W � canbe queried
via x�@B3 (*A;N'+* � �������,�Q g - %') vry^z . Thequeryis trueif f the
conjunctionof its literalsholdsat RVS s .

The semanticsof LUPS (Alferes et al., 1999) is de-
fined by incrementallytranslatingupdateprogramsinto
sequencesof generalizedlogic programs.Themeaningof
suchsequencesof programsis determinedby theseman-
tics definedin Alfereset al. (1998). Givena sequenceof
generalizedprograms� �|{ Z�Z�Z { � � thesemanticshasto
ensurethatthenewly addedrules(in thelaterprogramsof
thesequence)arein force,andthatpreviousrulesarestill
valid (by inertia)asfaraspossible,i.e. they arekeptfor as
long asthey do not conflict with newly addedones.Ac-
cordingly, givena model  of thelastprogram� � , start
by removing all therulesfrom previousprogramswhose
headis thecomplementof somelaterrule with truebody
in  (i.e. by removing all ruleswhichconflictwith more
recentones).All otherpersistthroughby inertia. Then,



asfor thestablemodelsof a singlegeneralizedprogram,
addfacts 243 ) 
 for all atoms
 which have no rule at all
with truebodyin  , andcomputetheleastmodel. If  
is a fixpoint of this construction, is a stablemodelof
thesequenceup to � � .
Definition 5 (Dynamic Logic Program) Let Sbean or-
deredsetwith a smallestelement

N U andwith theproperty
that every

N <PS other than
N U hasan immediateprede-

cessor
N~}��

andthat
N U�/ N�} 2 for somefinite 2 . Then� 1^� � ?r�C<�SjK is a DynamicLogic Program,whereeach

of the � � s is a generalizedlogic program. �
Definition 6 (Rejectedrules) Let

� 1^� � ?���<XSjK be a
DynamicLogic Program,let

N <>S , andlet  bea model
of ��� . Then��"��'"�kH),+�NJ�  .-0/ 1�:=<�� � 5J9;:	�c<���� �  �5/�FH3 A�I�+ :	��- �@ "�%;AB+ :r-�/�243 ) @ "^%;A�+ :	�8- ���� � t N K �

To allow for queryingadynamicprogramatany stateN
, the definition of stablemodel is parameterizedby the

state:

Definition 7 (StableModelsof a DLP at state
N
) Let� 1^� � ?;��<VSjK bea DynamicLogic Program,let
N <TS ,

andlet �6/G� �*� � � � . A model  of � � is a stablemodel
of
� 1^� � ?r��<>S�K at state

N
iff: �/ (M"^%�N�),+�l � }���"H��"�kH),+�N��  .- m O !#"	$�%'&�(�),+ � �  .-�-

If someliteral or conjunctionof literals � holds in all
stablemodelsat state

N
of theDynamicProgram,wewrite� � 1^� � ?r��<>S�K~�4� g � . �

The translationof a LUPS programinto a dynamic
programis madeby induction, startingfrom the empty
program �fU , and for eachupdate W � , given the already
built dynamicprogram�cU { Z�Z�Z { � �*� � , determiningthe
resultingprogram�fU { Z�Z�Z { � �*� � { � � . To copewith per-
sistentupdatecommandswe will further consider, asso-
ciatedwith every dynamicprogramin the inductive con-
struction,a set containingall currently active persistent
commands,i.e. all thosethatwerenotcancelleduntil that
point in the construction,from the time they wereintro-
duced. To be able to retractrules,we needto uniquely
identify eachsuchrule. This is achievedby augmenting
thelanguageof theresultingdynamicprogramwith anew
propositionalvariable“ : &�(M";+*��� � ���������Q � - ” for ev-
ery rule

��� � ���������� �
appearingin theoriginalLUPS

program.

