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Abstract. In this paperwe presenta new logic for specifyingthe behaiour of
multi-agentsystemsin thislogic, agentsareviewedasBDI systemsin thattheir
stateis characterisedh termsof beliefs desies andintentions the semantics
of the BDI componenbf the logic arebasedon the well-knowvn systemof Rao
andGeogef. In addition,agentshave availableto themalibrary of plans,repre-
sentingtheir ‘know-how’: proceduraknownledgeabouthow to achieve their in-
tentions.Theseplansare,in effect, programsthatspecifyhow a groupof agents
canwork in parallelto achieze certainends.Thelogic providesarich setof con-
structsfor describinghe structureandexecutionof plans.Somepropertieof the
logic areinvestigated(in particularthoserelatingto plans),andsomecomments
onfuturework arepresented.

1 Intr oduction

Thereis currentlymuchinternationalinterestin computersystemshat go underthe
bannerof intelligentagents[16]. Crudely anintelligentagentis a systemthatis situ-
atedin a dynamicenvironment,of which it hasanincompleteview, andover which it
canexertpartialcontrolthroughthe performancef actions Agentswill typically beal-
locatedseveral(possiblyconflicting)tasks andwill berequiredo makedecisionsabout
how to achieve thesetasksin time for thesedecisiongo have usefulconsequencds].

An ohbviousresearciproblemis to devise softwarearchitectureshatarecapableof
satisfyingtheserequirementsvarioussolutionshave beenproposedmary of whichare
reviewedin [16]. Onesolutionin particular thatis currentlythe subjectof muchon-
goingresearchis the belief-desie-intention(BDI) architecturg10]. A representatie
BDI architecture(the PRs [4]), is illustratedin Figurel. As this figure shavs, a BDI
architecturetypically containsfour key datastructuresAn agents beliefscorrespond
to informationthe agenthasaboutthe world, which may be incompleteor incorrect.
Beliefs may be as simple asvariables(in the senseof, e.g.,PASCAL programs)but
implementedDI agentgdypically represenbeliefssymbolically(e.g.,asPRoOLOG-like
facts[4]). An agents desiesintuitively correspondo thetasksallocatedto it. (Imple-
mentedBDI agentgequirethatdesirede consistentalthoughhumandesireoftenfail
in thisrespect.)

An agentsintentionsrepresentlesireghatit hascommittedto achieving. Theintu-
ition is thatanagentwill not,in generalpeableto achieve all its desiresgvenif these
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Fig. 1. A BDI AgentArchitecture

desiresare consistentAgentsmustthereforefix uponsomesubsedf availabledesires
andcommitresourceso achiezing them.Thesechoserdesiresareintentions An agent
will typically continueto try to achieze anintentionuntil eitherit believestheintention
is satisfiedpr elseit believestheintentionis nolongerachievable[2].

Thefinal datastructurein a BDI agentis a plan library. A planlibrary is a setof
plans(a.k.a.recipe3 thatspecifycourseof actionthatmaybefollowedby anagentin
orderto achieve its intentions. An agents planlibrary represent#ts procedual knowl-
edge, or know-how A plan containstwo parts:a body, or program which definesa
courseof action;andadescriptor which statedoththecircumstanceanderwhichthe
plan canbe used(i.e., its pre-condition) andwhatintentionsthe plan may be usedin
orderto achieve (i.e., its post-condition).

The interpreter in Figurel is responsiblefor updatingbeliefs from obsenations
madeof the world, generatingnew desireqtasks)on the basisof new beliefs,andse-
lectingfrom the setof currentlyactive desiressomesubseto actasintentions.Finally,
theinterpretemustselectanactionto performonthebasisof theagents currentinten-
tionsandproceduraknowledge.

In orderto give aformal semanticso BDI architecturesarangeof BDI logicshave
beendevelopedby RaoandGeogef [9, 11]. Thesdogicsareextensiondo thebranch-
ingtimelogic CTL* [3], whichalsocontainnormalmodalconnectvesfor representing
beliefs,desiresandintentions Mostwork on BDI logicshasfocussedn possiblerela-
tionshipsbetweerthethree'mentalstates’[9], andmorerecently on developingproof
methoddor restrictedformsof thelogics[11].

In short,the aim of this paperis to extendthe basicBDI framework [9, 11] with
an apparatughatallows us to representhe plans(options)thatagentshave available
to them,and how theseplanscan be executed.As such,this paperbuilds on earlier
attemptsto represenBDI agentswith plan libraries[12, 7], aswell asmore general



attemptgo represenagentghatcanactin complex ways|[2]. We begin, in thefollowing
subsectionwith a brief rationalefor our work, andthenin section2, we introducethe
basicsemantimbjectsthatunderpinour new logic, andthenformally defineplansand
thesemantic®f planexecution.In section3, we presenthenew logic itself, whichwe
shall call £. Somepropertiesof the logic are investigatedand someconclusionsare
presentedh section4.

