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Abstract

In this paper we presenta new logic for specifyingthe behaiour of multi-agentsystems.In
this logic, agentsareviewed asBDI systemsin thattheir stateis characteriseth termsof beliefs
desies andintentions the semanticof the BDI componenbf the logic are basedon the well-
known systemof Raoand Geogef. In addition,agentshave availableto thema library of plans,
representingheir ‘know-how’: proceduraknowledgeabouthow to achiese theirintentions.These
plansare,in effect, programsthat specifyhow a group of agentscanwork in parallelto achieve
certainends. Thelogic providesarich setof constructdor describingthe structureandexecution
of plans. Somepropertiesof thelogic areinvestigated(in particular thoserelatingto plans),and
somecomment®on futurework arepresented.

1 Intr oduction

Thereis currentlymuchinternationalnterestin computesystemghatgo underthebanneof intelligent
agents[17]. Crudely anintelligentagentis a systemnthatis situatedn adynamicervironment,of which
it hasanincompleteview, andoverwhichit canexertpartialcontrolthroughthe performancef actions.
Agentswill typically be allocatedseveral (possibly conflicting) tasks,and will be requiredto make
decisionsabouthow to achieve thesetasksin time for thesedecisiongo have usefulconsequencd8].

An obviousresearctproblemis to devise softwarearchitectureshatarecapableof satisfyingthese
requirementsVarioussolutionshave beenproposedmary of which arereviewedin [17]. Onesolution
in particular thatis currentlythe subjectof muchongoingresearchis the belief-desie-intentian (BDI)
approach11]. A representate BDI architecture(the Prs [4]), is illustratedin Figurel. As thisfigure
shaws, a BDI architecturdypically containsfour key datastructures An agents beliefscorrespondo
informationthe agenthasaboutthe world, which may be incompleteor incorrect. Beliefs may be as
simpleasvariables(in thesenseaf, e.g.,PASCAL programs)butimplementedDI agentgypically rep-
resenbeliefssymbolically(e.g.,asPRoLOG-like facts[4]). An agents desiesintuitively correspondo
thetasksallocatedto it. (ImplementedDI agentgequirethatdesirese logically consistentalthough
humandesireoftenfail in thisrespect.)

An agents intentionsrepresentlesireshat it hascommittedto achieving. The intuition is thatan
agentwill not,in generalbe ableto achieve all its desiresgvenif thesedesiresare consistentAgents
musttherefordfix uponsomesubsedf availabledesiresandcommitresourceso achieing them.These
choserdesireswhich the agenthascommittedto achieving, areintention$2]. An agentwill typically
continueto try to achieve anintentionuntil eitherit believestheintentionis satisfied or elseit believes
theintentionis no longerachievable[2].

Thefinal datastructurein aBDI agentis aplanlibrary. A planlibraryis asetof plans(a.k.arecipe$
which specifycoursesf actionthatmay be followed by anagentin orderto achieve its intentions.An
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agents plan library representéts procedual knowledg, or know-how A plan containstwo parts: a
body; or program, whichdefinesa courseof action;andadescriptor which statesboththecircumstances
underwhich the plancanbe used(i.e., its pre-condition) andwhatintentionsthe plan may be usedin
orderto achieve (i.e., its post-condition).

Theinterpreterin Figurel is responsibldor updatingbeliefsfrom obserationsmadeof theworld,
generatingiew desireqtasks)on the basisof new beliefs,andselectingrom the setof currentlyactive
desiressomesubseto actasintentions.Finally, the interpretemustselectanactionto performon the
basisof theagents currentintentionsandproceduraknowledge.

In orderto give aformal semantic$o BDI architecturesarangeof BDI logics have beendeveloped
by RaoandGeogef [10, 12]. Theseogicsareextensiongo thebranchingtime logic CTL* [3], which
also containnormal modal connecties for representingeliefs, desires,and intentions. Most work
on BDI logics hasfocussedn possiblerelationshipbetweerthe three‘mental states’[10], andmore
recently on developingproof methoddor restrictedformsof thelogics[12]. In relatedwork, attempts
have beenmadeto graftalogic of plansontothe basicBDI framework, in orderto represenainagents
proceduraknowledge[13, 7]. However, theformalismspresentedn [13, 7] have associateavith them
somerathersubtletechnicalproblems.In short,the aim of this paperis to rectify theseproblems,and
thusgive a BDI logic thatallows usto represenagentswith proceduraknowledge.

We begin with a brief summaryof the technicalproblemsin [13, 7] that promptthis work. In
section2, we introducethe basicsemantimbjectsthatunderpinour new logic, andthenformally define
plansandthe semantic®f planexecution.In section3, we presenthe new logic itself, which we shall
call L. Somepropertiesof thelogic areinvestigatedandsomeconclusionsarepresentedn sectiord.