Definition 8 (Translation into dynamic programs) Let� / W � Y.Z�Z�Z;Y W � be an updateprogram. Thecorre-
spondingdynamicprogram ¡ +¢� -�/[�6/�� U { Z�Z�Z { � �
is obtainedby thefollowing inductiveconstruction,using
at each step � an auxiliary set of persistentcommands�¤£ � :

Base step: �cUd/.1JK with �¤£�Ud/.1JK .
Inductive step: Let � � / �cU { Z�Z�Z { � � with setof

persistentcommands�¤£ � bethetranslationof
��� /�W �^YZ�Z�ZJY W � . Thetranslationof

��� ef� /¥W ��YXZ�Z�ZrY W � ef� is� � ef� /D�fU { Z�Z�Z { � � ef� with setof persistentcommands�¤£ � e�� , where �¤£ � ef� is:�¤£ � O¦1 %�N�N�" : )�l "^h'" 2 )nm�+*� -4bo@ " 2 + £�-�?%;( b %'I�Nol "^h;" 2 )nm�+*� -cbd@ " 2 + £�-�<§W � ef� K} 1 %;N�N^" : )�l "^h;" 2 )nm�+M� -cbd@ " 2 + £�-j?k,% 2 k,"�(4+*� -cbd@ " 2 +*! -j<¦W � ef�	��¨ � � � ��� gG!V©} 1 %;N�N^" : )�l "^h;" 2 )nm�+M� -cbd@ " 2 + £�-j?: "�) : %;kH)�+M� -4bd@ " 2 +*! -�<>W � e���� ¨ � � � ��� g[!V©ª W � ef� /XW � ef� O«�¤£ � ef� , and � � ef� is:¬ ��� : &�(M"'+M� -j? %�N^N^" : )�l "�h;" 2 )nm�+M� -4bd@ " 2 + £�-<ª W � ef� � � � � � � � g £ ®O ¬ 243 ) : &�(M";+*� -j?r: "^) : %;kH)jl "^h;" 2 )nm�+M� -cbd@ " 2 + £�-�<ª W � e���� � � � � ��� g £ ®O ¬ 243 ) : &�(M";+*� -j? %�N�N�" : )c"^h;" 2 )i+M� -4bd@ " 2 + £�-<ª W �¯� � �*� � � ��� � � � g £ ®O ¬ : &�(*";+*� -j?r: "^) : %'k,)f"^h'" 2 )i+M� -cbd@ " 2 + £�-�<ª W �¯� � �*� � � �*� � � � g £ � : &�(*";+*� - ®
where

�
denotesa generalizedlogic program rule, and£ and

!
a conjunctionof literals. In the inductivestep,

if ��/¥] the last two linesare omitted. In that case
ª W �

doesnot exist. �
Definition 9 (LUPS semantics) Let

�
beanupdatepro-

gram.A query @°3 (MA'N'+*��^���������Q�� - %') v
is true in

�
iff
� s ¡ +±� -�� � g  � �������,�Q � . �

3 LUPS and Plans

LUPS, by allowing to declaratively specifyboth knowl-
edgestatesandtheirtransitions,canbeusedasapowerful
representationlanguagein planningscenarios.Its variety
of updatecommandscan serve to model from the sim-
plestcondition-effect actionto parallelactionsandtheir
indirecteffects.

In this sectionwe formalizethe planningproblemin
LUPS,andcharacterizeitssolutions.Throughoutwecon-
sider

� /.W � Y�Z�Z�Z�Y W � to beanupdateprogramin the
language� . Webeginbyconsideringasetof actionsfrom� , whosespecificationis definedby updatecommands.

