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Abstract

Theaimof thispaperis to developa semanticsfor themulti-agentprogramminglanguageCon-
currentMETATEM, by usingthe tools of knowledge theory. We begin by presentingan informal
overview of theConcurrentMETATEM language,andthenformally definethenotionof a Concur-
rentMETATEM agentprogram,thepossiblestatesof aConcurrentMETATEM agentandsystem,and
finally, whatconstitutesanacceptablerun of aConcurrentMETATEM system.Thevarioussemantic
constructsdevelopedduringthis processarethenusedasthefoundationuponwhich to constructa
temporal logic of knowledge; we show thatcertainformulaeof this logic correspondto properties
of ConcurrentMETATEM systems.This correspondencecanbe usedto systematicallyderive the
theoryof a ConcurrentMETATEM system.Reasoningabouta ConcurrentMETATEM systemthen
reducesto proving propertiesof thecorrespondinglogical theory. We give somesimpleexamples,
to illustratetheprocess,andfinally, speculateaboutfutureresearchdirections.Commentsonrelated
work arealsoincluded.

1 Intr oduction

As theworld-wideinterestin multi-agentsystemshasintensified,sotherangeof softwaretoolsavailable
for developingmulti-agentsystemshascontinuedto grow [21]. Someof thesetoolsrepresentdevelop-
mentsof establishedareasof softwaretechnologyandprogramminglanguagedesign.For example,a
numberof multi-agentprogramminglanguagesareavailablethatbuild on theconcurrentobject-based
programmingparadigm[2]. Many of theselanguagescanbegivena semanticsby usingthe toolsof,
for example,processalgebra[16]; the ACTOR classof languagesin particularhave anelegantseman-
tic foundation[1]. However, for many multi-agentprogramminglanguages,it is not at all clearwhat
techniquesmightbeusedto developa formalsemantics.In brief, thepurposeof thispaperis to address
the problemof giving a formal semanticsto a multi-agentprogramminglanguagecalledConcurrent
METATEM [6, 7, 8].

A ConcurrentMETATEM systemcontainsa setof concurrentlyexecutingagents,ableto communi-
catevia asynchronousbroadcastmessagepassing.Agentsin ConcurrentMETATEM areprogrammed
by giving thema temporallogic specificationof the behaviour it is intendedthey shouldexhibit. An
agent’s specificationis directlyexecutedin orderto generateits behaviour. Two previousattemptshave
beenmadeto develop a semanticsfor ConcurrentMETATEM. In the first attempt[8], emphasiswas
placedon the modelingof concurrency, which wasachieved by representingagentexecutioncycles
as intervals over the real numbers.In the secondattempt[9], a temporallogic of belief wasusedto
axiomatizeConcurrentMETATEM. That is, a numberof axiomswerepresentedwhich, it wasargued,
correspondto propertiesof ConcurrentMETATEM. Thisaxiomatizationcouldbeusedto deriveatheory
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of a ConcurrentMETATEM system,andpropertiesof thesystemcouldthenbedemonstratedby prov-
ing propertiesof thetheory. Both of theseattemptsto give a semanticsto ConcurrentMETATEM were
essentiallytop downapproaches:a numberof axiomswerepresentedwhich, it wasclaimed,represent
propertiesof ConcurrentMETATEM systems.No formalattemptwasmadein eithercaseto justify the
axiomswith referenceto whatconstitutesa run of a ConcurrentMETATEM system.For this reason,it
couldbearguedthatbothattemptswerein somesenseadhoc.

In thispaper, wepresentabottom-upsemanticsfor ConcurrentMETATEM. First,weformallydefine
ConcurrentMETATEM programsandsystems,andthenstatetheconditionsrequiredfor a sequenceof
statesto beconsidereda run of a ConcurrentMETATEM system.For any givenConcurrentMETATEM
system,we can identify the set of all acceptableruns of that system: this set representsthe formal
semanticsof the system. However, attemptingto manipulatesetsof runsdirectly, in order to prove
propertiesof a system,is not practicable.For this reason,we introducea temporal logic of knowledge
for representingpropertiesof setsof runs[14, 20, 10, 5]. Thislogic is a‘standard’temporallogic,which,
in additionto theusualtemporalconnectives,containsanindexedsetof modalconnectivesfor referring
to the informationimplicit within agents.We show how propertiesof the logic correspondto certain
propertiesof ConcurrentMETATEM systems:givena ConcurrentMETATEM system,we canderive a
temporal-knowledgetheoryof that system.Proving propertiesof the systemcanbe doneby proving
propertiesof thecorrespondingtemporal-knowledgetheory, whichis, in general,asimplerprocessthan
attemptingto prove propertiesof runsdirectly. Theaxiomatizationof ConcurrentMETATEM turnsout
to bequiteintuitive, andtheuseof knowledge connectivesaffordsusgreaterexpressive power thanthe
useof a temporallogic in isolation.