Motivation

Thekey problemwith thelogicspresentedh [13, 7] is therepresentationf plansassyntacticconstructs.
Specifically planbodieswereformalizedasobjectlanguagesxpressionsandpre-conditionsasobject-
languagdormulae.Planswerethendefinedto be pre-condition/bodyairs,anda setof suchplanswere
placedin the semanticdomainof the languagdg13, p64]. Theintuition is clear: a pre-conditionfor a
plan,representedsa formulaof thelogic, would be satsifiedn somestateif the formularepresenting
the pre-conditionwas satisfiedin that state. (This is essentiallyhow pre-conditionsare realizedin
the PRs [4]). The ideaof plan bodiesas syntacticobjectsalso seemsreasonable.After all, plans
are essentiallyprograms,and we are accustomedo thinking of programsas syntacticobjects. But
while theintuition is both obvious andappealingtherearesomesignificantdifficulties associateavith



this approach.Froma conceptuapoint of view it seemsstrangeto have syntacticobjects(plans,pre-
conditions)in thedomainof thelanguagelf we have termsin the object-languagénhatstandfor plans,
thenwe would expectto seeplansassemantimbjectsappearingn thedomain.But thisis notthe case.
Hence,we amgue, thereis somecircularity in the formalizationof plans,asa resultof the confusion
betweensyntaxand semantics.From a technicalpoint of view, it hasbeenknown sinceat leastthe
19604hatthepracticeof puttingobject-languagirmulaeinto thedomainof thelanguageftenleadsto
inconsistentogics[8]. (An object-languageontainingtermswhich themselesdenoteobject-language
formulaeis known asa self-refeential meta-languge; usingsuchlogics,whichallow formulaeto refer
to themseles,it is possibleto construcistatementsuchasthefamousliar’ paradox.)

Forthesereasonswe hereintroduceanew BDI logic of planningagents:£. Thenew logicis similar
in mary respectdso thosedefinedin [13, 7], (in particulay the BDI semanticarebasecon [10], andwe
try to captureasmary of theintuitionsof [13] aspossible sincewe believe theseareessentiallycorrect).
However, we take careto avoid the problemsoutlinedabore by treatingplansassemanticobjects.We
believe the resultingformalismhasseveraladvantage®ver [10, 7]: thedistinctionbetweersyntaxand
semanticss unambiguousandthe languageclearly allows usto quantify over plans,without running
into the difficultiesassociateavith meta-languages.

2 Plansand Plan Execution

As notedabove, we intendour logic L to let us representhe propertiesof reasoningagents eachof
which hasassociatedwvith it a plan library, containingplansthatit canusein orderto achiese its
intentions.In this section,we formally defineplansandthe semantic®f planexecution. We begin by
introducingthe basicsemantimbjectsof ourlogic.

2.1 Worlds, Situations, and Paths

The logic £ thatwe develop in section3 allows usto representhe propertiesof a systemthat may
evolve in differentways,dependingiponthe choicesmadeby agentswithin it. We let Dag bethesetof
all agentsandusea binarybranching timerelation R, to modelall possiblecoursesf systemhistory
TherelationR holdsovera setT of time-pointsi.e., RC T x T. Any time-pointmay be transformed
into anotherthroughthe executionof a primitive actionby someagent:arcsin R thuscorrespondo the
performancef suchactions.We let D bethesetof all primitive actions,andassumenarclabeling
function Ad thatgivesthe actionassociatedvith every arcin R. Similarly, we assumea function Agt,
which givesthe agentassociateavith every primitive action.

Definition 1 Aworldisapair (T',R)), whee T’ C T is anon-emptyetof timepoints,andR C T’ x T’
is a total, badwards linear brandhing timerelationon T'. LetW = {w,w/, ...} bethesetof all worlds
(overT). If we W, thenwe write T, for the setof time pointsin w, and R, for the branching time
relationin w.

Definition 2 A pair (w,t), wheew € W andt € Ty, is knownasa situation If w e W, thenthesetof alll
situationsin w is denoteddy Sy, i.e., Sy = {(wt) | t € Ty}. LetS= ,ew Sv bethesetof all situations.
We uses (with decoations: s, s, ...) to standfor membes of S.

We now presensometechnicalapparatugor manipulatingbranchingime structures.

Definition 3 Letw € W be a world. Thena finite paththroughw is a sequencéty,t,...,t) of time
points,sudthatvVu e {0,...,k— 1}, wehave(ty,t,+1) € Ry. Let f pathgw) denotethesetof finite paths
throughw. Aninfinite path(or just ‘path’) throughw is a sequencét,|u € IN), sud thatVu € IN, we
have(ty,tu+1) € Ry. Let pathgw) denotethe setof pathsthroughw. If pis a (finite or infinite) path
andu € IN, then p(u) denoteghe u+ 1'th elemenif p (wheee this is defined). Thusp(0) is the first
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time-pointin p, p(1) is thesecondandsoon. If pis a (finite or infinite) pathandu € IN, thenthe path
obtainedfrom p by remavingits first u time-pointss denotecby p¥) (whee thisis defined).

2.2 Plan Structure

An agents planlibrary is asetof ‘recipes’,whichtheagentcanuseusein orderto bring aboutits inten-
tions. Plansareactuallymulti-agent plans,which closelyresembleparallelprograms.A plancontains
a plan body, which representshe ‘program’ part of the plan, anda plan descriptor which character
izesthe pre- andpost-condition®f the plan. The atomiccomponent®f plan bodiesareactions i.e.,
elementof thesetDac. Actionsarecomposednto planbodieshby the useof plan constructos. these
arepreciselythekind of constructghatonewould expectto find in a parallelprogramminganguagé,
allowing for sequentiahndparallelcompositionjteration,andchoice.Formally, the setDg, of all plan
bodies,is definedby the grammarin Figure2. We use (with decorations:f3’,1,...) to standfor
memberof Dg.

