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Abstract

In this paperwe shav how planningcanbeachiezed by meansf abductionaform of non-monotoniaeasoningin the
LUPSIlanguage LUPSemplgystherecentlyintroducechotionof DynamicLogic Programming wherebytheknowledge
representationules,namelythoserepresentingictions,candynamicallychangecrucialwhenagentsareto be situated
in evolving ervironments By integratinginto asingleframework severalrecentdevelopmentsn thelogic programming
andnon-monotoniageasonindield of researchthis work contritutesto a bettermodelingandunderstandingf rational
agents At thesametime, it enjoystheadwantage®f adeclaratve andimplementablepecificationshorteningheusual
gapbetweentheoryand practiceoften foundin logical basedapproacheso agents. The systemintegrating Dynamic
Logic Programming LUPSandAbduction in orderto achieve this form of planning,hasbeenimplemented.

1 Intr oduction and Moti vation

In thelastfew yearsagent-basedomputinghasbeenone
of the most debatedconcepts. Being a paradigmthat
virtually invadedevery sub-fieldof computerscience,jt
foundin imperative languageshe mostcommonadopted
vehicleto its implementation mainly for reason=f ef-
ficiengy. However, sinceefficiengy is not alwaysa real
issue, but clear specificationand correctnesss, Logic
Programmingand Non-monotonidReasoninghave been
brought(back)to the spot-light. Add to this significant
recentimprovementsn the efficiency of Logic Program-
mingimplementationgNieme& andSimons,1997; XSB
System,1999). Besidesallowing for a unified declara-
tive andprocedurakemanticseliminatingthe traditional
high gapbetweertheoryand practice,the useof several
and quite powerful resultsin the field of non-monotonic
extensionsto Logic Programming(LP) canrepresentin
importantaddedvalue to the designof rational agents.
For a betterunderstandin@ thoroughexposition of how
Logic Programmingcan contribute to agent-basedom-
puting,thereaderis referredto SadriandToni (1999)and
Bozzanoet al. (1999). Embeddingagentrationality in
the LP paradigmaffords us with a numberof tools and
formalismscapturedn thatparadigm suchasbeliefrevi-
sion, inductive learning,argumentationpreferencesgtc.
(KowalskiandSadri,1996;Rochefortetal., 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,asopposedo updatingthe modelsgenerated
by themremainedan openissue. Recently in Leite and
Pereira(1997),theauthorsarguedthattheprinciple of in-
ertia couldbesuccessfullyappliedto therulesof aknowl-
edgebasejnsteadof to theliteralsin its models thereby
yielding the desiredresult. This leadto the introduction
of theparadignmof DynamicLogic Programming(Alferes
etal., 1998,2000).

DynamicLogic Programming supportedby the no-
tion of Logic Program Updates is simpleandquite fun-
damental. Supposethat we are given a set of theories
(encodedasgeneralizedogic programsyepresentinglif-
ferentstatesof the world. Differentstatesmay represent
differenttime periodsor differentsetsof priorities. Con-
sequently the individual theoriescontainmutually con-
tradictory aswell asoverlappinginformation. The rdle
of DynamicLogic Programmingis to usethemutualrela-
tionshipsexisting betweerdifferentstatedo preciselyde-
terminethe declaratve aswell asthe procedurakeman-
tics of the combinedtheory composedf all individual
theories.

Although solving the problemof dynamicallyevolv-
ing logic programs,DynamiclLogic Programmingdoes
not by itself provide a properlanguagefor its specifi-
cation. To achieve this goal, andin particularto allow
logic programgo describdransitionsof knowledgestates
in additionto the knowledge statesthemseles, Alferes
et al. (1999) introducedthe languageLUPS LUPS al-



lows the associationwith eachstate,of a setof transi-
tion rules, providing an interleaving sequencef states
and transitionrules in an integrateddeclaratve frame-
work. It is worth pointing out that, the mostnotabledif-

ferencebetweenLUPS and Action LanguagegGelfond
and Lifschitz, 1998)is that the latter deal only with up-

datesof propositionalknowledgestateswhile LUPS up-

datesknowledge statesthat consistof knowledgerules
i.e. the outcomeof a LUPS updateis not a simple set
of propositionalliterals but rathera setof rules. LUPS
alsomalkesit easierto specifyso-called'static laws”, to

dealwith indirecteffectsof actionsandto representand
reasorabout,simultaneousictions.