Theremainderof this paperis structuredasfollows. In thenext subsection,we presenta summary
of ournotation.Then,in section2, wegiveanoverview of theConcurrentMETATEM language(readers
familiar with ConcurrentMETATEM maywish to skim this section).In section3, we formally define
ConcurrentMETATEM systems,systemstates,andruns.In section4, we usethesesemanticstructures
asthefoundationuponwhichto constructKLn, ourtemporallogicof knowledge;in section4.2,weshow
how certainformulaeof KLn correspondto propertiesof ConcurrentMETATEM systems,andgive an
exampleof how aKLn theoryderivedusingthiscorrespondencecanbeusedto verify simpleproperties
of asystem.In section5,wediscussrelatedwork,andin section6,wepresentsomeconcludingremarks.

1.1 Notation

If L is a logical language,thenwewrite Form
�
L � for thesetof (well-formed)formulaeof L. Weusethe

lowercaseGreekletters � , � , and � asmeta-variablesrangingover formulaeof the logical languages
we consider. If S is a set,thenby � � S� , we meanthepowersetof S. If S is a set,thenby S� , we mean
the setof sequencesover S. Thus

���
	��
	�� ��� IN � . If s is a sequenceandu � IN, thenby s
�
u� we

meantheelementat positionu in s, assumingthatpositionsareindexedby thenaturalnumbers.Thus���
	��
	�� � ��� ��� � , and
���
	��
	�� � ��� ��� � . Throughoutthepaper, it is assumedthat the readeris familiar

with basicmodalandtemporallogic [12].

2 Concurrent METATEM

In this section,we presentanoverview of ConcurrentMETATEM. Note thatConcurrentMETATEM is
a descendentof METATEM, detailsof whichmaybefoundin [3]; theConcurrentMETATEM language
itself is describedin moredetailin [6, 7, 8].

2.1 Agentsin Concurrent METATEM

Agentsin ConcurrentMETATEM areconcurrentlyexecutingentities,ableto communicatewith each
other throughasynchronousbroadcastmessagepassing. EachConcurrentMETATEM agenthastwo
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maincomponents:

� an interface, whichdefineshow theagentmayinteractwith its environment(i.e.,otheragents);

� a computationalengine, which defineshow theagentwill act— in ConcurrentMETATEM, the
approachusedis basedon theMETATEM paradigmof executabletemporallogic [3].

An agentinterfaceconsistsof threecomponents:

� auniqueagentidentifier(or justagentid), whichnamestheagent;

� a set of symbolsdefining which messageswill be acceptedby the agent— theseare termed
environmentpropositions; and

� asetof symbolsdefiningmessagesthattheagentmaysend— thesearetermedcomponentpropo-
sitions.

For example,theinterfacedefinitionof a ‘stack’ agentmightbe:

stack
�
pop
	
push��� popped

	
full �

Here,stack is theagentid thatnamestheagent,� pop
	
push� is thesetof environmentpropositions,and

� popped
	
full � is thesetof componentpropositions.The intuition is that,whenever a messageheaded

by thesymbolpop is broadcast,thestack agentwill acceptthemessage;we describewhat this means
below. If a messageis broadcastthatis notdeclaredin thestack agent’s interface,thenstack ignoresit.
Similarly, theonly messagesthatcanbesentby thestack agentareheadedby thesymbolspoppedand
full.

The computationalengineof eachagentin ConcurrentMETATEM is basedon the METATEM
paradigmof executabletemporallogics[3]. Theideais to directlyexecuteanagentspecification,where
thisspecificationis givenasasetof programrules, whicharetemporallogic formulaeof theform:

antecedentaboutpast � consequentaboutpresentandfuture.