Therearetwo pointsto noteaboutthis definition. First, althoughwe have useda grammaito define
planbodies andthey thusappeato besyntacticobjects they arein factsemantiabjects built up from
other semanticobjects(actionsand setsof situations). Thereare good reasondor emphasizinghis
point. In ourlanguage L, we will needto be ableto quantifyover plans(andplanbodies).Hencethere
mustbetermsin thelanguagevhich standfor plans(andplanbodies),andboth plansandplan bodies
mustappeatin the domainof the language.Thusplansarenot syntacticconstructsthey aresemantic
objects. The secondooint to noteis thata testactiontakesasits agumenta setof situations thetest
actionc?will succeedf thecurrentsituationis amemberof thesetc. A morenaturalrepresentatiofor
conditionsmightappeato beformulaeof thelanguagesoatestaction$? would succeedf theformula
¢ wassatisfiedin the currentsituation. But this would confusesyntaxandsemanticstestactionsare
semantiobjects sincethey arepartof planbodieswhichin turnarecontainedvithin thedomainof the
language.ln contrastformulaeare syntacticconstructs.Putting formulaeof the object-languagato
the domainof the object-languagevould, in effect, make £ a kind of self-refeential meta-languge,
andsuchlanguage$ave anumberof difficultiesassociateavith them[17].

A planbodyis not, in itself, of muchuseto anagentasit specifiemneitherthe circumstancesnder
whichtheplanmaybeused norwhatit is goodfor. A planbodyis thusvery muchlikeanundocumented
fragmentof programcode. For this reasonwe introduceplan descriptos, which characterizéhe pre-
and post-conditionsssociatedvith plans. The plan descriptorassociatedavith a planbodyrepresents
bothwhenthe planbody canbe executed andwhatexecutionof the planbodywill achieve.

Definition 4 Aplandescriptord, isabinaryrelationd C Sx S, withtheconstaint thatif ((w,t), (w,t')) €
d, thenw = w'. LetA bethesetof all plandescriptos.

L1t is worth noting thatwe do not have ary of the CSP-like primitivesfor communicatiorand synchronizatiorthat one
findsin parallellanguagesik e occam[6].



Plan descriptorsare interpretedas follows. If d € A is intendedto characterizeéhe behaiour of a
plan body B € Dg, then: (i) domd representghe set of situationsfrom which executionof  may
legally commence— intuitively, domd representshe pre-conditionof (3; (ii) rand representshe set
of situationghatmayariseasa resultof executing from oneof thesituationsin domd — intuitively,
rand representshe post-conditiorof 3; and(iii) if (s,s) € 9, thens is a situationthatcould possibly
ariseasaresultof executing startingin situations.

Theconstrainon plandescriptors(thatif ((w,t),(w,t")) €  thenw = w), ensureshatplanexecu-
tion alwayshappensvithin worlds, ratherthanbetweerworlds.

Thismethodfor characterizinghe pre-andpost-condition®f a planmightatfirst sightappeato be
somevhatroundabout— amoreobviousapproactwouldbeto characterizéheseconditionsasformulae
of £. However, this approachwould runinto exactly the samedifficulties thatwe outlinedabore with
respecto testactions,in that putting formulaeinto the domainof the languagds problematic. It is
worth noting that the approachwe have adopteds essentiallyidenticalto the way that programsare
representeth dynamiclogic, wherethe behaiour of a programis representedsa binaryrelationover
programstateq5].

Definition 5 A planis a pair (B,0), whee B € Dg is a plan body and & € A is a plan descriptoy
intendedto representthe behaviourof B. Let Dn = Dg x A be the setof all plans; we use Tt (with
decoations: 0, 11, ..) to standfor membes of Dn. If te D, thenlet 3(11) € Dg denotethebodyof 1,
andd(m) € A denotethedescriptorin 1. Thusdom&(m) representshe pre-conditionof 1, andrand(m)
representghe post-conditionlf s€ dom(m), thenlet 3(1)(s) denotetheimage of s throughd(r), i.e.,

3(m)(9) = {3 | (s¢) € d(m)}.

If B € Dg is aplanbody, thenwe denoteby agerts(3) thesetof all agentghatcouldpossiblyberequired
to performtheactionsin 3:

agerts(a) £ {Ag(a)} (Wherea € Dpo)
agerts(BoR) = agerts(B)Uagerts(p’)  (whered € {;,|,})

agerts(px) = agerts(B)

agerts(c?) = 0.

2.3 Plan Execution

We now turn to the semanticof plan execution. We definea 4-placemeta-leel predicateexeg such
thatexedf3, p,u,Vv) holdsjustin casethe planbody 3 € Dg is executedon path p betweertimesu,v €
IN. Formally, the exec predicateis definedinductively by six equations:one eachfor the plan body
constructorsandonefor the executionof primitive actions.Thefirst equationrepresentthe basecase,
wherea primitive actionis executed.

exeda, p,u,v) iff v=u+1andAd(p(u),p(u+1)) =a (wherea € Dac) Q)
The secondequationcaptureghe semanticof sequentiatomposition:3; B’ will be executedbetween
timesu andyv iff thereis sometime point n betweernu andv suchthat 3 is executedbetweeru andn,
andp' is executedbetweem andyv.

exedB; B, p,u,v) iff Ine {u,...,v} s.t.exedB, p,u,n) andexedB’, p,n,v) 2

Thesemantic®f non-deterministichoiceareevensimpler: | B’ will beexecutedbetweertimesu and
viff eitherp or B’ is executedbetweerthosetimes.