It is perhapsuseful to remark at this point that in
impentive programmingthe programmerspecifiesonly
transitionsbetweerdifferentknowledgestateswhile leav-
ing the actual (resulting) knowledge statesimplicit and
thus highly impreciseand difficult to reasonabout. On
theotherhand,dynamicknowledgeupdatesasdescribed
above, enabledusto give a preciseandfully declaratve
descriptionof actualknowledgestatesbut did not offer
ary mechanisnfor specifyingstatetransitions.With the
high-level languageof dynamicupdateswe are ableto
malke boththeknowledgestatesandtheirtransitionsully
declaratve andprecise.

Rational agentsmust be able to reasonabout the
knowledgethey possessind,amongotherthings,planto
achieve their goals. In general planningconsistsof the
deliberatve processy whichasetof (partially or totally)
orderedactionsis generatedo achieze oneor moregoals.
Most approacheso agentshasedon computationalogic
achiese planningbut noneof themallowing for dynami-
cally changingrulessincethey arelimited to staticinten-
sionalknowledge. For a surney androadmapof compu-
tationallogic basedagentshe readeris referredto Sadri
andToni (1999)andBozzancetal. (1999).

Examplesvherethisdynamicbehaiour of rulesis es-
sential,wherenew rulescomeinto play while, atthesame
time, somerules ceaseto be valid, canbe foundin Le-
gal Reasoningnamelyin what concernghe application
of law overtime. In countrieswith legal systemswvhere
laws areoftenchangedjurisprudencenakesheary useof
the articlesgoverningthe applicationof law in time. The
representationf andreasoningaboutsucharticlesis not
trivial, being mostimportantthe part dealingwith tran-
sientsituations,for examplewhenan event occursafter
somenew law hasbeenapprosed but hasnt taken effect
yet. Differentoutcomescan be obtaineddependingon
the dateof thetrial. In suchsituationsanagentactingas
alawyer for example,would haveto planits courseof ac-
tion in quite comple situationsdueto thechangingules.
In Sect.5 we presenanexampleof sucha situation.

Otherexamplescanbefoundin computergamegof-
tennottakenvery seriouslyby thecomputeisciencecom-
munity but extremelychallengingandlucrative (Jennings
et al., 1998)) wherean agenthasto deal with partially
differentrules from level to level, and crosslevel plan-

ningis neededIn generalthis framework is quiteuseful,
in all its power, in situationswhereagentswith learning
capabilitiesaremovedinto slightly differentdomains(or
thedomaindescriptionshangepndit is usefulto usethe
knowledgefrom the previousdomain.

In this paperwe shav how planningcanbe achieved
by meansof abductionaform of non-monotonigeason-
ing, in theLUPSIlanguagewhereactionsto beperformed
canbe ervisagedas abducedupdaterules. By integrat-
ing into a singleframavork several presentlevelopments
in the logic programmingand non-monotoniaeasoning
field of researchthis work contributesto a bettermod-
eling and understandingf rational agentswhile, at the
sametime, it enjoys the advantagesf a declaratve and
implementablespecificationshorteninghe usualgapbe-
tweentheory and practiceoften found in logical based
approacheso agentgSadriandToni, 1999).

ThesystemintegratingDynamicLogic Programming
LUPS and Abduction to achieve this form of planning,
hasbeenimplementedandtestedon top of the XSB Sys-
tem (1999). This overall systemallows for severalforms
of reasonindnaving mary applicationsurrentlybeingex-
plored.

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

2 DynamicLogic Programmingand
LUPS

In the LUPSframework (Alferesetal., 1999),knowledge
evolvesfrom one stateto anotheras a result of setsof
(simultaneous)ipdatecommands.In orderto represent
negative informationin logic programsandin their up-
dates,the framawork resortsto more generallogic pro-
grams,thoseallowing default negation not A notjustin
the premisesof their rulesbut in their headsaswell. In
Alferesetal. (1998),suchprogramsaredubbedgeneal-
izedlogic programs

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

L+ Ly,...,L, 1)

whee L and L; are literals. A literal is eitheranatom A
or its defaultnegation not A. Literals of theform not A
are calleddefaultliterals. If noneoftheliteralsappearing
in headsof rules of P are defaultliterals, thenthe logic
program P is normal °



The semanticsof generalizedogic programsis de-
fined asa generalizatiorof the stablemodelssemantics
(GelfondandLifschitz, 1988).