Motivation: Someprevious attemptshave beenmadeto graft a logic of plansonto
thebasicBDI framework [12, 7]. However, thesdogicstreatplansassyntacticobjects.
This makesit unclearwhat plansdenote andalsomakesthe semantic®f quantifying
over planssomeavhatcomple. For thesereasonswe hereintroducea new BDI logic of
planningagents:L. Thenew logic is similarin mary respectdo thosedefinedin [12,
7], (in particular the BDI semanticsare basedon [9]). However, we give a semantic
accounbf plans thathastheflavour of dynamiclogic [5].

2 Plansand Plan Execution

As notedabove, we intendour logic £ to let us representhe propertiesof reasoning
agentseachof which hasassociatedavith it a plan library, containingplansthatit can

usein orderto achieve its intentions.In this section,we formally defineplansandthe

semantic®f planexecution.We begin by introducingthe basicsemantimbjectsof our

logic.

2.1 Worlds, Situations, and Paths

Thelogic £ thatwe developin section3 allows usto representhe propertieof a sys-
tem that may evolve in differentways, dependinguponthe choicesmadeby agents
within it. We let Dag bethe setof all agentsandusea binary brandhingtime relation,
R, to modelall possiblecoursef systemhistory. TherelationR holdsovera setT of
time-pointsi.e., R C T x T. Any time-pointmay be transformednto anotheithrough
theexecutionof a primitive actionby someagent:arcsin R thuscorrespondo the per
formanceof suchactions We let D¢ bethesetof all primitive actions,andassumen
arclabelingfunction Act thatgivesthe actionassociateavith everyarcin R. Similarly,
we assume functionAgt, which givestheagentassociatewvith every primitive action.

Definition 1. A world is a pair (T',R'), whereT’ C T is a non-emptysetof time
points,andR’ C T’ x T' is atotal, backwardslinearbranchingimerelationonT'. Let
W = {w,w,...} bethesetof all worlds (overT). If w € W, thenwe write T,, for the
setof time pointsin w, andR,, for the branchingime relationin w.

Definition 2. A pair (w,t), wherew € W andt € Ty, is known as a situation If
w € W, thenthesetof all situationsn w is denoteddy Sy, i.e.,Sy = {(w,t) | t € Tu}.
Let S = J,ew Sv bethesetof all situations We uses (with decorationss’, s, .. .) to
standfor memberf S,

We now presensometechnicalapparatusor manipulatingoranchingime structures.



(sit-sed ::= ary elemenbf p(S) (conditions)

{plan-body) ::= ary elemenbdf Dac (primitive actions)
| (plarrbody); (planbody  (sequentiatomposition)
| {plan-body} ‘|’ (plan-body) (non-deterministichoice
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Fig. 2. PlanBody Structure

Definition 3. Letw € W beaworld. Thenafinite paththroughw is asequence

(to,t1,. .-, %)

of time points,suchthatVu € {0,...,k — 1}, we have (t,,tu+1) € Ry. Let fpathgw)
denotethe setof finite pathsthroughw. An infinite path (or just ‘path’) throughw is a
sequencét,|u € IN), suchthatVu € IN, we have (ty,tu+1) € Ry. Let pathgw) denote
thesetof pathsthroughw. If pis a(finite or infinite) pathandu € IN, thenp(u) denotes
the u + 1'th elementof p (wherethis is defined).Thusp(0) is the first time-pointin
p, p(1) is thesecondandsoon. If p is a (finite or infinite) pathandu € IN, thenthe
pathobtainedfrom p by removing its first u time-pointsis denotedby p{¥) (wherethis
is defined).

2.2 Plan Structure

An agents plan library is a setof ‘recipes’, which the agentcanuseusein orderto
bring aboutits intentions Plansareactuallymulti-agent plans,which closelyresemble
parallel programs A plan containsa plan body, which representshe ‘program’ part
of the plan,anda plan descriptor which characterizethe pre-andpost-conditionof
the plan. The atomiccomponent®f plan bodiesare actions i.e., elementf the set
Dac. Actionsarecomposednto planbodiesby the useof plan constructos: theseare
preciselythekind of constructghatonewould expectto find in aparallelprogramming
languagé, allowing for sequentiahndparallelcompositionjteration,andchoice.For-
mally, the setDg, of all planbodies,is definedby the grammarin Figure2. We useg
(with decorationsg’, 81, . . .) to standfor memberof Dg.

Thereare two pointsto note aboutthis definition. First, althoughwe have used
a grammarto defineplan bodies,andthey thus appearto be syntacticobjects,they
arein factsemanticobjects,built up from othersemanticobjects(actionsand setsof
situations).Therearegoodreasongor emphasizinghis point. In our language/, we
will needto beableto quantifyoverplans(andplanbodies)Hencetheremustbeterms
in thelanguagevhich standfor plans(andplanbodies) andbothplansandplanbodies

! It is worth noting thatwe do not have ary of the CSP-like primitivesfor communicatiorand
synchronizatiothatonefindsin parallellanguagesik e occam[6].



mustappeain thedomainof thelanguageThusplansarenotsyntacticconstructsthey
aresemantiobjects.The secondoointto noteis thata testactiontakesasits argument
a setof situations the testactionc? will succeedf the currentsituationis a member
of thesetc. A morenaturalrepresentatiofor conditionsmight appeato be formulae
of thelanguagesoatestactiony? would succeedf theformulay wassatisfiedn the
currentsituation But thiswould confusesyntaxandsemanticstestactionsaresemantic
objectssincethey arepartof planbodieswhichin turnarecontainedwithin thedomain
of thelanguageln contrastformulaearesyntacticconstructsPuttingformulaeof the
object-languagénto the domainof the object-languagevould, in effect, make £ a
kind of self-refelentialmeta-languge, andsuchlanguage$iave anumberof difficulties
associateavith them[16].