For the executionof parallelplan bodiesp || B/, we requirethat both 3 and ' are executedover the
path,with thesamestartandendtimes. Thesemantic®f concurreng clearlyrepresenasimplification,
whichwe malke in orderto preventtheformalismbecomingcomplicatedby tangentiakideissues.

exedB || B', p,u,V) iff exed, p,u,v) andexed', p,u,v) (4)
Thesemantic®f iterationrely uponthefactthatexecutingP« is the sameaseither(i) doingnothing,or

(ii) executingP onceandthenexecutingB«. Thisleadsto thefollowing fixedpoint equationwherethe
right handsideis definedin termsof theleft handside.

exedPx, p,u,V) iff u=vorexedB; (B+), p,u,v) (5)
(Thereademayliketo comparedhisequationwith thefixed-pointsemanticgivento loopsin imperatve
programminganguage$14].) Finally, we have an equationthat definesthe semanticof testactions
(thefreevariablew, thatappear®ntheright handsideof this equationjs theworld throughwhich p is
apath,andin practicethis variablewill awaysbebound).

exedc?, p,u,v) iff (w, p(u)) € c (6)

Beforeleaving plans,we definethe notion of soundnessintuitively, a planis soundif its plan body
is completelycorrectwith respecto its plandescriptar Thatis, a planmt € D is soundiff wheneer
its body B(m) is executedfrom a situation(w,t) suchthat (w,t) € domd(r), it will terminatein some
situation(w,t') suchthat((w,t), (w,t")) € d(1). For simplicity, we shallassumehatall plansaresound.
Formally, this conditionis expressedas follows: Ve Dp, Yw € W, Vp € pahsw), Yu,v € IN, if

exed(m), p,u,v) then(w, p(u)) € doma(rr) and(w, p(v)) € 3(m)((w, p(u))).

3 A Logic of BDI Agentswith ProceduralKnowledge

In this section,we formally defineour logic £, which is anextensionto the expressie branchingtime
logic CTL* [3]. Thelogic builds onthework of RaoandGeogef [10], andour own previouswork in
agenttheory[16].

L containghe usualconnectiesandquantifiersof sortedfirst-orderlogic: we take asprimitive the
connectres— (not)andyv (or), andtheuniversalquantifiery (for all), anddefinetheremainingclassical
connecties andexistentialquantifierin termsof these.As L is basedon CTL*, a distinctionis made
betweerstateformulaeandpathformulae Theideais that £ is interpretedover a tree-like branching
time structure.Formulaethatexpressa propertyof nodesn this structureareknown asstateformulae
whereadormulaethat expressa propertyof pathsthroughthe structureare known as path formulae
Stateformulaecanbe ordinaryfirst-orderformulae,but variousotheradditionalmodalconnectiesare
alsoprovided for makingstateformulae. Thus(Bel i ¢) is intendedto expressthe factthatthe agent
denotedby i believesd (where¢ is somestateformula). The semanticof beliefaregivenin termsof
an accessibilityrelationover possibleworlds, in muchthe standardnodallogic tradition[1], with the
propertiesrequiredof belief accessibilityrelationsensuringthat the logic of belief correspondso the
normalmodalsystemKD45 (weak-S5).The stateformulae(Goal i ¢) and(Int i ¢) meanthatagenti
hasa desireor intentionof ¢, respectiely: the logics of desireandintentioncorrespondo thenormal
modalsystemKD. (Notethatworldsin £ arenotinstantaneoustateqasin [16]), but arethemseles
branchingtime structurestheintuition is thatbelief accessiblevorldsrepresenan agents uncertainty
not only abouthow the world actuallyis, but alsoaboutits pastandfuture; similarly for desiresand
intentions[10].)

In addition, £ containsvariousconnectiesfor representinghe planspossesselly agents.Thestate
formula (Has i ) is usedto representhe factthatin the currentstate,agenti is in possessionf the
plandenotedby 1. The stateformulae(Pre 1) and (Post 1) representhe factthatthe pre- andpost-
conditionsof the plan 1t respecitrely aresatisfiedin the currentworld-state. The formula (Body 1t 3)
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is usedto representhe factthat 3 is the body of the plan denotedby 1. We alsohave a connectie
(Holds c), which meanghatthe conditiondenotedy c is satisfiedn the currentworld state.

Turning to path formulae, (Exec 3) meansthat the plan body denotedby B is executedon the
currentpath. Stateformulaemay be relatedto pathformulaeby usingthe CTL* path quantifier A.
This connectte meanson all paths’. It hasa dual, existentialconnectie E, meaning'on somepath’.
ThusA¢ meanghatthe pathformula¢ is satisfiedon all historiesoriginatingfrom the currentworld
state,andE¢ meansthat ¢ is satisfiedon at leastone history that originatesfrom the currentworld
state.Pathformulaemaybebuilt up from stateformulae(or otherpathformulae)by usingtwo tempoal
connectivesthe U connectres meansuntil’, andso a formula¢uy means ¢ is satisfieduntil  is
satisfied’.The O connectie meansnext’, andso O¢ meanghat¢ will besatisfiedn thenext state.

3.1 Syntax

L isamanysortedlogic, which permitsquantificatiorover varioustypesof individuals: agentsactions,
plans,planbodies,setsof agentggroups),setsof situations(conditions),andotherindividualsin the
world. All of thesesortsmusthave a correspondingetof termsin the alphabebf thelanguage.

Definition 6 Thealphabetof L containsthefollowing symbols:

1. Adenumenable setPred of predicatesymbols

2. A denumeable setFun of functionsymbols the unionof the following mutuallydisjoint sets:

e Fumg—functionsthatreturnagents;

e Funy:; —functionsthatreturnactions;

e Funq —functionsthatreturnplans;

e Fung —functionsthat returnplanbodies;

e Fung, —functionsthat returnsetsof agents(groups);

e Func —functionsthatreturnsetsof situations(conditions);
e Funy —functionsthatreturnotherindividuals.