Definition 2 (Default assumptions) Let M be a model
of P. Then:

Default(P,M)= {notA|Ar € P: head(r) = A,

M | body(r)} o

Definition 3 (Stable Models of GeneralizedPrograms)
A modelM is a stablemodelof the genealizedprogram
Piff:

M = least(P U Default(P, M)) o

As provenin Alferesetal. (1998),the classof stable
modelsof generalizedogic programsxtendsthe classof
stablemodelsof hormalprogramsGelfondandLifschitz
(1988) in the sensethat, for the specialcaseof normal
programsbothsemanticgoincide.

In LUPS, knowledge states,eachrepresentedy a
generalizedogic program,evolve dueto setsof update
commands By definition, andwithout lossof generality
Alferes et al. (1999),the initial knowledgestate K .Sy is
emptyand,in it, all predicatesareassumedalseby de-
fault. GivenacurrentknowledgestateK S;, its successor
stateis producedasa resultof the occurrenceof a non-
empty setU of simultaneousipdatecommands. Thus,
ary knowledgestateis solelydeterminedy thesequence
of setsof updatescommandgerformedfrom the initial
stateonwards. Accordingly, eachnon-initial statecanbe
denoteddy:

KS=U;®---®Up, n>0

whereeachU; is a setof updatecommands.
Updatecommandspecifyassertion®r retractionso
the currentknowledgestate(i.e. the oneresultingfrom
thelastupdateperformed).In LUPSasimpleassertioris
representedsthecommand:

assert (L < L1,...,Lg) when (Lgt1,...,Ly) (2)

Its meaningis thatif Lgyq,..., L, istruein thecurrent
statethentherule L «+ Ly, ..., L isaddedoits succes-
sorstate andpersistdy inertia, until possiblyretractedr
overriddenby somefuture updatecommand.

In orderto representulesandfactsthatdo not persist
by inertia, i.e. thatare one-stateavents,LUPS includes
themodifiedform of assertion:

assert event (L < Lq,...,Ly)

when (Lgy1, ..., L) ?3)

The retractionof rulesis performedwith the update
command:
retract [event] (L < Ly,..., L)

when (Lgs1,---,Lm) 4)

Its meanings that,subjecto preconditionLg41, ..., Ly,
(verified at the currentstate)rule L < L, ..., L is ei-
ther retractedfrom its successostateonwards, or just
temporarilyretractedin the successostate(if governed
by event).

Normally assertionsepresenhenly incominginfor-
mation. Althoughits effectsremainby inertia(until coun-
tervenedor retracted)the assercommandtself doesnot
persist.However, someupdatecommandsnay desirably
persistin the successie consecutie updates.This is es-
pecially the caseof laws which, subjectto someprecon-
ditions,arealwaysvalid, or of rulesdescribinghe effects
of anaction. In the former case,the updatecommand
mustbe addedo all setsof updatesto guaranteehatthe
ruleremaingndeedvalid. In thelattercasethespecifica-
tion of the effectsmustbe addecto all setsof updatesto
guaranteghat,whentheactiontakesplace,its effectsare
enforced.

To specify suchpersistenupdatecommands|. UPS
introduces:

always [event] (L < Ly,...,Lg)

when (Lgt1,---,Lm) (5)

cancel (L < Ly,...,Ly) when (Lgs1,---, L) (6)

Thefirst stateghat, from the currentstateonwards,in
additionto any newly arriving setof commandswhen-
ever the preconditionsare verified, the persistentule is
addedtoo. The secondcommandcancelsthis persistent
update.

Definition 4 (LUPS language) An update program in
LUPSis afinite sequencef updated/; ® - - - ® U,, where
ead U; is a non-emptysetof (simultaneousgfommands
of theforms(2)-(6). o

Any knowledgestate K.S, (0 < ¢ < n) resulting
from an updateprogramlU; ® --- ® U,, canbe queried
via “holds(L1, ..., Ly) at q?”. Thequeryis trueiff the
conjunctionof its literalsholdsat K'.S,,.

