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Abstract. In this paper, we presenta new logic for specifyingthebehaviour of
multi-agentsystems.In this logic,agentsareviewedasBDI systems,in thattheir
stateis characterisedin termsof beliefs, desires, and intentions: the semantics
of theBDI componentof the logic arebasedon thewell-known systemof Rao
andGeorgeff. In addition,agentshaveavailableto thema library of plans,repre-
sentingtheir ‘know-how’: proceduralknowledgeabouthow to achieve their in-
tentions.Theseplansare,in effect,programs,thatspecifyhow a groupof agents
canwork in parallelto achieve certainends.Thelogic providesa rich setof con-
structsfor describingthestructureandexecutionof plans.Somepropertiesof the
logic areinvestigated,(in particular, thoserelatingto plans),andsomecomments
on futurework arepresented.

1 Intr oduction

Thereis currentlymuch internationalinterestin computersystemsthat go underthe
bannerof intelligentagents[16]. Crudely, an intelligentagentis a systemthat is situ-
atedin a dynamicenvironment,of which it hasanincompleteview, andover which it
canexertpartialcontrolthroughtheperformanceof actions.Agentswill typically beal-
locatedseveral(possiblyconflicting)tasks,andwill berequiredtomakedecisionsabout
how to achievethesetasksin time for thesedecisionsto haveusefulconsequences[8].

An obviousresearchproblemis to devisesoftwarearchitecturesthatarecapableof
satisfyingtheserequirements.Varioussolutionshavebeenproposed,many of whichare
reviewed in [16]. Onesolutionin particular, that is currentlythe subjectof muchon-
going research,is thebelief-desire-intention(BDI) architecture[10]. A representative
BDI architecture,(the PRS [4]), is illustratedin Figure1. As this figureshows, a BDI
architecturetypically containsfour key datastructures.An agent’s beliefscorrespond
to informationthe agenthasaboutthe world, which may be incompleteor incorrect.
Beliefs may be assimpleasvariables,(in the senseof, e.g.,PASCAL programs),but
implementedBDI agentstypically representbeliefssymbolically(e.g.,asPROLOG-like
facts[4]). An agent’s desiresintuitively correspondto thetasksallocatedto it. (Imple-
mentedBDI agentsrequirethatdesiresbeconsistent,althoughhumandesiresoftenfail
in this respect.)

An agent’s intentionsrepresentdesiresthatit hascommittedto achieving.Theintu-
ition is thatanagentwill not, in general,beableto achieveall its desires,evenif these
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Fig.1. A BDI AgentArchitecture

desiresare consistent.Agentsmustthereforefix uponsomesubsetof availabledesires
andcommitresourcesto achieving them.Thesechosendesiresareintentions. An agent
will typically continueto try to achieveanintentionuntil eitherit believestheintention
is satisfied,or elseit believestheintentionis no longerachievable[2].

Thefinal datastructurein a BDI agentis a plan library. A plan library is a setof
plans(a.k.a.recipes) thatspecifycoursesof actionthatmaybefollowedby anagentin
orderto achieve its intentions.An agent’splanlibrary representsits procedural knowl-
edge, or know-how. A plan containstwo parts:a body, or program, which definesa
courseof action;andadescriptor, whichstatesboththecircumstancesunderwhichthe
plancanbeused(i.e., its pre-condition),andwhat intentionstheplanmaybeusedin
orderto achieve(i.e., its post-condition).

The interpreter in Figure1 is responsiblefor updatingbeliefs from observations
madeof theworld, generatingnew desires(tasks)on thebasisof new beliefs,andse-
lectingfrom thesetof currentlyactivedesiressomesubsetto actasintentions.Finally,
theinterpretermustselectanactionto performonthebasisof theagent’scurrentinten-
tionsandproceduralknowledge.

In orderto givea formalsemanticsto BDI architectures,arangeof BDI logicshave
beendevelopedby RaoandGeorgeff [9, 11]. Theselogicsareextensionsto thebranch-
ing timelogic CTL

�
[3], whichalsocontainnormalmodalconnectivesfor representing

beliefs,desires,andintentions.Mostwork onBDI logicshasfocussedonpossiblerela-
tionshipsbetweenthethree‘mentalstates’[9], andmorerecently, ondevelopingproof
methodsfor restrictedformsof thelogics [11].

In short,the aim of this paperis to extendthe basicBDI framework [9, 11] with
anapparatusthatallows us to representtheplans(options)thatagentshave available
to them,andhow theseplanscan be executed.As such,this paperbuilds on earlier
attemptsto representBDI agentswith plan libraries[12, 7], aswell asmoregeneral



attemptsto representagentsthatcanactin complex ways[2]. Webegin, in thefollowing
subsection,with a brief rationalefor our work, andthenin section2, we introducethe
basicsemanticobjectsthatunderpinournew logic, andthenformally defineplansand
thesemanticsof planexecution.In section3, wepresentthenew logic itself, whichwe
shall call

�
. Somepropertiesof the logic areinvestigated,andsomeconclusionsare

presentedin section4.

Moti vation: Someprevious attemptshave beenmadeto graft a logic of plansonto
thebasicBDI framework [12, 7]. However, theselogicstreatplansassyntacticobjects.
This makesit unclearwhatplansdenote, andalsomakesthesemanticsof quantifying
overplanssomewhatcomplex. For thesereasons,wehereintroduceanew BDI logic of
planningagents:

�
. Thenew logic is similar in many respectsto thosedefinedin [12,

7], (in particular, the BDI semanticsarebasedon [9]). However, we give a semantic
accountof plans,thathastheflavourof dynamiclogic [5].