3. Adenumeable setVar of variablesymbols the unionof the mutuallydisjoint setsVarag, Vara,
Varp, Varg, Varg,, Varc, andVary.

4. Theoperatorsymbolstrue, Bel, Goal, Int, Agts, =, €, A, Pre, Post, Body, Has, Holds, Exec, U,
andQ.

5. TheclassicakonnectiesV (or) and— (not),andtheuniversalquantifier v.

6. Thepunctuationsymbols), (, and-.

Associatedwvith eachpredicateandfunction symbolis a naturalnumbercalledits arity, given by the
functionarity : PredU Fun— IN. Predicate®f arity O areknown aspropositionsymbolsandfunctions
of arity 0 areknowvn asconstants

Definition 7 A sortis eitherAg, Ac, 1, B, Gr, C, or U. If o is a sort, thenthe setTerm, of termsof
sortag, is definedasfollows:

1. if x e Varg, thenx € Term;

2. if f € Fung, arity(f) =n,and{t4,...,Tn} C Term,thenf(1y,...,Ty) € Termg



(ag-term) = ary elemenibf Termyg (N-termy = ary elemenbf Termp
(B-term) = ary elemenbf Termg (gr-term) = ary elemenbf Termg;
(cterm) = ary elemenbf Termc (term) = ary elemenbof Term

(predsyn) := ary elemenbf Pred (var) := aryelemenbfVar
(tate-fmla) ::=
true pred-syn) ({term), ..., (term))

Bel (ag-term) (state-fmla))
Int (ag-term) (sate-fmla))
(term) = (term))

|
( |
( |
( |
(Pre (M-term)) |
( |
( |

|

( |
(Goal (ag-term) (state-fmla)) |
(Agts {B-term) (gr-term)) |
((ag-term) € (gr-term)) |
(Post (IM-term)) |
( |

|

|

Body (M-term) (B-term)) Has (ag-term) (M-term))

Holds {c-term)) A{path-fmla)
—(state-fmla) (state-fmla) v (state-fmla)
V(var) - (sate-fmla)

(path-fmla) ::=
(Exec (B-term)) | (state-fmla) |
(path-fmla)U(path-fmla) | O(path-fmla) |
—(path-fmla) | (path-fmla) Vv (path-fmla) |

V({var) - {(path-fmla)
(fmla) = (state-fmla)

Figure3: Syntax

wheee thesetTerm, of all terms,is definedby
Term=| J{Term; | 0 € {Ag Ac,1,B,Gr,C,U}}.
We uset (with decoations: T/, 14,...) to standfor membes of Term.

Thesyntaxof thelanguages thendefinedby thegrammaiin Figure3 (it is assumedhatpredicateand
functionsymbolsareappliedto the appropriatenaumberof aguments).

3.2 Semantics

In additionto the varioussemanticsetsdiscusse@bove, the world may containotherobjects(suchas,
for example,blocks andtables),given by the setDy. The objectsover which we canquantifyin £
togetherconstitutea domain

Definition 8 A domainis a structue: D = (Dag, Dac, Dn, Dg, Dgr, Dc, Dy ) whee:
e Dpg={1,...,n} isanon-emptysetof agents;
e Dac={a,0d',...} isanon-emptyetof actions;
e D ={m1,...} isanon-emptyetof plans;
e Dgisasetof planbodies;
e Dgr =0(Dag) — {0} is thesetof non-emptysubset®f Dag, i.€., thesetof agentgroupsover Dag;
e D¢ is anon-emptysetof situations;and

e Dy is anon-emptysetof otherindividuals



sud that (i) all actionsin element®f Dg are membes of Dag; (i) all plan bodiesin elementof Dp

mustbein Dg; and (iii) anyplanbodiescontainedin element®f Dg are alsoin Dg. If D is a domain,
thenwe denoteby D the setU{Ds | 0 € {Ag,Ac,1,B,Gr,C,U}}. If D isadomainandu € IN, thenby
D" we meanthe setof u-tuplesoverD.

In orderto interpret£, we needvariousfunctionsthatassociatesymbolsof the languagewith semantic
objects.Thefirst of theses aninterpretationfor predicates

Definition 9 A predicatdnterpretation®, is a function

®:PredxWx T —0(|J DY)

ueiN

sud that VQ € Pred Vn € IN,VYw € W,Vt € Ty, if arity(Q) = nthen®(Q,w,t) C D" (i.e., predicate
interpretationspreservearity).

Definition 10 Aninterpretatiorfor functions F, is a second-ader function

F:Fun— (|J D"—D)

uelN

sudthat (i) Vf € Fun Vn € IN, if arity(f) = nthendomF(f) C D" (i.e., functioninterpretationspre-
servearity), and(ii) F preservesorts.

Similarly, avariableassignmenassociatesariableswith elementsf thedomain.

Definition 11 Avariableassignmeny/, isafunctionV : Var — D, such thatif x € Varg, thenV (x) € D,
(i.e., variableassignmentpreservesorts).

We now introducea derivedfunction[...Jv r, which givesthedenotatiorof anarbitraryterm.