The semanticof LUPS (Alferes et al., 1999)is de-
fined by incrementallytranslatingupdateprogramsinto
sequencesf generalizedogic programs.Themeaningof
suchsequencesf programds determinedyy the seman-
tics definedin Alferesetal. (1998). Givena sequencef
generalizegrogramsP; @ - - - ® P, thesemantichasto
ensurahatthenewly addedules(in thelaterprogramsof
thesequencedrein force,andthatpreviousrulesarestill
valid (by inertia)asfaraspossiblej.e. they arekeptfor as
long asthey do not conflict with newly addedones. Ac-
cordingly, givenamodel M of thelastprogrampP,,, start
by remaving all the rulesfrom previous programswhose
headis the complemenbf somelaterrule with true body
in M (i.e. by removing all ruleswhich conflictwith more
recentones). All otherpersistthroughby inertia. Then,



asfor the stablemodelsof a singlegeneralizegrogram,
addfactsnot A for all atomsA which have norule atall

with truebodyin M, andcomputethe leastmodel. If M

is a fixpoint of this construction,M is a stablemodelof

thesequencelpto P,.

Definition 5 (Dynamic Logic Program) LetSbean or-
deredsetwith a smallesielement, andwith theproperty
thatevery s € S otherthan sy hasanimmediateprede-
cessors — 1 andthat sy = s — n for somefiniten. Then
@{P; : i € S} isaDynamicLogic Program,where each
of the P;sis a geneamlizedlogic program. ©

Definition 6 (Rejectedrules) Let@{P; : i € S} bea
DynamicLogic Program,lets € S, andlet M beamodel
of P,. Then
Reject(s,M) = {r € P;|3r' € P;, M = body(r'),
head(r) = not head(r"),
i<j<s} o

To allow for queryinga dynamicprogramat ary state
s, the definition of stablemodelis parameterizedby the
state:

Definition 7 (StableModelsof a DLP at states) Let
@P{P; : i € S} bea DynamicLogic Program,lets € S,
andletP = |J,., P;. AmodelM of P, is a stablemodel
of @{P; : i € S} atstates iff:

= least([P — Reject(s, M) U Default(P, M))

If someliteral or conjunctionof literals ¢ holdsin all
stablemodelsat states of the DynamicProgram,wewrite

@s{Pi:iES}t:sm ¢ o

The translationof a LUPS programinto a dynamic
programis madeby induction, startingfrom the empty
program Py, and for eachupdateU;, giventhe already
built dynamicprogrampF; & - - - @ P;_;, determiningthe
resultingprogrampP, & - - - P;_, @ P;. To copewith per
sistentupdatecommandswe will further consider asso-
ciatedwith every dynamicprogramin the inductive con-
struction, a setcontainingall currently active persistent
commandsi.e. all thosethatwerenot cancelleduntil that
point in the constructionfrom the time they wereintro-
duced. To be ableto retractrules, we needto uniquely
identify eachsuchrule. This is achieved by augmenting
thelanguagef theresultingdynamicprogramwith anew
propositionalvariable“rule(L < Li,...,Ly)" for ev-
eryruleL « L,,..., L, appearingn theoriginal LUPS
program.

Definition 8 (Translation into dynamic programs) Let
U =U; ®---® U, beanupdateprogram. Thecorre-
spondingdynamicprogramY(U) =P =F & ---® P,
is obtainedby thefollowing inductiveconstructionusing
at eath stepi an auxiliary set of persistentcommands
PC;:

Base step: Py = {} with PCy = {}.