Definition 10(Action) Let �j²³/.1^´ � �������,� ´ g K bea set
of atomsfrom � whereeach ´�<³��² representsanaction.
We call the elementsof �j² actions. Typically for every
actiontherewill beone(or more)updatecommandsof the
forms(2)-(6), where theaction ´ appears in the ‘ bo@ " 2 ’
clause. �



Fo example,in%;( b %�I�Nol "�h;" 2 )nm�+M��� � ���������� a -bd@ " 2 +* aHef� �������,�� g � ´|-
we have, intuitively, that ´ is an action whoseprecon-
ditions are

 aHe�� ���������Q g
andwhoseeffect is an update

that, accordingto its type, canmodeldifferentkinds of
actions,all in oneunifiedframework. Examplesof kinds
of actionsare:µ actionsof the form x�´ causes¶·� $ ¶ �r��������� ¶ a z ,

where ¶ � ¶ �r�������,� ¶ a are fluents (such as in
the language ¸ of Gelfond and Lifschitz
(1998)) translates into the update commandx %;( b %'I�N ¶�bd@ " 2 + ¶ � ��������� ¶ a � ´�-�z .µ actions whose epistemic effect is a rule
update of the form xQ´ updates with �  � ���������Q a � $¹ aHef� ���������Q g z trans-
lates into the updatecommand x %'( b %'I�N_+*º� � �������,�� a -cbd@ " 2 +M aHe�� ���������Q g � ´|-¯z .µ actionsthat,whenperformedin parallel,have dif-
ferentoutcomes,of theform x�´�» or ´|¼ cause

j� � $Ca,ef�����������QCg z and x�´�» and ´|¼ in parallel cause�½ � $³jaHef�	�����������g z translatesinto the threeup-
datecommands:%;( b %'I�Nj � bd@ " 2 +* aHef� ���������� g � ´ » � 243 ) ´ ¼ -%;( b %'I�Nj � bd@ " 2 +* aHef� ���������� g � 243 ) ´ » � ´ ¼ -%;( b %'I�Nj ½ bd@ " 2 +* aHef� ���������� g � ´ » � ´ ¼ -µ actionswith non-deterministiceffectsof the formxQ´ causes

+Mj�
or
�½ -c� $=CaHef�r�������,���g z translates

into the updatecommands(where ¾ » � ¾ ¼ are new
auxiliary predicatesand ¿ is a uniqueidentifier of
anoccurrenceof ´ ):%;( b %'I�No+M � � ¾ » + ¿;-�-bo@ " 2 +M aHef� ���������� g � ´ + ¿;-�-%;( b %'I�No+M ½ � ¾ ¼ + ¿'-Q-bo@ " 2 +M aHef� ���������� g � ´ + ¿;-�-%;( b %�I�No+ ¾�» + ¿;- � 243 ) ¾�¼ + ¿;-�-bo@ " 2 +MCaHef�	�����������gÀ� ´ + ¿;-�-%;( b %'I�N�+ ¾�¼ + ¿;- � 243 ) ¾�» + ¿'-Q-bo@ " 2 +MCaHef�	�����������gÀ� ´ + ¿;-�-
In this representationof the non-deterministicef-
fectsof anaction ´ , wecreatetwo auxiliaryactions
( ¾ » � ¾ ¼ ) with deterministiceffects,andmaketheef-
fect of ´ be the non-deterministicchoicebetween
actions¾ » or ¾ ¼ .

Next, we formaliseactionupdatesandplans:

Definition 11 (Action Update) An actionupdate, W ² , is
a setof updatecommandsof theform:W ² /Á1 %�N�N^" : )f"�h;" 2 ) ´p?�´_<«��²�K �

Intuitively, each command of the formx %�N�N^" : )P"�h;" 2 ) ´fz will representthe performing of
action ´ . Note that performingan action is something
that doesnot persistby inertia. Thus, accordingto the
descriptionof LUPS in Sect. 2 the assertionmustbe of
an event. By asserting

"�h;" 2 ) ´ , the effect of the action
will be enforced if the preconditionsare met. Each
action updaterepresentsa set of simultaneousactions.
For simplicity, we representthe updatecommandsin an
action updatejust by their correspondinǵ�� N . Instead
of W ² /Â1 %�N�N�" : )4"^h'" 2 ) ´ ��Ã�%�N^N^" : )c"^h'" 2 ) ´ ½ K we writeW ² /.1�´ �	Ã ´ ½ K .
Definition 12(Plan) A planis a finitesequenceof action
updates. �

In order to relatethe goals to be achieved with the
plans,we needto know the effect of executingthe plan.
This is givenby thefollowing function:

Definition 13(Result) The result of applying a plan� ² /ÄW ²� ��������� W ²g to an updateprogram
� /¹W � YZ�Z�Z�Y W � is givenby theupdateprogram:��"	N�&�(*),+±� ² �n� -�/�W �iY[Z�Z�Z�Y W ��Y W ²� Y[Z�Z�Z^Y W ²g �

Finally, theplanningproblemis aboutfinding a plan
suchthat a goal, given in the form of a LUPS query, is
achieved as the resultof applying the plan to the initial
stateupdateprogram.

Definition 14(Planning Solution) Givenanupdatepro-
gram

� / W �_YÅZ�Z�Z�Y W � and a query (goal)x�@B3 (*A;N'+* � ���������� a - %�) vry^z , theplan
� ² /XW ²�Jef� ���±�¢�±� W ²s

is a planningsolution if the queryis true in the resultof
applying

� ² to
�

, i.e. such that� s ¡ +M��"�N�&�(�),+¢� ² ��� -Q-�� � g  � ���������Q � � �
Thisdefinitionsuggeststhatplanningsolutionscanbe

seenas abductive updatesolutionsin the LUPS frame-
work. Thiswill beexploredin thenext section.

4 On the implementation of LUPS
and planning

In Alferes et al. (1999),a translationis presentedof up-
dateprogramsandqueriesinto singlenormal logic pro-
gramswhicharewritten in a meta-language.Thetransla-
tion is purelysyntactic,andhasbeenprovencorrectthere:
a queryholdsin anupdateprogramiff its translationbe-
longsto all stablemodelsof theupdateprogramtransla-
tion. Thelatterdirectly supportsa mechanismfor imple-
mentingupdateprograms:afterapre-processorperforms
the translations,queryansweringis reducedto that over
normal logic programsby meansof a meta-interpreter.



The pre-processorand a meta-interpreterfor answering
querieshavebeenimplemented1

The translationusesa meta-languagegeneratedby
the languageof the updateprograms. For each ob-
jective atom 
 in the languageof the updateprogram,
and eachspecialpropositionalsymbol : &�(*"�Æ°Ç¤È�É�Ê�Ë ork�% 2 k�"^(8ÆBÇ�È�É�Ê�Ë (where thesesymbolsare addedto the
languagefor eachrule

q� Ì 3 A�I in the updatepro-
gram), the meta-languageincludesthe following sym-
bols: 
 +MN��Q) - , 
~Í +�NJ�Q) - , 
 +�N���) - , and 
 Í +MN���) - , where

N
and

)
rangeover theindexesof theupdateprogram.Intu-

itively, thesenew symbolsmean,respectively: 
 is true
at state

N
consideringavailableall statesup to

)
; 
 is true

dueto theupdateprogramatstate
N
, consideringall states

up to
)
; 
 is falseat state

N
consideringall statesup to

)
;243 ) 
 is truedueto theupdateprogramatstate

N
, consid-

eringall statesup to
)
.

Intuitively, thefirst indexicalargumentaddedto atoms
standsfrom theupdatestateat which theatomwasbeen
introducedvia a rule. So,accordingto thetransformation
in Alfereset al. (1999),in non-persistentasserts,thefirst
argumentof atomsin theheadof rulesis instantiatedwith
theindex of theupdatestatewheretherule wasasserted.
In persistentasserts,theargumentrangesovertheindexes
wherethe rule shouldbe asserted(i.e. all thosegreater
thanthestatewherethecorresponding

%'( b %'I�N command
is). The secondindexical argumentstandsfor the query
state.Accordingly, whentranslating(non-event)asserts,
thesecondargumentof atomsin theheadof rulesranges
overall statesgreaterthantheonewheretherule wasas-
serted.For eventasserts,thesecondargumentis instanti-
atedwith theindex of theupdatestatewheretheeventwas
asserted.This is soin orderto guaranteethattheeventis
only truewhenqueriedaboutin thatstate.