2 Plansand Plan Execution

As notedabove, we intendour logic
�

to let us representthe propertiesof reasoning
agents,eachof which hasassociatedwith it a plan library, containingplansthat it can
usein orderto achieve its intentions.In this section,we formally defineplansandthe
semanticsof planexecution.We begin by introducingthebasicsemanticobjectsof our
logic.

2.1 Worlds, Situations,and Paths

Thelogic
�

thatwe developin section3 allowsusto representthepropertiesof a sys-
tem that may evolve in differentways,dependingupon the choicesmadeby agents
within it. We let DAg bethesetof all agents,andusea binarybranching timerelation,
R, to modelall possiblecoursesof systemhistory. TherelationR holdsovera setT of
time-points, i.e.,R � T � T. Any time-pointmaybetransformedinto anotherthrough
theexecutionof a primitiveactionby someagent:arcsin R thuscorrespondto theper-
formanceof suchactions.We let DAc bethesetof all primitiveactions,andassumean
arclabelingfunctionAct thatgivestheactionassociatedwith everyarcin R. Similarly,
weassumeafunctionAgt, whichgivestheagentassociatedwith everyprimitiveaction.

Definition 1. A world is a pair � T ��� R�	� , whereT �
� T is a non-emptyset of time
points,andR��� T ��� T � is a total,backwardslinearbranchingtimerelationonT � . Let
W 
�� w � w����������� bethesetof all worlds(over T). If w � W, thenwe write Tw for the
setof timepointsin w, andRw for thebranchingtimerelationin w.

Definition 2. A pair � w � t � , wherew � W and t � Tw, is known as a situation. If
w � W, thenthesetof all situationsin w is denotedby Sw, i.e.,Sw 
���� w � t ��� t � Tw � .
Let S 
�� w � W Sw bethesetof all situations.We uses (with decorations:s��� s��������� ) to
standfor membersof S.

We now presentsometechnicalapparatusfor manipulatingbranchingtimestructures.
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Definition 3. Let w � W bea world. Thenafinitepaththroughw is asequence

� t 4�� t �5��������� tk �
of time points,suchthat 6 u �7�98:�������;� k <>=?� , we have � tu � tu@ ���A� Rw. Let fpaths� w�
denotethesetof finite pathsthroughw. An infinite path (or just ‘path’) throughw is a
sequence� tu � u � IN � , suchthat 6 u � IN, we have � tu � tu@ � �B� Rw. Let paths� w� denote
thesetof pathsthroughw. If p is a(finite or infinite) pathandu � IN, thenp � u� denotes
the u C�= ’ th elementof p (wherethis is defined).Thusp ��8D� is the first time-pointin
p, p �3=5� is thesecond,andso on. If p is a (finite or infinite) pathandu � IN, thenthe
pathobtainedfrom p by removing its first u time-pointsis denotedby p E uF (wherethis
is defined).

2.2 Plan Structur e

An agent’s plan library is a setof ‘recipes’,which the agentcanuseusein order to
bringaboutits intentions.Plansareactuallymulti-agentplans,whichcloselyresemble
parallelprograms.A plan containsa plan body, which representsthe ‘program’ part
of theplan,anda plan descriptor, which characterizesthepre-andpost-conditionsof
the plan.The atomiccomponentsof plan bodiesareactions, i.e., elementsof the set
DAc. Actionsarecomposedinto planbodiesby theuseof plan constructors: theseare
preciselythekind of constructsthatonewouldexpectto find in aparallelprogramming
language� , allowing for sequentialandparallelcomposition,iteration,andchoice.For-
mally, thesetDB, of all planbodies,is definedby thegrammarin Figure2. We use G
(with decorations:G � �1GH��������� ) to standfor membersof DB.

Thereare two points to note aboutthis definition. First, althoughwe have used
a grammarto defineplan bodies,and they thusappearto be syntacticobjects,they
arein fact semanticobjects,built up from othersemanticobjects(actionsandsetsof
situations).Therearegoodreasonsfor emphasizingthis point. In our language,

�
, we

will needto beableto quantifyoverplans(andplanbodies).Hencetheremustbeterms
in thelanguagewhichstandfor plans(andplanbodies),andbothplansandplanbodiesI

It is worth notingthatwe do not have any of theCSP-like primitivesfor communicationand
synchronizationthatonefindsin parallellanguageslikeoccam[6].



mustappearin thedomainof thelanguage.Thusplansarenotsyntacticconstructs:they
aresemanticobjects.Thesecondpoint to noteis thata testactiontakesasits argument
a setof situations: the testactioncJ will succeedif the currentsituationis a member
of thesetc. A morenaturalrepresentationfor conditionsmight appearto beformulae
of thelanguage,soa testaction KLJ wouldsucceedif theformula K wassatisfiedin the
currentsituation.But thiswouldconfusesyntaxandsemantics:testactionsaresemantic
objects,sincethey arepartof planbodies,whichin turnarecontainedwithin thedomain
of the language.In contrast,formulaearesyntacticconstructs.Puttingformulaeof the
object-languageinto the domainof the object-languagewould, in effect, make

�
a

kind of self-referentialmeta-language, andsuchlanguageshaveanumberof difficulties
associatedwith them[16].