Inductive step: LetP; = Py & --- @ P; with setof
persistenttommand®C; bethetranslationofif; = U1 ®
-+ ® U;. Thetranslationofjy1 = U1 ® --- @ Uiz IS
Piy1 = Po @ - - - ® P;y1 with setof persistentcommands

PC’H—ly WheEPCH_l is:

PC; U {assert [event] (R) when (C) :
always [event] (R) when (C) € Uiy}
— {assert [event] (R) when (C) :

cancel (R) when (D) € Uiy, 691 Pi Esm D}

— {assert [event] (R) when (C) :

retract (R) when (D) € U1, EBiPi Fsm D}
NU;y1 = Uip1 UPCiyy,and Py is:

R, rule(R) : assert [event] (R) when (C) €
NUi—f—l: @t Pl ':sm c

u{d mot rule(R) : retract [event] (R) when (C) €
NUip1, @, Pi Fsm C

U not rule(R) : assert event (R) when (C) €
NUi; @i—l Pi—1 Fsm C

rule(R) : retract event (R) when (C) €
NU;,@®,;_, Pi—1 Fsm C,rule(R)

whee R denotesa genearlizedlogic programrule, and
C and D a conjunctionof literals. In theinductivestep,
if i = 0 thelasttwo lines are omitted. In that caseNU;
doesnot exist. o

Definition 9 (LUPS semantics) Leti/ bean updatepro-
gram.Aquery

holds(Ly,...,Ly,) at q
istruein U iff @, Y(U) Fsm L1,..., Ln. o

3 LUPSandPlans

LUPS, by allowing to declaratvely specify both knowl-
edgestatesaandtheirtransitionscanbeusedasapowerful
representatiofanguagen planningscenarioslts variety
of updatecommandscan sene to model from the sim-
plestcondition-efect actionto parallelactionsandtheir
indirecteffects.

In this sectionwe formalizethe planningproblemin
LUPS,andcharacterizés solutions.Throughoutve con-
siderd = U; ® --- ® U, to beanupdateprogramin the
languageC. Webegin by consideringasetof actionsfrom
L, whosespecificatioris definedby updatecommands.

Definition 10 (Action) LetL, = {a1,...,an} beaset
of atomsfrom £ whereeah a € L, representanaction.
We call the elementf £, actions Typically for every
actiontherewill beone(or more) updatecommandsfthe
forms(2)-(6), whele the action « appeas in the ‘when’

clause o



Fo example,in

always [event] (L < Ly, ..., L)
when (Lgy1,- .-, Ly, @)

we have, intuitively, that a is an action whoseprecon-
ditionsare L1, . .., L, andwhoseeffectis an update
that, accordingto its type, can model differentkinds of

actions,all in oneunified framework. Exampleof kinds
of actionsare:

e actionsof the form “«a causesF' if Fy,...,F”,
where F,F,...,F, are fluents (such as in
the language A of Gelfond and Lifschitz
(1998)) translates into the update command
“always F when (Fy,...,Fy,a)”.

e actions whose epistemic effect is a rule
update of the form “a updates with
L « Li,...,L; if Lgy1,...,Ly" trans-
lates into the updatecommand“always (L <
Ly,...,Ly) when (Lgy1,. .y Lim,@)”.

e actionsthat, whenperformedin parallel,have dif-
ferentoutcomespf theform “a, or a, causel i f
Lyiq,...,Ly" and “a, anda, in parallelcause

Ly if Lgys,...,Ly,” translatesnto the threeup-
datecommands:
always Ly when (Lyy1,. .., Ly, aq,not ap)
always L1 when (Lygy1, ..., Ly,not ag, ap)
always Ly when (Lgy1, -, Lin, 0, )

e actionswith non-deterministieffects of the form
“ocausesL; or L) if Lgy1,---,Ly” translates
into the updatecommandgwhereg,, 8, are new
auxiliary predicatesand is a uniqueidentifier of
anoccurrencef «):

always (L1 < B,(I))
when (Lgy1, - - -
always (La + Bp(I))
when (Liy1,...
always (B (I) + not By(I))
when (Lgy1,- - -
always (By(I) < not B,(I))

when (Liy1,-..

s Lim, o(I))
s L, a(T)
s Lim, (1))

s Lim, (1)

In this representatiomf the non-deterministicef-
fectsof anactiona, we createtwo auxiliary actions
(B4, Bp) With deterministieffects,andmaketheef-
fect of a be the non-deterministicchoicebetween
actionsg, or G.