Inertiarulesareaddedto allow for accessto rulesas-
sertedin statesbeforethe statethequeryis posed.Such
rulessay that oneway to prove


at state

N
with query

state
)
, is by proving


at state

NÎ}��
with the same

query state(unlessits complementis proven at state
N
,

thusblocking theinertiaof


).
Literals in the body of assertedrules are translated

suchthat both argumentsareinstantiatedwith the query
state. This guaranteesthat body literals are always
evaluatedwith respectto the query’s state. Literals in
the whenclausehave both argumentsinstantiatedwith
the stateimmediatelyprior to that in which the rule was
asserted.This guaranteesthat thoseliterals are always
evaluatedconsideringthatprior stateastheir querystate.
Thecompleteformalizationof thetranslationÏ�: +¢� - can
befoundin Alfereset al. (1999).

Planningsolutions,asdefinedin theprevioussection,

1The system,runningunderXSB-Prolog,a systemwith tabling, is
availablefrom:
http://centria.di.fct.unl.pt/˜ jja/updates/
Ratherthanstablemodelssemantics,thewell-foundedsemanticsisused
instead.

are clearly similar to abductive solutionsin the LUPS
framework: whenfindingaplan,oneis lookingfor setsof
”assertevent´´commands,standingfor actionsperformed,
thatwhenaddedto thesequencederive thetop queryand
are consistent(in the sensethat a stablemodel exists).
In this abductive setting, the abduciblesare commands
of the form

%�N�N^" : )�"^h'" 2 )Ð+ ´|- where ´Ñ<Ò�j² . Given
the above describedtranslationof a sequenceof update
commandsinto a single normal logic programwith in-
ertia rules, this abductionproblemin the LUPS setting,
caneasilybe transformedinto an abductionproblemin
normallogic programs.Simply translatethesequenceof
updatecommandsinto asingleprogram,anddefineasab-
duciblesthosetranslationpredicatesarisingfrom translat-
ing commands

%�N�N^" : )�"�h;" 2 )C+ ´�- for every ´ , where ´ is
anaction.It is easilyseenthatfindingabductivesolutions
for queriesover thetranslatedabductive logic programis
tantamountto finding planningsolutionsin the original
updateprogram.

Theorem1 (Planning asabduction) Let Ï�: +±� - be the
logic programobtainedfromthetranslationof an update
program

� /¥W �CY ����� W � , and let 
dF¤/�1^´ + � � �¯-�?B2P��Àt¥ÓÕÔ�2 � ´.<P��²�K be the setof abducibles.Givena
subset
 of 
dF , let

� ² + 
d-o/�W ²� Y ����� W ²g besuch that%�N�N�" : )c"^h;" 2 )i+ ´�-<§W ²� iff ´ + � � �¯-j<>
 .
Then 
 is an abductive solution forÏ�: + @B3 (*A;Nj � �������� a %�) vr- in thelogic program Ï�: +±� - iff� ² + 
d- is a planningsolutionfor x�@B3 (*A;NC � �������� a %') v	z

in
�

. �
Accordingto this theorem,to implementa plangen-

eratorin LUPS,all thatneedsdoing is to implementthe
translationfrom LUPS programsto logic programs,and
thento useaninterpreterfor abductionontopof thetrans-
lated program. This is the basisof our implementation
which, asidefrom the aforementionedpreprocessorfor
the translation,employs an interpreterfor the abduction
procedureABDUAL (Alferesetal.,1999).Notethatmul-
tiple abductionsat one state,ie parallel actions,can be
generated.