A planbody is not, in itself, of muchuseto an agent,asit specifiesneitherthe
circumstancesnderwhich the planmay be used,nor whatit is goodfor. A planbody
is thusvery muchlike anundocumenteftagmentof programcode.For thisreasonywe
introduceplan descriptos, which characterizeéhe pre- andpost-conditionsassociated
with plans.The plan descriptorassociatedavith a plan body representdoth whenthe
planbody canbe executed andwhatexecutionof the planbodywill achieve.

Definition 4. A plan descriptot 4§, is abinaryrelationd C S x S, with the constraint
thatif ((w,t), (W', t')) € §, thenw = w'. Let A bethesetof all plandescriptors.

Plandescriptorsareinterpretedasfollows. If § € A is intendedto characterizehe
behaiour of aplanbody 3 € Dg, then:(i) domd representshe setof situationsfrom
which executionof S may legally commence— intuitively, domJ representshe pre-
conditionof g; (ii) rand representshe setof situationsthat may ariseasa result of
executings from oneof thesituationsn domé§ — intuitively, rané representthepost-
conditionof 3; and(iii) if (s,§) € §, thens is asituationthatcouldpossiblyariseasa
resultof executingg startingin situations.

The constrainton plan descriptors(thatif ((w,t), (w,t")) € § thenw = w'), en-
suregthatplanexecutionalwayshappensvithin worlds, ratherthanbetweerworlds.

This methodfor characterizinghe pre-andpost-condition®f a planmight at first
sightappeato be somavhatroundabout— a moreobviousapproachwould beto char
acterizetheseconditionsasformulaeof £. However, this approachwould runinto ex-
actly the samedifficulties that we outlined above with respecto testactions,in that
puttingformulaeinto the domainof thelanguages problematiclt is worth notingthat
theapproactwe have adopteds essentiallyidenticalto theway thatprogramsarerep-
resentedn dynamiclogic, wherethe behaiour of aprogramis representedsa binary
relationover programstateq5].

Definition 5. A planis a pair (3, ¢), where € Dg is aplanbody, andd € Aisa
plan descriptoy intendedto representhe behaiour of 5. Let Dy = Dg x A bethe
setof all plans;we user (with decorationst’, 1, . . .) to standfor memberf D7 If

m € D, thenlet 3(w) € Dg denotethebodyof =, andd(n) € A denotethe descriptor
in 7. Thusdomé(r) representthepre-conditiorof «r, andrané () representthepost-
condition.If s € domé(r), thenlet §(r)(s) denotetheimageof s throughd(r), i.e.,

5(m)(9) = {s'| (s,8) € §(m)}.



If 3 € Dg is aplanbody, thenwe denoteby agents3) the setof all agentshatcould
possiblyberequiredto performtheactionsin 3:

agenta) £ {Agt(a)} (Wherea € Da)
agent{3 & B') < agenty) U agent3')  (wheres € {;, ,[1})
agent{3x) = agentg3)
agentgc?) = 0.

2.3 Plan Execution

We now turnto the semantic®of planexecution.We definea 4-placemeta-level predi-
cateexeg suchthatexed g, p, u, v) holdsjustin casethe planbody 3 € Dg is executed
on pathp betweertimesu, v € IN. Formally, the execpredicates definedinductively

by six equationsoneeachfor the planbody constructorsandonefor the executionof

primitive actions.Thefirst equationrepresentshe basecase wherea primitive action
is executed.

exeda, p,u,V) iff v=u+ 1 andAct(p(u),p(u+ 1)) =a (wherea € Da;) (1)

The secondequationcapturesthe semanticof sequentiatomposition:3; 3' will be
executedbetweertimesu andv iff thereis sometime pointn betweeru andv suchthat
(3 is executedbetweeru andn, andg’ is executedbetweem andv.

exed3; 8',p,u,V) iff In € {u,...,v} s.t.exed 3, p,u, n) andexed3’, p,n,v) (2)

The semanticof non-deterministichoiceareevensimpler: 3 | g’ will be executed
betweertimesu andyv iff either3 or 3' is executechetweerthosetimes.

exed | 6',p, u, V) iff exed 3, p, u,v) orexed ', p, u, v) (3)

For the executionof parallel plan bodiesg || 8, we requirethatboth 8 and 8’ are
executedoverthepath,with thesamestartandendtimes.Thesemantic®f concurreng
clearly represent simplification, which we make in orderto preventthe formalism
becomingcomplicatedy tangentiakideissues.