Theantecedentis a temporallogic formulareferringto thepast,whereastheconsequentis a temporal
logic formula referringto the presentandfuture. The intuitive interpretationof sucha rule is ‘on the
basisof thepast,constructthe future’, which givesrise to thenameof theparadigm:declarativepast
and imperative future [11]. The rules that definean agent’s behaviour can be animatedby directly
executingthetemporalspecificationunderasuitableoperationalmodel[7].

To make thediscussionmoreconcrete,we introduceapropositionaltemporallogic, calledProposi-
tionalMETATEM Logic (PML), in whichthetemporalrulesthatareusedto specifyanagent’sbehaviour
will begiven. (A completedefinitionof PML is givenin [3].) PML is essentiallyclassicalpropositional
logic augmentedby a setof modalconnectivesfor referringto the temporal orderingof events.PML is
basedon a modelof time that is linear (i.e., eachmomentin time hasa uniquesuccessor),boundedin
thepast(i.e., therewasamomentthatwasthe‘beginningof time’), andinfinite in thefuture (i.e., there
areaninfinite numberof momentsin thefuture).Thetemporalconnectivesof PML canbedividedinto
two categories,asfollows:

1. Strict pasttime connectives: ‘ � ’ (weaklast), ‘ �� !"##$ ’ (stronglast), ‘ % � ’ (was), ‘ ’ (heretofore),
‘ & ’ (since)and‘ ' ’ (zince,or weaksince).

2. Presentandfuturetimeconnectives: ‘
$

’ (next), ‘ % ’ (sometime),‘ ’ (always),‘ ( ’ (until) and
‘ ) ’ (unless).
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Theconnectives �*�� !"##$+	 � 	 % � 	 	,$-	 % 	 � areunary; the remainderarebinary. In additionto these
temporalconnectives,PML containstheusualclassicallogic connectives.Themeaningof thetemporal
connectivesis quitestraightforward,with formulaebeinginterpretedataparticularmomentin time. Let
� and � be formulaeof PML, then:

$ � is satisfiedat the currentmomentin time (i.e., now) if � is
satisfiedat thenext momentin time; %.� is satisfiednow if � is satisfiedeithernow or at somefuture
momentin time; � is satisfiednow if � is satisfiednow andat all futuremoments;�/(0� is satisfied
now if � is satisfiedat somefuturemoment,and � is satisfieduntil then— ) is a binaryconnective
similar to ( , allowing for thepossibilitythatthesecondargumentmightnever besatisfied.

Thepast-timeconnectiveshavesimilarmeanings: �� !"##$ � and � � aresatisfiednow if � wassatisfiedat
thepreviousmomentin time— thedifferencebetweenthemis that,sincethemodelof timeunderlying
thelogic is boundedin thepast,thebeginningof timeis treatedasaspecialcasein that,wheninterpreted
at thebeginning of time, �� !"##$ � cannotbe satisfiedwhereas� � will alwaysbesatisfied,regardlessof
� ; % � � is satisfiednow if � wassatisfiedat somepreviousmomentin time; � is satisfiednow if �
wassatisfiedatall previousmomentsin time; �1&2� is satisfiednow if � wassatisfiedat someprevious
momentin time,and � hasbeensatisfiedsincethen— ' is similar, but allows for thepossibilitythat
thesecondargumentwasnever satisfied;finally, a nullary temporaloperatorcanbedefined,which is
satisfiedonly at thebeginningof time— thisusefuloperatoris called‘start’.

It is convenientto identify threesub-languagesof PML:

PML 3 — formulaereferringto thepresentor future
PML 4 — formulaereferringto thepast
PML 5 — formulaein theform past � future.

Membersof PML 3 areknown ascommitments; membersof PML 4 areknown ashistoryformulae; and
membersof PML 5 areknown asrules.

2.2 Agent Execution

The actualexecutionof an agentin ConcurrentMETATEM is, superficiallyat least,very simple to
understand.Eachagentobeys a cycle of trying to matchthepast-timeantecedentsof its rulesagainst
a history, andexecutingthe consequentsof thoserulesthat ‘fire’. More precisely, the computational
enginefor anagentcontinuallyexecutesthefollowing cycle:

1. Updatethehistoryof theagentby receiving messages(i.e.,environmentpropositions)from other
agentsandaddingthemto its history.