5 Illustrati veExample

In thissectionwepresentanexampleillustratingtheabil-
ity of this framework to deal with dynamically chang-
ing rules.Onedomainwheresuchdynamicbehaviour of
rulesis essentialis Legal Reasoning. In this domainnew
rulescomeinto play while, at thesametime, otherrules
ceaseto be valid. In countrieswith legal systemswhere
laws areoften changed,jurisprudencemakesheavy use
of thearticlesgoverningtheapplicationof law over time.
Therepresentationof, andreasoningabout,sucharticles
is nontrivial, theonemostimportantbeingthepartdeal-
ing with transientsituations.For example,whenanevent
occursaftersomenew law hasbeenapproved,but hasn’t
yet taken effect. Dif ferent outcomescould be obtained



dependingon the dateof the trial. In suchsituationsan
agent,actingasa lawyer, wouldhaveto planits courseof
actionin complex situationsdueto thechangingrules.

Considera fictional situationwheresomeoneis con-
scriptedif he is draftableandhealthy. Moreover a per-
son is draftablewhenhe reachesa specificage. In this
situation,if someoneis conscriptedandnot incorporated
(for examplebecausehe hides),he is cited for a crime
and, if tried, goesto jail. Of courseonecannotbe tried
while in hiding. Considerthat a personis electablefor
officeif electablepreviouslyandnot in hiding. Moreover,
thepersonceasesto beelectableif ever beento jail. Af-
ter sometime, a new law is approved that rendersone
not conscriptedif a conscientiousobjector. However, this
law will only take effect after20 days.How couldJohn,
electable,healthy, conscientiousobjector, thatbecameof
age10 daysafter this new law hasbeenenacted,avoid
beingincorporated,andremainelectablefor office in the
future? This is an illustrative scenarioeasilyexpressible
in LUPS.It translatesinto theupdatecommands2:Ö � ?%;( b %'I�NjA : %;$�)¯% F (M";+�× -4bd@ " 2Î3 $ %�Ø�"'+*× -%�N�N^" : )C+*k 3�2 N^k :��ÚÙ )¯"�A�+�× - ��A : %�$�)¯% F (*";+�× - �@ "�%;(�) @ I�+�× -Q-%;( b %'I�N @°� A �n2 Ø�+�× -�bo@ " 2³@°� A�";+�× -%;( b %'I�N 243 ) @°� A �n2 Ø�+*× -Ûbo@ " 2 & 2c@°� A'";+�× -%�N�N^" : )C+±�'% � (Q+�× - �Ñ) :�� %;(*"�A�+�× - �Qk � )¯"�AB+*× -�-%;( b %'I�N �n2 k 3�:�ÙB3�: %')¯"�AB+*× -bd@ " 2 +*k 3�2 N^k :��ÚÙ )¯"�A�+�× - � 243 ) @�� A �n2 Ø�+*× -�-%;( b %'I�Njk � )¯"�A�+�× -4bd@ " 2 +Mk 3�2 N^k :��ÚÙ )¯"�AB+*× - �243 ) ��2 k 3�:�Ù�3�: %�)¯"�A�+�× -Q-%�N�N^" : )C+�) :�� %'(M"�AB+*× - ��k � )¯"�AB+*× - � 243 ) @�� A ��2 Ø�+�× -�-%;( b %'I�Nj"�(*"�kH)¯% F (M";+�× -bd@ " 2 +*"�(*"�kH)¯% F (M"'+*× - � 243 ) @�� A ��2 Ø�+�× -�-%;( b %'I�N 243 )�"�(*"�kH)¯% F (M"'+*× -Ðbd@ " 2 �'% � (Q+�× -%�N�N^" : ) 3rF �'"^k,) 3�: +¯Ü 3r@�2c-%�N�N^" : ) @ "�%;(�) @ I�+ÝÜ 3r@�2c-Ö>� U ?%;( b %'I�No+ 243 );k 3�2 N�k :^�ÚÙ )¯"^A�+�× - � 3rF �'"�kH) 3�: +�× -Q-bd@ " 2 kH& :�: " 2 ),+*Þ ]�-Ö ½ U¤?%�N�N^" : ) 3 $ %JØ�";+ÝÜ 3r@°2c-
where �j²¦/�1�@°� A�";+*× - �Q& 2c@°� A�";+�× -�K is thesetof possi-
ble actions. If we have the goal of never beingincorpo-
ratedandbeingelectableafter30 , thedesirablesolution
would be to perform the action @°� A'";+ÝÜ 3r@°2c- at 20, and
performthe action