Definition 12 If V is avariableassignmenandF is a functioninterpretation,thenby [...Jv F, wemean
thefunction[...JvF : Term— D, which interpretsarbitrary termsrelativeto V andF:

[vr & F(f)([talvE,---,[t]lve) wheetis f(t4,...,Tn)
VET V() otherwise

SinceV andF will alwaysbe clearfrom contet, referenceo themwill be suppressedWe cannow
definemodelsfor L.

Definition 13 A mode| M, for £, is a structue
M= (T,RW,D,Ad,Aq,P,BR DR, IR F,®)
whee:

e T isthesetofall timepoints;
e RCT x T isatotal, backwards-linearbranching timerelationoverT;

e W is a setof worlds,sud thatVw € W, wehave:

1. TwCT,;



2. Ry istherelationobtainedfromR by remwing fromit anyarcsthat containcomponentsot
in Tw;

D = (Dag, Dac; Dn, DB, Dgr, Dc, Dy) is adomain;

e Ad : R— Dpc associategn actionwith everyarc in R;

e Agt : Dac — Dag associatesin agentwith everyaction;

e P:DagxW x T —[(Dn) givestheplanlibrary of everyagentin everysituation;

e BR: Dpg— (W x T x W) associatesvith every agenta serial, transitive euclideanbelief ac-
cessibilityrelation

e DR:Dpg—O(W x T x W) associatesvith every agenta serial desireaccessibilityrelation
o IR:Dag— (W x T x W) associatesvith everyagenta serial intentionaccessibilityrelation
e F:Fun— (Uyen DY — D) interpretsfunctions;

o ®:PredxW x T — O(Uyeny DY) interpretspredicates.

The formal semanticof the languageare definedin two parts,for pathformulaeand stateformulae
respectiely. The semanticof pathformulaearegiven via the pathformulasatishctionrelation,‘|=’,
whichholdsbetweerstructureof theform (M,V,w, p), (whereM isamodel.V is avariableassignment,
wisaworldin M, andpis apaththroughw), andpathformulae.Therulesdefiningthisrelationaregiven
in Figure4. Thesemantic®f stateformulaearegivenvia the stateformulasatishctionrelation,which
for conveniencewe alsowrite as‘=": context will alwaysmale it clearwhichrelationis intended.The
stateformulasatisfctionrelationholdsbetweerstructuref theform (M, V,w,t), (whereM is amodel,
V is avariableassignmenty is aworld in M, andt € T, is atime-pointin w) andstateformulae.The
rulesdefiningthisrelationarealsogivenin Figure4. We assumehe standardnterpretatiorfor validity.
Thus a pathformula ¢ is valid, (notation: = ¢), iff for all (M,V,w, p), we have (M,V,w, p) |= ¢.
Similarly, a stateformula¢ is valid iff for all (M,V,w,t) we have (M,V,w,t) = ¢. We write =5 ¢ to
indicatethat the stateformula ¢ is valid. Satisfiabilityfor path and stateformulaeare definedin the
obviousway.

3.3 Derived Connectives

In additionto the basicconnecties definedabore, it is usefulto introducesomederived constructs.
Theseaderived connectiesdo not addto the expressie power of thelanguagebut areintendedo make
formulaemoreconciseandreadableFirst, we assuméhattheremainingconnectiesof classicalogic,
(i.e.,A—"'and’, = —if. .. then...’, and< —‘if, andonly if’) have beendefinedasnormal,in terms
of — andV. Similarly, we assumehatthe existentialquantifier 3, hasbeendefinedasthe dual of V.
Next, we introducethe existentialpath quantifier E, which is definedasthe dual of the universalpath
guantifierA. Thusaformulag¢ is interpretedcas‘on somepath,¢’, or ‘optionally, ¢’
E} = =A-¢.

It is alsocornvenientto introducefurthertemporalconnecties. The unaryconnectie ) meanssome-
times’. Thusthepathformula{¢ will besatisfiedon somepathif ¢ is satisfiedat somepointalongthe
path. Theunary [] connectie meansnow, andalways’. Thus [_]¢ will be satisfiedon somepathif ¢
is satisfiedat all pointsalongthe path. We alsohave a weakversionof theU connectie: Wy is read

‘¢ unlesal’.
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Path FormulaeSemantics

MV,w,p) = ¢ iff (M,V,w,p(0)) =¢ (whered is astateformula)
(M,V,w,p) | =0 iff (M, V,w, p) I 6
(M,V,w,p) = oVY iff (M,V,w, p) = ¢ or (M,V,w,p) =y
(M,V,W,p)'Z qu) iff (M7VT{XH9}7W7p)|=¢

for all d € D s.t.x andd areof thesamesort
(M,V,w,p) = oUW iff Ju € IN suchthat(M,V,w, p¥)) |= ¢ and

we N, if (0<v<u), then(M,V,w, p™) = ¢
(M,V,w,p) = O¢ iff (M,V,w,p) = ¢
(M,V,w,p) = (ExecB) iff Ju € IN suchthatexed[[B], p, 0, u)
StateFormulaeSemantics
(M,V,wt) = true
(M,V,V\I,t) 'Z Q(Tla'-'arn) iff (I]:Tl]]a"'all-rn]]) € cD(Qa\Nat)
M,V,wt) ¢ iff (M,V,wt) |~ ¢
M,V,wt) = oVvy iff (M,V,wt) = ¢ or (M,V,wt) = ¢
(M,V,wi) = V- iff (M,V 1 {x d},wt) = ¢