The semanticof iterationrely uponthe fact that executing 8x is the sameas either
(i) doing nothing, or (ii) executing3 onceand then executing 8x. This leadsto the
following fixedpoint equationwheretheright handsideis definedin termsof the left
handside.

exed3+, p, u, V) iff u = v or exeds; (5+), p, u, V) (5)

(Thereademay like to comparethis equationwith the fixed-pointsemanticgivento
loopsin imperative programminglanguage$13].) Finally, we have an equationthat



defineshe semanticof testactions(thefreevariablew, thatappear®n theright hand
sideof thisequationjs theworld throughwhich p is a path,andin practicethisvariable
will alwaysbebound).

exedc?, p,u, ) iff (w, p(u)) € ¢ (6)

Finally, we mentionsomeassumptionselatingto plans.First, the notionof soundness
Intuitively, a planis soundif its planbodyis completelycorrectwith respecto its plan

descriptor Thatis, aplanw € Dy is soundiff whenever its body 3(r) is executed
from a situation(w, t) suchthat(w,t) € domd(r), it will terminatein somesituation
(w, t') suchthat ((w,t), (w,t')) € &(x). For simplicity, we shall assumethat (i) all

plansaresound;and(ii) planbodiesareonly executedvhentheir pre-conditiorholds.
Intuitively, condition(ii) requiresthatagentsonly executea planwhenthey knowthe
pre-conditionof the planis satisfied,.e., they arecompetentvith respecto planpre-
conditions.Formally, soundnesss expressedasfollows: Vr € Dy, Yw € W, Vp €

pathgw), Yu,v € IN, if exed 3(x), p, u, V) then(w, p(u)) € domd(x) and(w, p(v)) €

o(m)((w, p(W)))-

3 A Logic of BDI Agentswith Procedural Knowledge

In this section,we formally defineourlogic £, which is anextensionto the expressie
branchingtime logic CTL* [3]. Thelogic builds onthe work of RaoandGeogeff [9],
andour own previouswork in agenttheory[15].

L containgthe usualconnectvesandquantifiersof sortedfirst-orderlogic: we take
asprimitive the connectves— (not) andV (or), andthe universalquantifierv (for all),
and define the remainingclassicalconnectves and existential quantifierin terms of
these As L is basedon CTL*, a distinctionis madebetweerstateformulaeand path
formulae Theideais that £ is interpretedover a tree-like branchingtime structure.
Formulaethatexpressa propertyof nodedn this structureareknown asstateformulae
whereadormulaethat expressa propertyof pathsthroughthe structureareknown as
pathformulae Stateformulaecanbeordinaryfirst-orderformulae put variousotherad-
ditional modalconnectvesarealsoprovidedfor makingstateformulae.Thus(Bel i ¢)
is intendedto expressthefactthattheagentdenotedby i believesy (wherey is some
stateformula). The semanticof belief aregivenin termsof an accessibilityrelation
overpossibleworlds,in muchthestandardnodallogic tradition[1], with theproperties
requiredof beliefaccessibilityrelationsensuringthatthelogic of belief correspondso
thenormalmodalsystemKD45 (weak-S5) The stateformulae(Goal i ) and(Inti ¢)
meanthatagenti hasa desireor intentionof ¢, respectiely: thelogics of desireand
intentioncorrespondo the normalmodalsystemKD. (Note thatworldsin £ arenot
instantaneoustates(asin [15]), but arethemselesbranchingtime structuresthein-
tuition is that belief accessiblavorlds representin agents uncertaintynot only about
how the world actuallyis, but alsoaboutits pastandfuture; similarly for desiresand
intentions[9].)

In addition, £ containsvariousconnectvesfor representinghe planspossessed
by agentsThe stateformula (Has i 7) is usedto representhefactthatin the current



state,agent is in possessioof the plandenotedby 7. The stateformulae(Pre 7) and
(Post ) representhe factthatthe pre-andpost-condition®f the plan« respectiely
aresatisfiedn the currentworld-state Theformula(Body 7 3) is usedto representhe
factthat 3 is the body of the plandenotedy 7. We alsohave a connectve (Holds c),
whichmeanghattheconditiondenotedy c is satisfiedn the currentworld state.

Turningto pathformulae,(Exec 3) meansghatthe plan body denotedby 3 is ex-
ecutedon the currentpath. Stateformulaemay be relatedto pathformulaeby using
the CTL* path quantifier A. This connectve meanson all paths’.It hasa dual, exis-
tentialconnectve E, meaningon somepath’. ThusAp meanghatthe pathformulap
is satisfiedon all historiesoriginatingfrom the currentworld state,andEy meanghat
 is satisfiedon at leastone history that originatesfrom the currentworld state.Path
formulaemay be built up from stateformulae(or otherpathformulae)by usingtwo
tempoal connectivesthe U connectvesmeansuntil’, andso a formula Uy means
‘ is satisfieduntil ¢ is satisfied’.The O connectve meansnext’, andsoO ¢ means
thaty will besatisfiedn the next state.

3.1 Syntax

L is amanysortedlogic, which permitsquantificationover varioustypesof individu-
als:agentsactions plans planbodies setsof agentqgroups) setsof situationgcondi-
tions),andotherindividualsin theworld. All of thesesortsmusthave a corresponding
setof termsin thealphabebf thelanguage.