A plan body is not, in itself, of muchuseto an agent,as it specifiesneitherthe
circumstancesunderwhich theplanmaybeused,nor whatit is goodfor. A planbody
is thusverymuchlikeanundocumentedfragmentof programcode.For this reason,we
introduceplan descriptors, which characterizethepre- andpost-conditionsassociated
with plans.Theplandescriptorassociatedwith a planbody representsbothwhenthe
planbodycanbeexecuted,andwhatexecutionof theplanbodywill achieve.

Definition 4. A plan descriptor, M , is a binary relation MN� S � S, with theconstraint
thatif �O� w � t �;��� w�P� t �Q�1�R�NM , thenw 
 w� . Let S bethesetof all plandescriptors.

Plandescriptorsare interpretedas follows. If M>�TS is intendedto characterizethe
behaviour of a planbody G+� DB, then:(i) dom M representsthesetof situationsfrom
which executionof G maylegally commence— intuitively, dom M representsthepre-
conditionof G ; (ii) ran M representsthe setof situationsthat may ariseasa resultof
executingG from oneof thesituationsin dom M — intuitively, ran M representsthepost-
conditionof G ; and(iii) if � s� s�Q�U�VM , thens� is a situationthatcouldpossiblyariseasa
resultof executingG startingin situations.

Theconstrainton plandescriptors,(that if �1� w � t �W�9� w�X� t �Y�O�Z�[M thenw 
 w� ), en-
suresthatplanexecutionalwayshappenswithin worlds,ratherthanbetweenworlds.

This methodfor characterizingthepre-andpost-conditionsof a planmight at first
sightappearto besomewhatroundabout— amoreobviousapproachwouldbeto char-
acterizetheseconditionsasformulaeof

�
. However, this approachwould run into ex-

actly the samedifficulties that we outlinedabove with respectto testactions,in that
puttingformulaeinto thedomainof thelanguageis problematic.It is worthnotingthat
theapproachwehaveadoptedis essentiallyidenticalto theway thatprogramsarerep-
resentedin dynamiclogic, wherethebehaviour of aprogramis representedasa binary
relationoverprogramstates[5].

Definition 5. A plan is a pair �\G#�-M?� , where G]� DB is a plan body, and M^�_S is a
plan descriptor, intendedto representthe behaviour of G . Let D `a
 DB �^S be the
setof all plans;weuseb (with decorations:b����1bc�5������� ) to standfor membersof D ` . Ifbd� D ` , thenlet eG)�\b��R� DB denotethebodyof b , and eMf��b��R�NS denotethedescriptor
in b . Thusdom eMf��b�� representsthepre-conditionof b , andran eMf��b�� representsthepost-
condition.If s � dom eMf��b�� , thenlet eMf��b��;� s� denotethe imageof s through eMf�\b�� , i.e.,eMf�\b���� s�/
_� s�g�f� s� s�Y�U� eMf�\b��W� .



If Gh� DB is a planbody, thenwe denoteby agents�\Gg� thesetof all agentsthatcould
possiblyberequiredto performtheactionsin G :

agents��ij� def
k� Agt��il�W� (whereim� DAc)
agents�\G
noG��Y� def
 agents�\Gg��p agents��G��Q� (where n��q�Dr��5�$�5s5� )

agents�\Gjt?� def
 agents�\Gg�
agents� cJ5� def
vu:�

2.3 Plan Execution

We now turn to thesemanticsof planexecution.We definea 4-placemeta-level predi-
cateexec, suchthatexec�\G#� p � u � v� holdsjust in casetheplanbody Gd� DB is executed
on pathp betweentimesu � v � IN. Formally, theexecpredicateis definedinductively
by six equations:oneeachfor theplanbodyconstructors,andonefor theexecutionof
primitive actions.Thefirst equationrepresentsthebasecase,wherea primitive action
is executed.

exec��i)� p � u � v� if f v 
 u C>= andAct� p � u�;� p � u C>=9�1�#
vi (whereim� DAc) (1)

The secondequationcapturesthe semanticsof sequentialcomposition:G#r1Gg� will be
executedbetweentimesu andv if f thereis sometimepointn betweenu andv suchthatG is executedbetweenu andn, and G�� is executedbetweenn andv.

exec�\G)r1G � � p � u � v� if f w n �x� u �������W� v � s.t.exec�\G)� p � u � n� andexec�\G � � p � n � v� (2)

The semanticsof non-deterministicchoiceareeven simpler: G]�lG�� will be executed
betweentimesu andv if f either G or G � is executedbetweenthosetimes.

exec��Go�5G � � p � u � v� if f exec�\G)� p � u � v� or exec�\G � � p � u � v� (3)

For the executionof parallelplan bodies GysVGg� , we requirethat both G and Gg� are
executedoverthepath,with thesamestartandendtimes.Thesemanticsof concurrency
clearly representa simplification,which we make in order to prevent the formalism
becomingcomplicatedby tangentialsideissues.

exec��GosUG � � p � u � v� if f exec�\G#� p � u � v� andexec�\G � � p � u � v� (4)

The semanticsof iterationrely uponthe fact that executing Glt is the sameaseither
(i) doing nothing,or (ii) executing G onceand then executing Glt . This leadsto the
following fixedpoint equation,wheretheright handsideis definedin termsof theleft
handside.

exec�\Gltf� p � u � v� if f u 
 v or exec�\G)r��\Gjt?�W� p � u � v� (5)