for all d € D s.t.x andd areof thesamesort
(M,V,wt) = (Beli¢) iff vw e W, if (w,t,w) € BR([i]), then(M,V,w,t) = ¢
(M,V,w,t) = (Goali ¢) iff vw e W, if (w,t,w') € DR([[i])), then(M,V,wt) = ¢
(M,V,w,t) = (Inti ¢) iff vw e W, if (w,t,w) € IR([i), then(M,V,w,t) = ¢
(M,V,wt) = (AgtsBg) iff agerts([B])) = [d]
MVwt [ (1=7)  iff [(]=[7]
M,V,wt) = A iff Vp € paths(w), if p(0) =t, then(M,V,w, p) = ¢
M,V,wt) = (Prem) iff (w,t) € doma([rd])
(M,V,w;t) = (Post ) iff (w,t) € rand([[d))
(M,V,wt) = (Body ) iff B([rd) = [B]
(MV,wt)|= (Hasim  iff [r] € P([i],wt)
(M,V,w;t) = (Holds c) iff (wt) € [[c]

Figure4: Semanticef L
Oo=Ftrueup 0= -0-0 oWy = (9UY) v LI

ThusdWy meanghateither: (i) ¢ is satisfieduntil Y is satisfiedor else(ii) ¢ is alwayssatisfied.It is
weakbecausdt doesnotrequirethaty be eventuallysatisfied.

Talking about groups

The language£ provides us with the ability to usesimple (typed) settheoryto relatethe properties

of agentsandgroupsof agents.The operatorsC and C relategroupstogether and have the olbvious

set-theoretidnterpretation;(Singleton g i) meansg is a singletongroupwith i asthe only member;

(Singleton g) simply meangy is asingleton.

= (Singleton gi) =
(Singleton g) &

Vi-(ieg)=(ied)
(9cd)n-(g=09)

Vi-(jeg = (i=i)

(9C9)
= Ji - (Singleton g i)

(gcd) =

(Agt B 1) meanghati is theonly agentrequiredto performplanbody 3.
(Agt Bi) = vg- (Agts B g) = (Singleton g i)
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Talking about plans

Next, we introducesomeoperatorghatwill allow usto corvenientlyrepresenthe structureandprop-
ertiesof plans.First, we introducetwo constructs(Pre 1t¢) and(Post Tt ¢), thatallow usto represent
the pre-andpost-condition®f plansasformulaeof L. Thus(Pre 1) meanghat$ correspondso the
pre-conditionof T— that¢ is satisfiedn just thosesituationswherethe pre-conditionof 1tis satisfied:

(Premtd) EALI((Pre ) < ¢).

Similarly, (Post Tt$) meanghat¢ is satisfiedn justthosesituationsn whichthe post-conditiorof Ttis
satisfied:

(Post 1) Z A]((Post TD) < ).

Thesedefinitionssaythatif (Pre 11¢), then(M,V,wt) = ¢ iff (wt) € domS([[n]]), andif (Post 1),
then(M,V,w,t) = ¢ iff (w,t) € rand([[1]]). We write (Plan Tt¢ Y B) to expressthefactthatplantthas
pre-conditiond, post-conditionp, andbody 3

(Plan Tt Y B) £ (Pre T d) A (Post TTY) A (Body TTB).

It is often usefulto be ableto talk aboutthe structue of plans: how their bodiesare put togetherin
termsof the constructors, |, ||, andsoon. In orderto do this, we introducesomelogical functions
(i.e., functionsdenotedby elementsof the setFun). We introduceone function for eachof the plan
constructors:

seqfor; parfor| tegfor? orfor| iterforx.

We requirethatthesefunctionssatisfycertainproperties For example for all B, B’ € Termg, werequire
that sedq3, ') returnsthe plan body [[B]; [B'], i-e., thatsed,B’) returnsthe plan body obtainedby
conjoiningthe planbodiesdenotedby 3 andf’ with the sequentiatompositionconstructar Similarly,
we requirethanpar(3, ') returns[] || [B'], thator(B,B’) returns[B] | [B'], thatiter(p) returns][]*,
andfinally, thatteg(c) returns]c]?,for all c € Termc. Theseunctionsallow usto construcplanbodies
within our language.However, comple plan bodieswritten out in full usingthesefunctionsbecome
hardto read. To make suchexpressionsnorereadableye introducea quotingcorvention Theideais
bestillustratedby example.We write

B: p'1 to abbreiate sedp,p’)
'B;(B'I|B")!  toabbreiate sedp, par(p',p"))
B:(B' || B")*! toabbreiate sedp,iter(par(p’,p")))

andsoon. In theinterestof consisteny, we shallgenerallyusequotesevenwherethey arenot strictly
required.

Next, we introducea constructthat makestestactionsmorereadable.Let ¢c € Term: be a term
denotingasituationset,(i.e.,acondition),andlet ¢ bea stateformula. Then(c = ¢) representshefact
that¢ is satisfiedn justthosesituationsdenotedoy c:

(c=¢) € AJ((Holds c) < ¢).

Hereafterinsteadof writing c? we write $?, whereit is understoodhat (c = ¢). Thus,whenwe write
(Exec [(Beli p)?!), it shouldbeunderstoodhatthis abbreiatesyc- (c= (Bel i p)) = (Exec [c?!). Any
formulaabbreiatedin thisway maybesystematicallyewritteninto thefully expandedorm. Notethat
onepropertyof this style of abbreiationis =4 (Exec [¢?!) < ¢.
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The readabilityof plan body expressionsnay be furtherimproved by the introductionof derived
constructorrespondingo the high-level statement-typesnewould expectto find in a standardm-
peratve languagesuchaspPASCAL. First,theif... then... construct:

lif ¢thenpel sep! Zl(92:p) | (-;p).
Whileandrepeatioopsaresimilarly easyto define:

'whilepdoBl = T(¢2)x 02
repeat Buntil ¢! £ [B;whil e —ddop.