Next, we formaliseactionupdatesandplans

Definition 11 (Action Update) AnactionupdateU%, is
a setof updatecommand®f theform:

U = {asserteventa: a € L4} o

Intuitively, each command of the form
“assert event o” will representthe performing of
action a. Note that performingan actionis something
that doesnot persistby inertia. Thus, accordingto the
descriptionof LUPS in Sect. 2 the assertiormustbe of
an event. By assertingevent «, the effect of the action
will be enforcedif the preconditionsare met. Each
action updaterepresents set of simultaneousactions.
For simplicity, we representhe updatecommandsn an
action updatejust by their correspondingy’s. Instead
of U* = {assert event a;; assert event ay} we write
U® ={og;00}.

Definition 12 (Plan) A planis afinite sequencef action
updates. o

In orderto relatethe goalsto be achieved with the
plans,we needto know the effect of executingthe plan.
Thisis givenby thefollowing function:

Definition 13 (Result) The result of applying a plan
U~ = Uyp,...,U% to an updateprogramif = U; ®
---® U, is givenby the updateprogram:

Result U U)=U1 @ ---QU, QU ®@--- QU5 ©

Finally, the planningproblemis aboutfinding a plan
suchthat a goal, givenin the form of a LUPS query is
achieved asthe resultof applyingthe planto the initial
stateupdateprogram.

Definition 14 (Planning Solution) Givenanupdatepro-
gram U = U; ® --- ® U, and a query (goal)
“holds(Lz, ..., L) at ¢?”, theplani® = U2, ..., Uy

is a planningsolutionif the queryis true in the resultof
applyingl{® tol , i.e. sud that

®, Y(Result(U*,U)) Esp L1, ..., Ln. o

Thisdefinitionsuggestshatplanningsolutionscanbe
seenas abductve updatesolutionsin the LUPS frame-
work. Thiswill be exploredin the next section.

4 On the implementation of LUPS
and planning

In Alferesetal. (1999),a translationis presenteddf up-
dateprogramsand queriesinto single normallogic pro-
gramswhich arewritten in a meta-languagerhetransla-
tionis purelysyntacticandhasbeenprovencorrectthere:
a queryholdsin anupdateprogramiff its translationbe-
longsto all stablemodelsof the updateprogramtransla-
tion. Thelatter directly supportsa mechanisnfor imple-
mentingupdateprograms:aftera pre-processoperforms
the translationsgueryansweringis reducedto that over
normal logic programsby meansof a meta-interpreter



The pre-processoand a meta-interpretefor answering
querieshave beenimplemented

The translationusesa meta-languag@eneratedoby
the languageof the update programs. For each ob-
jective atom A in the languageof the updateprogram,
and eachspecial propositionalsymbol ruler« Body Of
cancelr Body (Wherethesesymbolsare addedto the
languagefor eachrule L + Body in the updatepro-
gram), the meta-languageéncludesthe following sym-
bols: A(s,t), A%(s,t), A(s,t), and A%(s,t), wheres
andt rangeovertheindexesof the updateprogram.intu-
itively, thesenew symbolsmean,respectiely: A is true
at states consideringavailableall statesupto ¢; A istrue
dueto theupdateprogramat states, consideringll states
upto¢; A is falseat states consideringall statesup to ¢;
not A is truedueto theupdateprogramat states, consid-
eringall statesupto ¢.

Intuitively, thefirstindexicalagumentaddedo atoms
standsrom the updatestateat which the atomwasbeen
introducedvia arule. So,accordingo thetransformation
in Alferesetal. (1999),in non-persistenassertsthefirst
argumentof atomsin theheadof rulesis instantiatedvith

theindex of the updatestatewheretherule wasasserted.

In persistenassertstheargumentangesvertheindexes
wherethe rule shouldbe assertedi.e. all thosegreater
thanthe statewherethe correspondingl/ways command
is). The secondindexical agumentstandsfor the query
state. Accordingly, whentranslating(non-esent) asserts,
the secondargumentof atomsin the headof rulesranges
over all stategyreaterthantheonewheretherule wasas-
serted.For eventassertsthe secondargumentis instanti-
atedwith theindex of theupdatestatewheretheeventwas
assertedThisis soin orderto guaranteghatthe eventis
only truewhenqueriedaboutin thatstate.

Inertiarulesareaddedto allow for accesgo rulesas-
sertedin statesbeforethe statethe queryis posed.Such
rulessaythat oneway to prove L at states with query
statet, is by proving L at states — 1 with the same
query state(unlessits complementis proven at states,
thusblocking theinertiaof L).