Definition 6. Thealphabebf £ containghefollowing symbols:

1. A denumerablsetPred of predicatesymbols
2. A denumerableetFun of functionsymbolsthe union of the following mutually
disjointsets:
— Fumyg — functionsthatreturnagents;
— Funa. — functionsthatreturnactions;
— Fung — functionsthatreturnplans;
Fung — functionsthatreturnplanbodies;
Fung: — functionsthatreturnsetsof agentggroups);
Func — functionsthatreturnsetsof situationgconditions);
Funy — functionsthatreturnotherindividuals.

3. A denumerablsetVar of variable symbolsthe union of the mutually disjoint sets
Varag, Varac, Var, Varg, Varg,, Varc, andVary.

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

5. Theclassicalconnectives (or) and— (not), andtheuniversal quantifier, v.

6. Thepunctuatiorsymbols), (, and-.

Associatedvith eachpredicateandfunctionsymbolis a naturalnumbercalledits arity,
given by the function arity : Predu Fun — IN. Predicate®f arity O are known as
propositionsymbolsandfunctionsof arity 0 areknown asconstants



ary elemenpf Termyg  (II-term) ::= ary elemenbof Term;

(ag-term) ::

(B-term) ::= ary elemenbf Terms (gr-term) ::= ary elemenif Termg,
(c-term) ::= ary elemenbf Term (term) ::= ary elemeniof Term
(pred-syn) ::= ary elemenbf Pred {var) ::= ary elementbf Var
(statefmla) ::=
true pred-sym({term, ..., (term))

(Bel (ag-term) (statefmla))
Int (ag-term) (statefmla})

I

| (Goal (ag-term) (statefmila))

I
(termy = (term)) |

I

I

I

I

I
I
Agts (8-term) (gr-term)) |
(ag-term) € (gr-term)) |
Post (II-term)) |
Has (ag-term) (II-term)) |
A(path-fmla) |
(statefmla) v (statefmla) |

(
(
(
(
(
(

Body (II-term) (B-term))
Holds {c-term))
—(statefmla)
V(var) - (statefmla)

(
(
(Pre (II-term))
(
(

(pathfmla) ::=
(Exec (B-term)) | (statefmla) |
{pathfmla)U{path-fmla) | O (path-fmla) |
—(path-fmla) | (pathfmla) v (path-fmla) |

V({var) - {path-fmla)
(fmla) ::= (statefmla)

Fig. 3. Syntax

Definition 7. A sortis eitherAg, Ac, II, B, Gr, C, or U. If ¢ is a sort, thenthe set
Term,, of termsof sorto, is definedasfollows:

1. if x € Var,, thenx € Termy;
2. if f € Fun,, arity(f) = n,and{r,...,m} C Term thenf(r,...,m) € Term,

wherethesetTerm of all terms,is definedby
Term=_J{Term, | o € {Ag,Ac, I1,B,Gr,C,U}}.
We user (with decorationsr’, 71, . . .) to standfor memberf Term
The syntaxof the languages thendefinedby the grammarin Figure3 (it is assumed

that predicateand function symbolsare appliedto the appropriatenumberof argu-
ments).

3.2 Semantics

In additionto the varioussemanticsetsdiscusseabove, the world may containother
objects(suchas,for example blocksandtables) givenby thesetDy. Theobjectsover
which we canquantifyin £ togetherconstituteadomain



Definition 8. A domainis astructureD = (Dag, Dac, D17, Dg, Der, Dc, Du) where:

— Dag = {1, ..., n} isanon-emptysetof agents;

— Dac = {a, /,. ..} isanon-emptysetof actions;

— D = {m,#',...} isanon-emptysetof plans;

Dg is asetof planbodies;

— Dar = p(Dag) — {0} is the setof non-emptysubsetof Dy, i.e., the setof agent
groupsover Dag;

— D¢ is anon-emptysetof situationsand

— Dy isanon-emptysetof otherindividuals

suchthat (i) all actionsin elementsof Dg are membersof Dag; (ii) all plan bodies
in elementsof Dy mustbe in Dg; and (iii) ary plan bodiescontainedin elements
of Dg arealsoin Dg. If D is a domain,thenwe denoteby D the set| J{D, | ¢ €

{Ag,Ac, I1,B,Gr,C,U}}.If D isadomainandu € IN, thenby D" we meanthe setof

u-tuplesoverD.

In ordertointerpret(, we needvariousfunctionsthatassociateymbolsof thelanguage
with semanticobjects.Thefirst of theseis aninterpretationfor predicates

Definition 9. A predicateinterpretation &, is afunction
@ :Predx W x T — p(| | DY)
ueiN

suchthatVQ € Pred, Vn € IN,Yw € W, Vt € Ty, if arity(Q) = nthen®(Q,w,t) C D"
(i.e., predicatdnterpretationpresere arity).
Definition 10. An interpretationfor functions F, is a second-ordefunction

F:Fun— (| JB"— D)

ueiN

suchthat (i) Vf € Fun,¥n € IN, if arity(f) = nthendomF(f) C D" (i.e., function
interpretationpresere arity), and(ii) F preseressorts.
Similarly, a variableassignmenassociatesariableswith elementof thedomain.