Finally, we defineanawai t construct:
lavai t ¢! £ [r epeat true?until ¢!.

Thusawai t ¢ will beexecutedonapathpif thereis somepointon p atwhich ¢ is true. Thereis thusa
closerelationshihetweerawai t andthetemporatsometimes'connectie: =, (Exec lawai t ¢1) <

9.

3.4 SomePropertiesof L

After introducinga new logic by mean®f its syntaxandsemanticsit is usualto illustrateits properties,
typically by meansof a Hilbert-styleaxiom system.However, no completeaxiomatizationis currently
known for CTL*, thelogic thatunderpins£?. For this reasonjnsteadof attemptinga completeaxiom-
atization,we simply identify somevalid formulaeof £, focusingin particularon planexecution.First,

notice thatthe semanticof £ generalizeéhoseof sortedfirst-orderlogic, andhence,in turn, propo-
sitional logic. Thus £ admitspropositionaland sortedfirst-orderreasoningas one might expect. In

addition, the semanticof the BDI componenif £ ensurethat axiomscorrespondingo the normal
modalsystemKD45 (weak-S5)arevalid for the Bel modalities,andaxiomscorrespondingo the nor

mal modalsystemKD arevalid for Goal andint modalities.RaoandGeogef prove thattheseaxioms
togetherconstitutea soundandcompleteaxiomatizatiorof this ‘basicBDI system’12]. With respecto

the CTL* componenbf thelogic, it is notdifficult to seethatthe axiomsonewould expectof CTL* are
validin £ [15]. Turningto plans,we now presensomevalid formulaewhichillustratethatplansbehae

ratherlike programsandthatthelogic of planexecutionis similarto thatof mary programlogics.

Lemmal
1. =p (Plan o Y B) A (Exec [Bl) = (Exec [9?;p).
2. = (Plan Tt W B) A (Exec [B1) = (Exec [B;w?)).
A corollaryof thisis =4 (Plan t¢ W B) A (Exec [Bl) = Q.
3. o (Plan i WR)A(Plan T ¢ @ B') A (Exec IB | B'T) = (Exec [($ v ¢")2:(B | B)).
4. o (PlanTtd Y B)A(Plan Tt ¢’ ¢/ B') A (Exec [B | B1) = (Exec (B | B); (wv W) ?).
A corollaryof thisis = (Plan Tt¢ @ B) A (Plan 1t ¢’ @/ ') A (Exec [B | B'1) = O(wv ).
5. o (PlanTto WR)A(Plan Tt ¢’ ¢/ B') A (Exec [B || B1) = (Exec [(9 A9")2:(B | B)).
6. o (PlanTto WR)A(Plan Tt ¢’ ¢/ B') A (Exec [B || B1) = (Exec [(B | B'); (wAW)?).
A corollaryof thisis =5 (Plan Tt @ B) A (Plan 1¢ ¢’ @/ B') A (Exec [B || B'1) = O(wA ).

Lemmal statesomepropertieof planexecutionin termsof valid £-formulae.By theBel-necessitation
rule, theseformulaemustbebelieved by all agentsThis allows usto derive somefurthervalid formula,
whichrepresenanagents beliefsaboutplanexecution.

2Thesystempresentedh [15] reportedlycontainsanerrorin the proof of completeness.
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Theorem 1

1. =5 (Beli (Plan Tt Y B)) A (Beli A(Exec [Bl)) = (Bel i ¢).

2. =5 (Beli (Plantd g B)) A (Bel i A(Exec [Bl)) = (Beli A(Exec [B;p?))).

3. =5 (Beli (PlanTtd @ B)) A(Beli (Plan 1t ¢’ ' B')) A (Beli A(Exec B | B'1)) = (Beli ¢ v ¢').

4, |—)5 E eli ()Pla)m o wB)A(Beli (Plan Tt ¢’ ¢ B')) A (Beli A(Exec [B|B1)) = (Bel i A(Exec [(B |
B);

5. =5 (Beli (Plan 1t W B))A(Beli (Plan ¥ ¢’ W' B')) A (Beli A(Exec [B|| 1)) = (Beli  Ad’).

6. =5 (Beli (Plantd W B)) A (Beli (Plan 1 ¢’ ' B')) A (Bel i A(Exec [B|| B'1)) = (Beli A(Exec [ (B ||
B); (WAW)?).

In a similar way, onecanprove variouspropertieof derived constructsuchaswhi | e loopsandi f
statements.

4 Concluding Remarks

It is now widely acceptedhatthetechnologyof multi-agentsystemswill play akey rolein thedevelop-
mentof futuredistributed systemsAs the useof multi-agenttechnologybecomesnorecommonplace,
sotheneedfor afirm theoreticafoundationdor it will grow. In this papeywe hopeto have contrituted
to suchafoundationpy presentinganew logic thatcanbeusedto give anabstracsemanticso a signif-
icantclassof intelligentagentarchitecturesln theseso-calledBDI architecturegheinternalstateof an
agentis characterisethy symbolicdatastructuredooselycorrespondindo beliefs,desiresandinten-
tions. In addition,suchagentshave availableto themalibrary of plans,representingheir ‘know-how’:
proceduraknowledgeabouthow to achieve goals.
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