(Thereadermaylike to comparethis equationwith thefixed-pointsemanticsgivento
loops in imperative programminglanguages[13].) Finally, we have an equationthat



definesthesemanticsof testactions(thefreevariablew, thatappearson theright hand
sideof thisequation,is theworld throughwhichp is apath,andin practicethisvariable
will alwaysbebound).

exec� cJD� p � u � v� if f � w � p � u�O�R� c (6)

Finally, wementionsomeassumptionsrelatingto plans.First, thenotionof soundness.
Intuitively, aplanis soundif its planbodyis completelycorrectwith respectto its plan
descriptor. That is, a plan bz� D ` is soundiff whenever its body eG/��b�� is executed
from a situation � w � t � suchthat � w � t �A� dom eMf�\b�� , it will terminatein somesituation� w � t �\� suchthat �1� w � t �W�9� w � t ���O�d� eMf�\b�� . For simplicity, we shall assumethat (i) all
plansaresound;and(ii) planbodiesareonly executedwhentheir pre-conditionholds.
Intuitively, condition(ii) requiresthatagentsonly executea planwhenthey knowthe
pre-conditionof theplan is satisfied,i.e., they arecompetentwith respectto planpre-
conditions.Formally, soundnessis expressedasfollows: 6Hb{� D ` , 6 w � W, 6 p �
paths� w� , 6 u � v � IN, if exec� eG)��b��W� p � u � v� then � w � p � u�O��� dom eMf��b�� and � w � p � v�O���eMf�\b����1� w � p � u�O�1� .
3 A Logic of BDI Agentswith ProceduralKnowledge

In this section,we formally defineour logic
�

, which is anextensionto theexpressive
branchingtime logic CTL

�
[3]. Thelogic builds on thework of RaoandGeorgeff [9],

andourown previouswork in agenttheory[15].�
containstheusualconnectivesandquantifiersof sortedfirst-orderlogic: we take

asprimitive theconnectives | (not) and } (or), andtheuniversalquantifier6 (for all),
and definethe remainingclassicalconnectivesand existential quantifierin termsof
these.As

�
is basedon CTL

�
, a distinctionis madebetweenstateformulaeandpath

formulae. The idea is that
�

is interpretedover a tree-like branchingtime structure.
Formulaethatexpressapropertyof nodesin thisstructureareknown asstateformulae,
whereasformulaethatexpressa propertyof pathsthroughthestructureareknown as
pathformulae. Stateformulaecanbeordinaryfirst-orderformulae,but variousotherad-
ditionalmodalconnectivesarealsoprovidedfor makingstateformulae.Thus � Bel i KL�
is intendedto expressthefact thattheagentdenotedby i believes K (where K is some
stateformula).The semanticsof belief aregiven in termsof an accessibilityrelation
overpossibleworlds,in muchthestandardmodallogic tradition[1], with theproperties
requiredof beliefaccessibilityrelationsensuringthatthelogic of belief correspondsto
thenormalmodalsystemKD45 (weak-S5).Thestateformulae � Goal i KL� and � Int i KL�
meanthatagenti hasa desireor intentionof K , respectively: the logicsof desireand
intentioncorrespondto the normalmodalsystemKD. (Note that worlds in

�
arenot

instantaneousstates(asin [15]), but arethemselvesbranchingtime structures:the in-
tuition is thatbelief accessibleworlds representanagent’s uncertaintynot only about
how the world actuallyis, but alsoaboutits pastandfuture;similarly for desiresand
intentions[9].)

In addition,
�

containsvariousconnectives for representingthe planspossessed
by agents.Thestateformula � Has i b�� is usedto representthe fact that in thecurrent



state,agenti is in possessionof theplandenotedby b . Thestateformulae � Pre b�� and� Post b�� representthe fact that thepre-andpost-conditionsof theplan b respectively
aresatisfiedin thecurrentworld-state.Theformula � Body b~Gg� is usedto representthe
fact that G is thebodyof theplandenotedby b . We alsohave a connective � Holds c� ,
whichmeansthattheconditiondenotedby c is satisfiedin thecurrentworld state.

Turning to pathformulae, � Exec Gg� meansthat theplanbodydenotedby G is ex-
ecutedon the currentpath.Stateformulaemay be relatedto pathformulaeby using
theCTL

�
pathquantifierA. This connective means‘on all paths’.It hasa dual,exis-

tentialconnectiveE, meaning‘on somepath’.ThusA K meansthatthepathformula K
is satisfiedon all historiesoriginatingfrom thecurrentworld state,andE K meansthatK is satisfiedon at leastonehistory thatoriginatesfrom the currentworld state.Path
formulaemay be built up from stateformulae(or otherpathformulae)by usingtwo
temporal connectives: the U connectivesmeans‘until’, andso a formula K U � means
‘ K is satisfieduntil � is satisfied’.The � connectivemeans‘next’, andso �>K means
that K will besatisfiedin thenext state.

3.1 Syntax�
is a manysortedlogic, which permitsquantificationover varioustypesof individu-

als:agents,actions,plans,planbodies,setsof agents(groups),setsof situations(condi-
tions),andotherindividualsin theworld. All of thesesortsmusthave a corresponding
setof termsin thealphabetof thelanguage.

Definition 6. Thealphabetof
�

containsthefollowing symbols:

1. A denumerablesetPredof predicatesymbols;
2. A denumerablesetFun of functionsymbols, the union of the following mutually

disjointsets:

– FunAg — functionsthatreturnagents;
– FunAc — functionsthatreturnactions;
– Fuǹ — functionsthatreturnplans;
– FunB — functionsthatreturnplanbodies;
– FunGr — functionsthatreturnsetsof agents(groups);
– FunC — functionsthatreturnsetsof situations(conditions);
– FunU — functionsthatreturnotherindividuals.