Definition 11. A variable assignmentV, is a functionV : Var — D, suchthat if
X € Var,, thenV(x) € Dy, (i.e.,variableassignmentpresere sorts).

We now introduceaderivedfunction]. . .Jv,r, whichgivesthedenotatiorof anarbitrary
term.

Definition 12. If V is avariableassignmenandF is afunctioninterpretationthenby
[. . Iv.r, we meanthe function[. . .]Jv,r : Term — D, which interpretsarbitraryterms
relatveto V andF:

[T]] def F(f)([[Tl]]V,F;---;[[Tn]]V,F) wherer iSf(Tl,...,Tn)
VEZ V() otherwise.



SinceV andF will alwaysbe clearfrom context, referenceo themwill besuppressed.
We cannow definemodelsfor £.

Definition 13. A mode] M, for £, is astructure
M= (T,R W,D,Act, Agt, P, BR DR, IR, F, &)
where:

— T isthesetof all time points;
— RC T x T is atotal, backwards-lineabranchingime relationoverT;
— W is asetof worlds,suchthatvVw € W, we have:

1. TwCT;
2. Ry is therelationobtainedfrom R by remaoving from it ary arcsthatcontain
componentsiotin Ty;

- D= (DAg7 Dac, D1, DB, Dar, D¢, Du) is adomain;

— Act: R — D¢ associateanactionwith everyarcin R;

— Agt: Dac — Dag associateanagentwith every action;

— P:Dagx Wx T — p(Dyr) givestheplanlibrary of everyagentin every situation;

— BR: Dpg — p(WxT x W) associatewith everyagentaserial transitve, euclidean
beliefaccessibilityrelation;

— DR: Dag = (W x T x W) associatewith every agentaserialdesile accessibility
relatior

— IR : Dag = (W x T x W) associatewith every agenta serialintentionaccessi-
bility relation;

- F:Fun— (J,en DY — D) interpretsfunctions;

— & :Predx Wx T = p(U,en DY) interpretspredicates.

The formal semantic®f the languagearedefinedin two parts,for pathformulaeand
stateformulaerespectiely. The semantic®of pathformulaearegivenvia the pathfor-
mulasatishctionrelation, |=', whichholdsbetweerstructure®f theform (M, V, w, p),
(whereM is amodel,V is a variableassignmenty is a world in M, andp is a path
throughw), and pathformulae.The rulesdefiningthis relationaregivenin Figure4.
The semanticof stateformulaeare given via the stateformula satishction relation,
whichfor corveniencevealsowrite as’ |=": context will alwaysmaleit clearwhichre-
lationis intended Thestateformulasatisactionrelationholdsbetweerstructure®f the
form (M, V,w,t), (whereM is amodel,V is avariableassignmenty is aworld in M,
andt € T, is atime-pointin w) andstateformulae.Therulesdefiningthis relationare
alsogivenin Figure4. We assumehe standardnterpretatiorfor validity. Thusa path
formulay is valid, (notation:=p ¢), iff for all (M, V, w, p), wehave (M, V,w, p) |= ¢.
Similarly, a stateformula is valid iff for all (M, V,w,t) we have (M, V,w,t) = ¢.
We write |=s ¢ to indicatethatthe stateformula is valid. Satisfiabilityfor pathand
stateformulaearedefinedin the obviousway.



Path FormulaeSemantics

(M,V,w, p) = <p iff (M, V,w, p(0)) = ¢ (whereyp is astateformula)
(M,V,w,p) = - iff (M, V,w,p) £ @
(M.V.wp) E oV iff (M, V,w, p) = g or (M, V,w,p) | ¢
(M,V, W, p) = ¥ ¢ iff (M, V 1 {x = d},w,p) |= ¢

for alld € D s.t.x andd areof thesamesort
(M,V,w, p) = pUy iff Ju € IN suchthat(M, V,w, p™) |= ¢ and

Vv € |N, if (O <v< u)’ then(M,V,W’ p(v)) ': 0
(M,V,w,p) = Oy iff (M, V,w, p™) |=
(M,V,w,p) = (Exec 8) iff 3u € IN suchthatexed[4], p, 0, u)

StateFormulaeSemantics
(M, V,w, t) = true

(M, V,w,1) = Q(ﬁ, o) iff (7], - .- [m]) € B(Q,w, t)
(M, V,w,1) [= = iff (M, V, W, ) £
(M,V,Wt)|=Vx iff (M,Vt{x—d},wt) Eop

for all d € D s.t.x andd areof the samesort
(M,V,w,t) = (Belip)  iff vw e W, if (w,t,w) € BR([i]), then(M,V,W,t) £ ¢
(M,V,w,t) = (Goalip) iffvw e W, if (w,t,w) € DR([i]), then(M,V,w,t) E ¢
(M, V,w, 1) = (Inti ) iff vw' e W, if (w,t,w) € IR([i]), then(M,V,w,t) &= ¢
(M,V,w,1) |= (Agts 3 g)  iff agent[A]) = [d]
M, V,w,t) = (r=17") iff [7] = [7']
(M, V,w,t) |E Ap iff Vp € pathgw), if p(0) =t, then(M,V,w,p) E ¢
(M,V,w,t) = (Pre ) iff (w,t) € domé([x])
(M,V,w,t) = (Post7)  iff (w,t) € rand([=])
(M, V,w,1) |= (Body x 8) iff B([x]) = [A]
(M,V,w,t) = (Hasix) iff [x] € P([i],w,1)
(M,V,w,t) = (Holdsc) iff (w,t) € [c]