2. Checkwhichrulesfire, bycomparingpast-timeantecedentsof eachruleagainstthecurrenthistory
to seewhicharesatisfied.

3. Jointly executethefired rulestogetherwith any commitmentscarriedover from previouscycles.

This involvesfirst collectingtogetherconsequentsof newly fired ruleswith old commitments—
thesebecomethecurrentconstraints. Now attemptto createthenext statewhile satisfyingthese
constraints.As the currentconstraintsarerepresentedby a disjunctive formula, the agentwill
have to choosebetweenanumberof executionpossibilities.

Note that it maynot bepossibleto satisfyall the relevant commitmentson thecurrentcycle, in
whichcaseunsatisfiedcommitmentsarecarriedover to thenext cycle.

4. Goto(1).

Clearly, step(3) is theheartof theexecutionprocess.Making thewrongchoiceat this stepmaymean
thattheagentspecificationcannotsubsequentlybesatisfied[3].
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rp
�
ask6 	 ask

� ��� give6 	 give
� �87

�� !"##$ ask69� % give6;:
�� !"##$ ask

� � % give
� :

start � < � give6>= give
� �@?

rc 6 � give6A��� ask6B�C7
start � ask6;:
�� !"##$ ask69� ask6;?

rc
�D�

ask6 	 give
� ��� ask

� �87
�� !"##$-� ask6>=*< ask

� �E� ask
� ?

Figure1: A SimpleConcurrentMETATEM System

Time Agent
rp rc 6 rc

�
�

ask6
6 ask6 ask6 ask

�
�

ask6 	 ask
�
	

give6 ask6F
ask6 	 give

�
ask6 	 give6 ask

�
�

ask6 	 ask
�
	

give6 ask6 give
�

� ?G?G? ?G?G? ?G?G?
Figure2: An ExampleRun

.

When a propositionin an agentbecomestrue, it is comparedagainstthat agent’s interface(see
above); if it is oneof theagent’scomponentpropositions, thenthatpropositionis broadcastasamessage
to all otheragents.On receiptof a message,eachagentattemptsto matchthepropositionagainstthe
environmentpropositionsin their interface. If thereis a match,thenthey addthe propositionto their
history.

2.3 An ExampleConcurrent METATEM System

Figure1 shows a simplesystemcontainingthreeagents:rp, rc 6 , andrc
�
. Theagentrp is a ‘resource

producer’: it can‘give’ to only oneagentat a time, andwill commit to eventuallygive to any agent
thatasks. Agent rp will only acceptmessagesask6 andask

�
, andcanonly sendgive6 andgive

�
mes-

sages.Theinterfaceof agentrc 6 statesthat it will only acceptgive6 messages,andcanonly sendask6
messages.Therulesfor agentrc 6 ensurethatanask6 messageis senton every cycle — this is because
start is satisfiedat the beginning of time, thusfiring the first rule, so �� !"##$ ask6 will be satisfiedon the
next cycle, thusfiring thesecondrule, andsoon. Thusrc 6 asksfor theresourceon every cycle, using
an ask6 message.The interfacefor agentrc

�
statesthat it will acceptbothask6 andgive

�
messages,

andcansendask
�

messages.Thesinglerulefor agentrc
�

ensuresthatanask
�

messageis sentonevery
cyclewhere,on its previouscycle, it did notsendanask

�
message,but receivedanask6 message(from

agentrc 6 ). Figure2 shows a fragmentof anexamplerunof thesystemin Figure1.

5



3 Programs,States,and Runs

The semanticsof a programminglanguagedefine,for any given program,what the acceptablestates
of that programare,andin addition,what representsan acceptablerun of that program. In order to
definethesemanticsof ConcurrentMETATEM, we mustthereforedefineboth theacceptablestatesof
a ConcurrentMETATEM system,and the acceptableruns of a ConcurrentMETATEM system. The
purposeof sectionis to do exactly this. We begin by statingthe key assumptionsthat underpinour
semantics,andthen,in section3.2,formally definewhatconstitutesaConcurrentMETATEM agentand
system. In section3.3, we definethe possiblestatesof an agentandsystem,and in section3.4, we
definethepossibleruns,or computations,of aConcurrentMETATEM system.Theserunsarethenused
in section4 asthesemanticframework uponwhich to constructa logic for reasoningaboutConcurrent
METATEM systems.