3. A denumerablesetVar of variablesymbols, theunionof themutuallydisjointsets
VarAg, VarAc, Var ` , VarB, VarGr, VarC, andVarU.

4. The operator symbolstrue, Bel, Goal, Int, Agts, 
 , � , A, Pre, Post, Body, Has,
Holds, Exec, U, and � .

5. Theclassicalconnectives} (or) and | (not),andtheuniversalquantifier, 6 .
6. Thepunctuationsymbols� , � , and � .

Associatedwith eachpredicateandfunctionsymbolis anaturalnumbercalledits arity,
given by the function arity � Pred p Fun � IN. Predicatesof arity 0 areknown as
propositionsymbols, andfunctionsof arity 0 areknown asconstants.
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Definition 7. A sort is eitherAg, Ac, � , B, Gr, C, or U. If � is a sort, then the set
Term� , of termsof sort � , is definedasfollows:

1. if x � Var � , thenx � Term� ;
2. if f � Fun� , arity � f �#
 n, and �9� � ���������1� n �A� Term, thenf �\� � ���������1� n �U� Term�

wherethesetTerm, of all terms,is definedby

Term 
��]� Term�N���x��� Ag� Ac�-�V� B � Gr � C � U ���D�
We use� (with decorations:�:���1� � ������� ) to standfor membersof Term.

Thesyntaxof the languageis thendefinedby thegrammarin Figure3 (it is assumed
that predicateand function symbolsare appliedto the appropriatenumberof argu-
ments).

3.2 Semantics

In additionto thevarioussemanticsetsdiscussedabove, theworld maycontainother
objects(suchas,for example,blocksandtables),givenby thesetDU. Theobjectsover
whichwecanquantifyin

�
togetherconstitutea domain.



Definition 8. A domainis astructure:D 
�� DAg � DAc � D ` � DB � DGr � DC � DU � where:

– DAg 
���=��������;� n � is anon-emptysetof agents;
– DAc 
_�9i/�Oil���������$� is anon-emptysetof actions;
– D `�
k�9bL�1b � ��������� is a non-emptysetof plans;
– DB is a setof planbodies;
– DGr 
z�j� DAg �#<+��u�� is thesetof non-emptysubsetsof DAg, i.e., thesetof agent

groupsoverDAg;
– DC is a non-emptysetof situations;and
– DU is a non-emptysetof otherindividuals

suchthat (i) all actionsin elementsof DB are membersof DAc; (ii) all plan bodies
in elementsof D ` must be in DB; and (iii) any plan bodiescontainedin elements
of DB arealso in DB. If D is a domain,then we denoteby �D the set � � D � �R�z�� Ag� Ac�-�V� B � Gr � C � U ��� . If D is a domainandu � IN, thenby �Du wemeanthesetof
u-tuplesover �D.

In orderto interpret
�

, weneedvariousfunctionsthatassociatesymbolsof thelanguage
with semanticobjects.Thefirst of theseis an interpretationfor predicates.

Definition 9. A predicateinterpretation, � , is a function

�m� Pred � W � T � �j� �
u � IN

�Du �
suchthat 6 Q � Pred�36 n � IN �P6 w � W �P6 t � Tw � if arity � Q�)
 n then �¡� Q � w � t �¡� �Dn

(i.e.,predicateinterpretationspreservearity).

Definition 10. An interpretationfor functions, F, is a second-orderfunction

F � Fun �¢� �
u � IN

�Du �£�D �
suchthat (i) 6 f � Fun�36 n � IN � if arity � f �Z
 n thendomF � f �
� �Dn (i.e., function
interpretationspreservearity), and(ii) F preservessorts.

Similarly, a variableassignmentassociatesvariableswith elementsof thedomain.

Definition 11. A variable assignment, V, is a function V � Var � �D, suchthat if
x � Var � , thenV � x�U� D � , (i.e.,variableassignmentspreservesorts).

Wenow introduceaderivedfunction ¤ ¤������ ¥ ¥ V ¦ F, whichgivesthedenotationof anarbitrary
term.

Definition 12. If V is a variableassignmentandF is a functioninterpretation,thenby¤ ¤������ ¥ ¥ V ¦ F, we meanthe function ¤ ¤������ ¥ ¥ V ¦ F � Term � �D, which interpretsarbitraryterms
relative to V andF:

¤ ¤ ��¥ ¥ V ¦ F def
¨§ F � f �;�1¤ ¤ �9�W¥ ¥ V ¦ F �������;��¤ ¤ � n ¥ ¥ V ¦ F � where� is f �\�9�?���������O� n �
V �\��� otherwise.



SinceV andF will alwaysbeclearfrom context, referenceto themwill besuppressed.
We cannow definemodelsfor

�
.