Literals in the body of assertedules are translated
suchthat both agumentsareinstantiatedwith the query
state. This guaranteeghat body literals are always
evaluatedwith respectto the query’s state. Literals in
the when clausehave both agumentsinstantiatedwith
the stateimmediatelyprior to thatin which the rule was
asserted. This guaranteeshat thoseliterals are always
evaluatedconsideringhatprior stateastheir querystate.
The completeformalizationof thetranslation'r (/) can
befoundin Alferesetal. (1999).

Planningsolutions,asdefinedin the previoussection,

1The system runningunderXSB-Prolog,a systemwith tabling, is
availablefrom:
http://centria.di.fct.unl.pt/” jjalupdates/
Ratherthanstablemodelssemanticsthewell-foundedsemanticss used
instead.

are clearly similar to abductve solutionsin the LUPS
framework: whenfinding aplan,oneis lookingfor setsof
"assertevent” commandstandingor actionsperformed,
thatwhenaddedo the sequencelerive thetop queryand
are consistent(in the sensethat a stablemodel exists).
In this abductve setting, the abduciblesare commands
of the form assert event (a) wherea € L,. Given
the above describedranslationof a sequencef update
commandsnto a single normallogic programwith in-
ertiarules, this abductionproblemin the LUPS setting,
can easily be transformednto an abductionproblemin
normallogic programs.Simply translatethe sequenc®f
updatecommandsnto asingleprogram,anddefineasab-
duciblesthosetranslatiorpredicatesrisingfrom translat-
ing commandsissert event (a) for every a, wherea is
anaction.lt is easilyseenthatfinding abductve solutions
for queriesover thetranslatecabductie logic programis
tantamounto finding planningsolutionsin the original
updateprogram.

Theorem 1 (Planning asabduction) Let T'7(i/) be the
logic programobtainedfromthetranslationof an update
programif = Uy ® ...U,, andlet Ab = {a(i,i) : n <
i <m+mn,a € L,} bethe setof abducibles.Givena
subsetA of Ab, leti/*(A) = UP @ ..U besud that
assert event (o) € U2 iff a(i, i) € A.

Then A is an abductive solution for
Tr(holds Ly, ... Ly at q) in thelogic programTr(U) iff
U (A) is aplanningsolutionfor “holds Ly, ... Ly at ¢”

niy. o

Accordingto this theorem to implementa plan gen-
eratorin LUPS, all thatneedsdoingis to implementthe
translationfrom LUPS programsto logic programsand
thento useaninterpretefor abductiorontop of thetrans-
lated program. This is the basisof our implementation
which, asidefrom the aforementionecreprocessofor
the translation,employs an interpreterfor the abduction
procedureABDUAL (Alferesetal.,1999).Notethatmul-
tiple abductionsat one state,ie parallel actions,canbe
generated.

5 lllustrati ve Example

In this sectionwe presentnexampleillustratingthe abil-
ity of this framawvork to deal with dynamically chang-
ing rules. Onedomainwheresuchdynamicbehaiour of
rulesis essentials Legal ReasoningIn this domainnen
rulescomeinto play while, at the sametime, otherrules
ceasdo bevalid. In countrieswith legal systemswvhere
laws are often changedjurisprudencemakes heary use
of thearticlesgoverningthe applicationof law overtime.
The representationf, andreasoningabout,sucharticles
is nontrivial, the onemostimportantbeingthe partdeal-
ing with transientsituations.For example,whenanevent
occursaftersomenew law hasbeenapproved,but hasnt
yet taken effect. Differentoutcomescould be obtained