Fig. 4. Semantic®f £

3.3 Derived Connectives

In additionto the basicconnectvesdefinedabore, it is usefulto introducesomede-
rived constructsThesederived connectvesdo not addto the expressive power of the
languagebut areintendedto make formulaemoreconciseandreadableFirst, we as-
sumethat the remainingconnectvesof classicallogic, (i.e., A — ‘and’, = — ‘if. ..
then...’, and< — ‘if, andonlyif’) have beendefinedasnormal,in termsof — andv.
Similarly, we assumehatthe existentialquantifier 3, hasbeendefinedasthe dual of
V. Next, we introducethe existentialpath quantifier, E, which is definedasthe dual of
theuniversalpathquantifierA. ThusaformulaEy is interpretedas‘on somepath,y’,

or ‘optionally, ¢

Egp d:ef —|Aﬂgo,



It is alsocorvenientto introducefurther temporalconnectves. The unaryconnectve
¢ meanssometimes’. Thusthe pathformula ¢ will be satisfiedon somepathif
is satisfiedat somepoint alongthe path. The unary [ ] connectve meansnow, and
always’. Thus [y will besatisfiedon somepathif ¢ is satisfiedatall pointsalongthe
path.We alsohave a weakversionof theU connectve: oW is read' ¢ unlessy’.

Qp=trueUp o= =0 oW Z (pUy) v L.

Thuspwy meanghateither:(i) ¢ is satisfiecuntil ¢ is satisfiedpr else(ii) ¢ is always
satisfiedlt is weakbecausét doesnotrequirethaty be eventuallysatisfied.

Talking about groups: The languagel providesus with the ability to usesimple
(typed) settheoryto relatethe propertiesof agentsand groupsof agents.The opera-
tors C andC relategroupstogetherandhave the obvious set-theoretiénterpretation;
(Singleton g i) meangg is a singletongroupwith i asthe only member;(Singleton g)
simply meangy is asingleton.

(9Cg)=Vi-(ieg)=(ied) (Singletongi) =Vj-(j€g)= (=i

def

(9cg)=(@Cg)A~(g=d) (Singletong) < 3i- (Singleton gi)
(Agt 8 i) meanghati is theonly agentrequiredto performplanbody 3.

(Agt B1) £vg- (Agts 3 g) = (Singleton gi)

Talking about plans: Next, we introducesomeoperatorghat will allow usto con-

venientlyrepresenthe structureand propertiesof plans.First, we introducetwo con-

structs(Pre 7 ) and(Post 7 ), thatallow usto representhe pre-andpost-conditions
of plansasformulaeof £. Thus(Pre = ¢) meanghaty corresponds thepre-condition
of 1 — that is satisfiedin just thosesituationswherethe pre-conditionof = is satis-
fied:

(Pre @) ZALI((Pre ) & o).

Similarly, (Post 7 ¢) meansthat ¢ is satisfiedin just thosesituationsin which the
post-conditiorof 7 is satisfied:

(Post 7 ) = A[]((Post 7) & ).

Thesedefinitionssaythatif (Pre 7 ¢), then(M, V,w, t) = ¢ iff (w,t) € domé([x]),
andif (Post 7 ), then(M, V,w,t) = ¢iff (w,t) € rand([=]). Wewrite (Plan 7 ¢ ¢ )
to expresghefactthatplan« haspre-conditionp, post-condition), andbody 3:

(Plan 7 @ 9 B) = (Pre m @) A (Post ) A (Body 7 3).
It is often usefulto be ableto talk aboutthe structure of plans:how their bodiesare
put together in termsof the constructors, |, ||, andso on. In orderto do this, we
introducesomelogical functions(i.e., functionsdenotedby elementsf the setFun).
We introduceonefunctionfor eachof the planconstructors:



segfor; parfor| testfor? orfor| iter for x.

We requirethatthesefunctionssatisfy certainproperties For example,for all 3, 8" €

Terms, we requirethatsed 3, 8') returnsthe plan body [5]; [8'], i.e., thatsed 3, 3)

returnsthe planbody obtainedby conjoiningthe planbodiesdenotedby 3 ands’ with

the sequentiacompositionconstructor Similarly, we requirethan par(3, ') returns
[8] 1| 18], thator(s,8") returns[g] | [#'], thatiter(B) returns[3]*, andfinally,

thattes(c) returns[c]?, for all ¢ € Termc. Thesefunctionsallow usto constructplan
bodieswithin our language However, complec plan bodieswritten out in full using
thesefunctionsbecomehard to read. To make suchexpressionamore readablewe
introducea quotingcorvention Theideais bestillustratedby example We write

'8; 81 to abbreviatesed3, 8)

'8; (8" || B")! to abbraviatesed3, par(8', 8"))
'3; (8" || B")! to abbreviate sed 3, iter(par(3', "))

andsoon.In theinterestof consisteng, we shallgenerallyusequotesevenwherethey
arenotstrictly required.