Definition 13. A model, M, for
�

, is astructure

M 
{� T � R� W � D � Act� Agt� P � BR� DR� IR � F �O�#�
where:

– T is thesetof all timepoints;
– R � T � T is a total,backwards-linearbranchingtime relationoverT;
– W is asetof worlds,suchthat 6 w � W, wehave:

1. Tw � T;
2. Rw is the relationobtainedfrom R by removing from it any arcsthat contain

componentsnot in Tw;

– D 
�� DAg � DAc � D ` � DB � DGr � DC � DU � is a domain;
– Act � R � DAc associatesanactionwith everyarcin R;
– Agt � DAc � DAg associatesanagentwith everyaction;
– P � DAg � W � T � �L� D `©� givestheplan library of everyagentin everysituation;
– BR � DAg �ª�L� W � T � W� associateswith everyagentaserial,transitive,euclidean

beliefaccessibilityrelation;
– DR � DAg �ª�j� W � T � W� associateswith everyagentaserialdesireaccessibility

relation;
– IR � DAg �¢�L� W � T � W� associateswith everyagenta serialintentionaccessi-

bility relation;
– F � Fun �¢� � u � IN �Du � �D � interpretsfunctions;
– �7� Pred � W � T �ª�L� � u � IN �Du � interpretspredicates.

The formal semanticsof the languagearedefinedin two parts,for pathformulaeand
stateformulaerespectively. Thesemanticsof pathformulaearegivenvia thepathfor-
mulasatisfactionrelation,‘ � 
 ’, whichholdsbetweenstructuresof theform � M � V � w � p� ,
(whereM is a model,V is a variableassignment,w is a world in M, andp is a path
throughw), andpathformulae.The rulesdefiningthis relationaregiven in Figure4.
The semanticsof stateformulaearegiven via the stateformula satisfaction relation,
whichfor conveniencewealsowrite as‘ � 
 ’: context will alwaysmakeit clearwhichre-
lationis intended.Thestateformulasatisfactionrelationholdsbetweenstructuresof the
form � M � V � w � t � , (whereM is a model,V is a variableassignment,w is a world in M,
andt � Tw is a time-pointin w) andstateformulae.Therulesdefiningthis relationare
alsogivenin Figure4. We assumethestandardinterpretationfor validity. Thusa path
formula K is valid, (notation: � 
¬«^K ), if f for all � M � V � w � p� , wehave � M � V � w � p�B� 
>K .
Similarly, a stateformula K is valid if f for all � M � V � w � t � we have � M � V � w � t �
� 
­K .
We write � 
¬®xK to indicatethat thestateformula K is valid. Satisfiabilityfor pathand
stateformulaearedefinedin theobviousway.



PathFormulaeSemantics' M � V � w � p( * %[¯ if f ' M � V � w � p '\°9(P( * %o¯ (where ¯ is astateformula)' M � V � w � p( * % � ¯ if f ' M � V � w � p(R±* %o¯' M � V � w � p( * %[¯²�´³ if f ' M � V � w � p( * %o¯ or ' M � V � w � p( * %^³' M � V � w � p( * % � x ��¯ if f ' M � V µ�¶ x ·¸ d ¹�� w � p( * %m¯
for all d �dºD s.t.x andd areof thesamesort' M � V � w � p( * %[¯ U ³ if f » u � IN suchthat ' M � V � w � p ¼ u ½ ( * %d³ and�

v � IN � if '\°¬¾ v ¿ u(O� then ' M � V � w � p ¼ v½ ( * %o¯' M � V � w � p( * % � ¯ if f ' M � V � w � p ¼ I ½ ( * %m¯' M � V � w � p( * %>' Exec
� ( if f » u � IN suchthatexec'PÀ À ��Á Á � p �3°�� u(

StateFormulaeSemantics' M � V � w � t ( * % true' M � V � w � t ( * % Q 'YÂ I �W�-�����PÂ n ( if f
 À À Â I Á Á �W�W���-�WÀ À Â n Á Á !j�´Ã/' Q � w � t (' M � V � w � t ( * % � ¯ if f ' M � V � w � t (U±* %[¯' M � V � w � t ( * %[¯²�´³ if f ' M � V � w � t ( * %[¯ or ' M � V � w � t ( * %d³' M � V � w � t ( * % � x ��¯ if f ' M � V µ�¶ x ·¸ d ¹�� w � t ( * %o¯

for all d �dºD s.t.x andd areof thesamesort' M � V � w � t ( * %>' Bel i ¯c( if f
�

wÄÅ� W � if ' w � t � wÄQ(l� BR'PÀ À i Á Á (O� then ' M � V � wÄ�� t ( * %[¯' M � V � w � t ( * %>' Goal i ¯c( if f
�

wÄ � W � if ' w � t � wÄ (l� DR'PÀ À i Á Á (O� then ' M � V � wÄ � t ( * %m¯' M � V � w � t ( * %>' Int i ¯c( if f
�

wÄ � W � if ' w � t � wÄ (l� IR 'PÀ À i Á Á (O� then ' M � V � wÄ � t ( * %m¯' M � V � w � t ( * %>' Agts
�

g( if f agents'PÀ À ��Á Á (L%+À À gÁ Á' M � V � w � t ( * %>'YÂÆ%dÂ�Ä	( if f À À Â Á Á %+À À Â�Ä Á Á' M � V � w � t ( * % A ¯ if f
�

p � paths' w(O� if p '\°5(�% t � then ' M � V � w � p( * %m¯' M � V � w � t ( * %>' Pre ÇH( if f ' w � t (l� dom ÈÉ 'PÀ À Ç Á Á (' M � V � w � t ( * %>' Post ÇÅ( if f ' w � t (l� ran ÈÉ 'PÀ À Ç Á Á (' M � V � w � t ( * %>' Body Ç � ( if f È� 'PÀ À Ç Á Á (�%hÀ À ��Á Á' M � V � w � t ( * %>' Has i ÇH( if f À À Ç Á Á � P 'PÀ À i Á Á � w � t (' M � V � w � t ( * %>' Holds c( if f ' w � t (l�ÊÀ À cÁ Á
Fig.4. Semanticsof