dependingon the dateof the trial. In suchsituationsan
agentactingasalawyer, would have to planits courseof
actionin comple situationsdueto thechangingrules.
Considera fictional situationwheresomeonds con-
scriptedif heis draftableand healthy Moreover a per
sonis draftablewhen he reaches specificage. In this
situation,if someonas conscriptecandnotincorporated
(for examplebecauséhe hides), he is cited for a crime
and, if tried, goesto jail. Of courseone cannotbe tried
while in hiding. Considerthat a personis electablefor
officeif electablepreviouslyandnotin hiding. Moreover,
the personceasedo be electablef ever beento jail. Af-
ter sometime, a new law is approved that rendersone
not conscriptedf aconscientiousbjector However, this
law will only take effect after 20 days. How could John,
electable healthy conscientiousbjector thatbecameof
age 10 daysafter this new law hasbeenenactedavoid
beingincorporatedandremainelectablefor office in the
future? This is anillustrative scenarioeasily expressible
in LUPS.It translatesnto the updatecommand&
U1 :
always draftable(X) when of _age(X)
assert (conscripted(X) < draftable(X),
healthy(X))
always hiding(X) when hide(X)
always not hiding(X) when unhide(X)
assert (jail(X) < trialed(X), cited(X))
always incorporated(X)
when (conscripted(X), not hiding(X))
always cited(X) when (conscripted(X),
not incorporated(X))
assert (trialed(X) «+ cited(X),not hiding(X))
always electable(X)
when (electable(X), not hiding(X))
always not electable(X) when jail(X)
assert objector(John)
assert healthy(John)
U10 :
always (not conscripted(X) < objector(X))
when current(30)
U20 :
assert of .age(John)
whereL, = {hide(X),unhide(X)} is the setof possi-
ble actions. If we have the goal of never beingincorpo-
ratedandbeingelectableafter 30, the desirablesolution
would be to performthe action hide(John) at 20, and
performthe actionunhide(John) after 30. Note thatif
Johndoesnot hide at 20, hewill becitedfor acrime, be
trialed, sentto jail andthuswould never be electablefor
office again.Thegoalis:

holds electable(John) at 31

would returnanabductie solutionthatwould correspond

2Wherecurrent(S) is abuilt in predicatesuchthatit is trueiff the
currenttimeis .S, which couldbeimplementedn LUPSitself.

to theplani/® = Uy, Usy, where:

Usy = {assert event(hide(John))}
Uy, = {assert event(unhide(John))}

representinghe desiredsolution.

6 Conclusionsand Future Work

The ability to dealwith dynamicsituationsis one of the
majorfeaturesof our proposalasit allows oneto handle
a new classof planningproblems. In fact, extant plan-
ning framevorksdo not easilyencompasthe description
of worldswith dynamicallychangingrules. For instance,
neitherPDDL (McDermottetal.,1998)norOCL (Liu and
McCluskey, 2000)arecapableof describingdynamicsit-
uations.DynamicLogic Programmingermitsaswell the
representingf actionsin the STRIPS-or ADL-style, uti-
lized in theseplannerswith pre-conditionsgffects, and
conditionalandlogical operators.Additionally, it caters
for simultaneousctionsand,dueto its expressienessit
can modelcomple effects of actions. By using an ex-
plicit representatioof theworld, andof theactionsavail-
able at eachstate, its history and attendingchangecan
itself be queriedandreconstructed.

Above all, embeddinglanninginto alogic program-
ming framework with a precisedeclaratve semantics,
malkesit amenabldo integrationwith other alreadyde-
veloped,monotonicand non-monotonidknowledgerep-
resentatiorandreasonindgunctionalities.Amongthese:

e Extensve declaratve knowledge representation,
comprisingdefaultandexplicit negation

¢ Semanticgandimplementation¥or non-stratified
knowledge

¢ Obsenanceandupdatingof integrity constraints

¢ Knowledgerules updating, besidesthat of action
rulesupdating

¢ Abductivereasoningpverandabovetheabduction
of actions

¢ Inductive learningof knowledgeandactionrules
¢ Belief revision andcontradictionremoval

e Argumentatiorfor collaborationrandcompetition
e Preferencesemanticscombinablewith updates

e Meta- and object-languagecombination through
meta-interpretersfacilitating languageextensions
andexecutioncontrol

e Model-baseddiagnosisof artifacts, via obsena-
tionsandactionsonthem

¢ Declaratvedehluggingof logic programgepresent-
ing knowledgebases



Explanationgeneration

Distribution with communication

Agentarchitectures

Testandtriedimplementedogic programmingsys-
tems,tabledexecution

Our ongoing researchhas promotedand achiesed
someof theseintegrative desideata, and currently pur-
suesa numberof them. Suchintegrateabldacilities pave
the way for the building of complex rationalagentsem-
ploying sophisticateghlanningamongsthemseles.
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