& 2c@°� A�";+ÝÜ 3r@°2c- after 30. Note that if
Johndoesnot hideat 20, hewill becitedfor a crime,be
trialed,sentto jail andthuswould never beelectablefor
officeagain.Thegoalis:@B3 (*A;NC"�(M"^k,)¯% F (*";+ÝÜ 3r@°2c- %')4Þ��
wouldreturnanabductivesolutionthatwouldcorrespond

2Where ßÝàJá�áHâQã�änå8æ°ç is a built in predicatesuchthat it is trueiff the
currenttime is æ , whichcouldbeimplementedin LUPSitself.

to theplan
� ² /XW ²½ U � W ²è U , where:W ²½ U /Á1 %�N�N^" : )c"^h;" 2 ),+ @°� A'";+ÝÜ 3r@°2c-�-�KW ²è U /Á1 %�N�N^" : )c"^h;" 2 ),+�& 2c@�� A'"'+¯Ü 3r@�2c-Q-�K

representingthedesiredsolution.

6 Conclusionsand Futur e Work

The ability to dealwith dynamicsituationsis oneof the
majorfeaturesof our proposal,asit allows oneto handle
a new classof planningproblems. In fact, extant plan-
ning frameworksdo noteasilyencompassthedescription
of worldswith dynamicallychangingrules.For instance,
neitherPDDL (McDermottetal.,1998)norOCL(Liu and
McCluskey, 2000)arecapableof describingdynamicsit-
uations.DynamicLogicProgrammingpermitsaswell the
representingof actionsin theSTRIPS-or ADL-style, uti-
lized in theseplanners,with pre-conditions,effects,and
conditionalandlogical operators.Additionally, it caters
for simultaneousactionsand,dueto its expressiveness,it
canmodelcomplex effectsof actions. By usingan ex-
plicit representationof theworld, andof theactionsavail-
able at eachstate,its history and attendingchangecan
itself bequeriedandreconstructed.

Aboveall, embeddingplanninginto a logic program-
ming framework with a precisedeclarative semantics,
makesit amenableto integrationwith other, alreadyde-
veloped,monotonicandnon-monotonicknowledgerep-
resentationandreasoningfunctionalities.Amongthese:µ Extensive declarative knowledge representation,

comprisingdefault andexplicit negationµ Semantics(and implementation)for non-stratified
knowledgeµ Observanceandupdatingof integrity constraintsµ Knowledgerules updating,besidesthat of action
rulesupdatingµ Abductivereasoning,overandabovetheabduction
of actionsµ Inductive learningof knowledgeandactionrulesµ Belief revision andcontradictionremovalµ Argumentationfor collaborationandcompetitionµ Preferencesemantics,combinablewith updatesµ Meta- and object-languagecombination through
meta-interpreters,facilitating languageextensions
andexecutioncontrolµ Model-baseddiagnosisof artifacts, via observa-
tionsandactionson themµ Declarativedebuggingof logic programsrepresent-
ing knowledgebases



µ Explanationgenerationµ Distributionwith communicationµ Agentarchitecturesµ Testandtriedimplementedlogic programmingsys-
tems,tabledexecution

Our ongoing researchhas promotedand achieved
someof theseintegrative desiderata, andcurrentlypur-
suesa numberof them.Suchintegrateablefacilitiespave
the way for the building of complex rationalagentsem-
ploying sophisticatedplanningamongstthemselves.
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