�
3.3 DerivedConnectives

In additionto the basicconnectivesdefinedabove, it is useful to introducesomede-
rived constructs.Thesederivedconnectivesdo not addto theexpressive power of the
language,but areintendedto make formulaemoreconciseandreadable.First, we as-
sumethat the remainingconnectivesof classicallogic, (i.e., Ë — ‘and’, Ì — ‘if. . .
then.. . ’, and Í — ‘if, andonly if ’) havebeendefinedasnormal,in termsof | and } .
Similarly, we assumethat theexistentialquantifier, w , hasbeendefinedasthedualof6 . Next, we introducetheexistentialpathquantifier, E, which is definedasthedualof
theuniversalpathquantifierA. Thusa formulaE K is interpretedas‘on somepath, K ’,
or ‘optionally, K ’:

E K def
+| A |jK/�



It is alsoconvenientto introducefurther temporalconnectives.The unaryconnectiveÎ
means‘sometimes’.Thusthepathformula

Î K will besatisfiedon somepathif K
is satisfiedat somepoint alongthe path.The unary connective means‘now, and
always’.Thus K will besatisfiedonsomepathif K is satisfiedatall pointsalongthe
path.We alsohavea weakversionof theU connective: K W � is read‘ K unless� ’.Î K def
 trueU K K def
h| Î |jK K W � def
���K U �R��} KU�
Thus K W � meansthateither:(i) K is satisfieduntil � is satisfied,or else(ii) K is always
satisfied.It is weakbecauseit doesnot requirethat � beeventuallysatisfied.

Talking about groups: The language
�

providesus with the ability to usesimple
(typed)settheoryto relatethe propertiesof agentsandgroupsof agents.The opera-
tors � and Ï relategroupstogether, andhave theobviousset-theoreticinterpretation;� Singleton g i � meansg is a singletongroupwith i astheonly member;� Singleton g�
simplymeansg is a singleton.

� g � g�Q� def
76 i ��� i � g�#Ì¢� i � g�	�� g Ï g�Q� def
�� g � g����ËN|R� g 
 g�Q� � Singleton g i � def
+6 j ��� j � g�#ÌÐ� j 
 i �� Singleton g� def
Ñw i ��� Singleton g i �� Agt G i � meansthat i is theonly agentrequiredto performplanbody G .

� Agt G i � def
o6 g �D� Agts G g�#Ì¢� Singleton g i �
Talking about plans: Next, we introducesomeoperatorsthat will allow us to con-
venientlyrepresentthestructureandpropertiesof plans.First, we introducetwo con-
structs,� Pre bÒKL� and � Post bZKL� , thatallow usto representthepre-andpost-conditions
of plansasformulaeof

�
. Thus � Pre b´KL� meansthat K correspondsto thepre-condition

of b — that K is satisfiedin just thosesituationswherethepre-conditionof b is satis-
fied:

� Pre b�Kj� def
 A �O� Pre b��jÍ¨KL�W�
Similarly, � Post b7Kj� meansthat K is satisfiedin just thosesituationsin which the
post-conditionof b is satisfied:

� Post b�Kj� def
 A �O� Post b��LÍ¨KL�W�
Thesedefinitionssaythat if � Pre bNKL� , then � M � V � w � t �Æ� 
_K if f � w � t �©� dom eMf�O¤ ¤ bH¥ ¥\� ,
andif � Post bZKL� , then � M � V � w � t �¬� 
>K if f � w � t �B� ran eMf�1¤ ¤ bH¥ ¥\� . Wewrite � Plan b´KÒ�NGg�
to expressthefactthatplan b haspre-conditionK , post-condition� , andbody G :

� Plan b
KN�xGg� def
�� Pre b
KL��Ëx� Post b��U�cËx� Body b�Gg�W�
It is often useful to be ableto talk aboutthe structure of plans:how their bodiesare
put together, in termsof the constructorsr , � , s , and so on. In order to do this, we
introducesomelogical functions(i.e., functionsdenotedby elementsof the setFun).
We introduceonefunctionfor eachof theplanconstructors:



seqfor r par for s testfor J or for � iter for t .
We requirethat thesefunctionssatisfycertainproperties.For example,for all G#�1Gg�/�
TermB, we requirethat seq�\G#�OG��Y� returnsthe plan body ¤ ¤ G�¥ ¥Xr�¤ ¤ G��	¥ ¥ , i.e., that seq��G#�1G��Q�
returnstheplanbodyobtainedby conjoiningtheplanbodiesdenotedby G and G�� with
the sequentialcompositionconstructor. Similarly, we requirethanpar ��G#�1G � � returns¤ ¤ Gc¥ ¥Nsh¤ ¤ G��$¥ ¥ , that or �\G)�1G��Y� returns ¤ ¤ Gc¥ ¥V�´¤ ¤ G���¥ ¥ , that iter �\Gg� returns ¤ ¤ Gc¥ ¥�t , and finally,
that test� c� returns ¤ ¤ c¥ ¥YJ , for all c � TermC. Thesefunctionsallow usto constructplan
bodieswithin our language.However, complex plan bodieswritten out in full using
thesefunctionsbecomehard to read.To make suchexpressionsmore readable,we
introducea quotingconvention. Theideais bestillustratedby example.We writeÓ G#r1G�� Ô to abbreviateseq�\G#�OG��Y�Ó G#r���G��gs/G�� �Y�PÔ to abbreviateseq�\G#� par ��G����1G�� �Y�1�Ó G#r���G��gs/G�� �Y�Ot�Ô to abbreviateseq�\G#� iter � par ��G����1G�� �Y�1�O�
andsoon.In theinterestsof consistency, weshallgenerallyusequotesevenwherethey
arenotstrictly required.