Next, we introduceaconstructhatmakestestactionsamorereadablelLetc € Termc
beatermdenotinga situationset,(i.e., a condition),andlet ¢ be a stateformula. Then
(c = o) representthefactthaty is satisfiedn justthosesituationsdenotedoy c:

(c = ¢) = A[]((Holds ¢) & ).

Hereafter insteadof writing c? we write ¢?, whereit is understoodhat (c = ¢).
Thus,whenwe write (Exec [(Bel i p)?1), it shouldbe understoodhatthis abbraviates
Vc- (c = (Beli p)) = (Exec [c?l). Any formula abbreviatedin this way may be
systematicallyrewritten into the fully expandedform. Note that one propertyof this
styleof abbreviationis |=p (Exec [p?]) < ¢.

Thereadabilityof planbody expressionsnay befurtherimprovedby theintroduc-
tion of derived constructscorrespondingo the high-level statement-typesne would
expectto find in astandardmperatve languagesuchaspAscAL. First,theif. .. then...
construct:

lif pthengelse ! El(w?0) | (—p; 8.

Whileandrepeatioopsaresimilarly easyto define:

whi | e o do 81 = [(p?; B)%; —¢?]
repeat guntil ¢! Z18:while-pdogl.

Finally, we defineanawai t construct:
lawai t ¢! £ lrepeat true? until ¢!.

Thusawai t ¢ will be executedon a pathp if thereis somepointon p at which ¢ is
true. Thereis thusa closerelationshipbetweerawai t andthe temporal'sometimes’
connectve: |=p (Exec lawai t ¢!) & Oo.



3.4 SomePropertiesof £

After introducinga new logic by meansof its syntaxand semanticsit is usualto il-
lustrateits propertiestypically by meansof a Hilbert-styleaxiomsystemHowever, no
completeaxiomatizatioris currentlyknown for CTL*, thelogic thatunderpinsZ?2. For
this reasonjnsteadof attemptinga completeaxiomatizationwe simply identify some
valid formulae of £, focusingin particularon plan execution.First, notice that the
semantic®f £ generalizeahoseof sortedfirst-orderlogic, andhencejn turn, proposi-
tionallogic. ThusL admitspropositionabndsortedfirst-orderreasoningasonemight
expect.In addition,thesemanticef theBDI componenbf £ ensurghataxiomscorre-
spondingo thenormalmodalsystenKD45 (weak-S5)arevalid for the Bel modalities,
andaxiomscorrespondindo the normalmodalsystemKD arevalid for Goal andint
modalities.Raoand Geogef prove thattheseaxiomstogetherconstitutea soundand
completeaxiomatizationof this ‘basic BDI system’[11]. With respectto the CTL*
componenbf thelogic, it is not difficult to seethat the axiomsonewould expectof
CTL* arevalidin £ [14].

Turningto plansiit is notdifficult to seethatthelogic of planexecutionis similarto
thatof mary programlogics. For example,onecanshaw thatif theplanbody (s | 3']
is executed thenthe pre-conditionof 3 or the pre-conditionof 4’ musthold prior to
execution:

E=p (Planm o1 B)A(Plan 7’ ' @' B')A(Exec (3| 1) = (Exec!(pVv')?; (8| B
As acorollary, onecanshow thatagentdelieve thatplansbehaein thisway:

Es (Beli (Plan 7 @9 3)) A (Beli (Plann’ ¢’ 4" ') A (Beli A(Exec [8 | 81)) =
(Beli @V ).

In asimilarway, onecanprove variouspropertief derivedconstructsuchaswhi | e
loopsandi f statements.

4 Concluding Remarks

It is now widely acceptedhatthetechnologyof multi-agentsystemswill playakey role
in the developmenbf future distributedsystemsAs the useof multi-agenttechnology
becomesnorecommonplaceso the needfor a firm theoreticaffoundationgor it will
grow. In this paper we hopeto have contritutedto sucha foundation,by presenting
a new logic that can be usedto give an abstractsemanticgo a significantclassof
intelligentagentarchitecturesin theseso-calledBDI architecturegheinternalstateof
anagentis characterisetdy symbolicdatastructuredooselycorrespondingo beliefs,
desiresandintentionsn addition,suchagentdave availableto themalibrary of plans,
representingheir ‘know-how’: proceduraknowledgeabouthow to achieve goals.

Adknowledgments:This work was carriedout while | was a visiting researcheat Daimler
Benzresearchnstitutein Berlin. | would like to thankKurt Sundermger for arrangingthe visit,
andin particular Stefan BussmannMichael Geogeff, AfsanehHaddadi,and AnandRao,who
all readandcarefullycommentedn earlierdraftsof this paper

2 Thesystempresentedn [14] reportedlycontainsanerrorin the proof of completeness.
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