Next, weintroduceaconstructthatmakestestactionsmorereadable.Let c � TermC

bea termdenotinga situationset,(i.e.,a condition),andlet K bea stateformula.Then� c Õ>KL� representsthefactthat K is satisfiedin just thosesituationsdenotedby c:

� c ÕhKL� def
 A �O� Holds c�jÍ¨KL�W�
Hereafter, insteadof writing cJ we write KLJ , whereit is understoodthat � c ÕªKL� .
Thus,whenwe write � Exec

Ó � Bel i p�1J�Ô;� , it shouldbeunderstoodthatthis abbreviates6 c �c� c ÕÐ� Bel i p�1�ÖÌ � Exec
Ó
cJ�Ô�� . Any formula abbreviated in this way may be

systematicallyrewritten into the fully expandedform. Note that onepropertyof this
styleof abbreviation is � 
¬«h� Exec

Ó KLJ�Ô��jÍ¨K .
Thereadabilityof planbodyexpressionsmaybefurtherimprovedby theintroduc-

tion of derived constructscorrespondingto the high-level statement-typesonewould
expectto find in astandardimperativelanguagesuchasPASCAL. First,theif. . . then.. .
construct: Ó

if K then G else G � Ô def
 Ó ��KjJDrOGg���f��|jKUr1G � � Ô �
Whileandrepeatloopsaresimilarly easyto define:Ó

while K do G�Ô def
 Ó ��KLJDr1Gg�-t�r-|jKLJ�ÔÓ
repeat G until KlÔ def
 Ó G#r while |jK do G�Ô��

Finally, wedefineanawait construct:Ó
await K Ô def
 Ó repeat true J until K Ô �

Thusawait K will beexecutedon a pathp if thereis somepoint on p at which K is
true.Thereis thusa closerelationshipbetweenawait andthe temporal‘sometimes’
connective: � 
¬«h� Exec

Ó
await KlÔ��jÍ Î K .



3.4 SomePropertiesof ×
After introducinga new logic by meansof its syntaxandsemantics,it is usualto il-
lustrateits properties,typically by meansof aHilbert-styleaxiomsystem.However, no
completeaxiomatizationis currentlyknown for CTL

�
, thelogic thatunderpins

��Ø
. For

this reason,insteadof attemptinga completeaxiomatization,we simply identify some
valid formulaeof

�
, focusingin particularon plan execution.First, notice that the

semanticsof
�

generalizethoseof sortedfirst-orderlogic, andhence,in turn,proposi-
tional logic. Thus

�
admitspropositionalandsortedfirst-orderreasoning,asonemight

expect.In addition,thesemanticsof theBDI componentof
�

ensurethataxiomscorre-
spondingto thenormalmodalsystemKD45 (weak-S5)arevalid for theBel modalities,
andaxiomscorrespondingto thenormalmodalsystemKD arevalid for Goal and Int
modalities.RaoandGeorgeff prove that theseaxiomstogetherconstitutea soundand
completeaxiomatizationof this ‘basic BDI system’[11]. With respectto the CTL

�
componentof the logic, it is not difficult to seethat the axiomsonewould expectof
CTL

�
arevalid in

�
[14].

Turningto plans,it is notdifficult to seethatthelogic of planexecutionis similar to
thatof many programlogics.For example,onecanshow that if theplanbody

Ó G+�?G � Ô
is executed,thenthe pre-conditionof G or the pre-conditionof G�� musthold prior to
execution:� 
¬«h� Plan bÆKZ�
Gg�WË¬� Plan b � K � � � G � �WË�� Exec

Ó Go�5G � Ô �)Ì¢� Exec
Ó ��K/}/K � �OJDr��\Gm��G � � Ô �

As a corollary, onecanshow thatagentsbelieve thatplansbehave in thisway:� 
¬®q� Bel i � Plan b
KN�qGl�1��Ëx� Bel i � Plan b��fKj���/��G��Y�O��Ëx� Bel i A � Exec
Ó Go�5G�� Ô��1�)Ì� Bel i KN}�K � �W�

In asimilarway, onecanprovevariouspropertiesof derivedconstructssuchaswhile
loopsandif statements.

4 Concluding Remarks

It is now widelyacceptedthatthetechnologyof multi-agentsystemswill playakey role
in thedevelopmentof futuredistributedsystems.As theuseof multi-agenttechnology
becomesmorecommonplace,so theneedfor a firm theoreticalfoundationsfor it will
grow. In this paper, we hopeto have contributedto sucha foundation,by presenting
a new logic that can be usedto give an abstractsemanticsto a significantclassof
intelligentagentarchitectures.In theseso-calledBDI architectures,theinternalstateof
anagentis characterisedby symbolicdatastructureslooselycorrespondingto beliefs,
desires,andintentions.In addition,suchagentshaveavailableto themalibraryof plans,
representingtheir ‘know-how’: proceduralknowledgeabouthow to achievegoals.
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Thesystempresentedin [14] reportedlycontainsanerrorin theproofof completeness.
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