3.1 SomeAssumptions

Synchronousexecution: Perhapsthe most important(and most limiting) assumptionmadein what
follows is thatof synchronousexecution. By this, we meanit is assumedthat agentsexecutein
lock-step:whenoneagentcompletesacycleandbeginsanother, all otheragentsdolikewise.This
implies thatwe arenot, in fact,modelingconcurrencywithin our semantics;we avoid doingso
in orderto steerclearof several rathercomplex side-issues.Onepossibleapproachto modeling
concurrency within thesemanticframework would beto representagentcyclesasintervalsover
therealnumbers,in thewayproposedby Fisherin [8].

Perfect execution: By this,wemeanthatif it is possiblefor anagentto satisfyits specification,thenit
will doso. In otherwords,weassumethatagentsalwaysmake theright choices.In implemented
ConcurrentMETATEM systems,it is notthecasethatanagentwill alwaysmaketheright choices;
it maymake abadchoice,andsubsequentlybeunableto satisfyall its commitments.However, a
‘perfect’ ConcurrentMETATEM implementationwould respectthisassumption.

Consistentagentspecifications: We do not attemptto statewhathappenswhenanagentprogramis
unsatisfiable.An exampleof thissituationwouldbeanagentcontainingtherulestart � �

p�H=� %2< p� . Clearly, no executionmechanismcould successfullyexecutethis rule; in implemented
ConcurrentMETATEM systems,theexecutionmechanismwill simply attemptto satisfytherule
infinitely often(andnotsucceed).

Guaranteedmessagedelivery: In any realcommunicationchannel,messagedelivery cannotbeguar-
anteed.Many formalismshave beendevelopedto representthis aspectof communicationchan-
nels, and someinterestingresultshave beenobtainedon the possibility of obtainingcommon
knowledge in systemswheremessagedelivery is not guaranteed[5, pp175–222].Nevertheless,
for thepurposesof thisarticle,it seemsreasonableto assumethatmessagedelivery is guaranteed.

3.2 Programs

We begin by assumingthat a ConcurrentMETATEM systemcontainsan environmentpart, e, and a
setAg �I�J6 	 ?G?G? 	 n � of agents. In orderto expresspropertiesof the environmente, we usea set K e

of primitive propositions.Similarly, we associatea set K i of primitive propositionswith every agent
i � Ag. Theset K i, for i � Ag, containsall thosepropositionsthatcanoccurin i’s rules,or thatcanbe
received or sentby i asmessages.For reasonsthatwill becomeapparentbelow, we shall imposetwo
constraintson thesesets:

1. Thesetsof propositionsfor talking aboutagentsandtheenvironmentaremutuallydisjoint. For-
mally, for all i L� j �M� e	 6 	 ?G?G? 	 n� , we requirethat K i N K j �PO .
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2. For everypropositionpi thatoccursin K i, werequirethatthereexistsacorrespondingproposition
pj in K j. Formally, for all i

	
j �M� e	 6 	 ?G?G? 	 n � werequirethatthereexistsabijectionf 7QK i R K j.

Thuseachagenthasauniquesetof propositionsthatit usesfor rules,messages,andsoforth. However,
thereis a correspondencebetweenthedifferentsets.For example,in Figure1, agentrc 6 sendsanask6
message,which the interfaceto agentrp statesthat it will accept.The constraintswe have just given
statethattheask6 in rc 6 is actuallydistinctfromtheask6 in rp. However, weintendthatthepropositions
correspondto eachother: to make thecorrespondenceclear, we write pi to indicatethatp is a member
of K i; this propositionwill correspondto pj , a memberof K j . Thusask6 rcS �TK rcS , andask6 rp �UK rp.
To simplify subsequentformalisation,we will oftenfind it convenientto ignorethis constraint,andact
asif all agentsuseacommonsetof propositions;theconstraintis only really requiredin section4.

Let KV�+W i K i bethesetof all primitive propositions.Clearly, thesetsK i partition K . An agent i is
thena triple

�
ini
	
outi
	
rulesi � , where:

� ini X K i representsmessagesthat i will accept(environmentpropositions);

� outi X K i representsmessagesthat i will send(componentpropositions);and

� rulesi X Form
�
PML 5Y� is asetof PML rulesrepresentingi’sprogram.Werequirethatif �Z� rulesi ,

then � containsonly propositionsthatoccurin K i .

3.3 States

An agent’s internalstateat any momentin time is determinedby two components:a history, anda set
of commitments. An agent’s historyat timeu � IN is a recordof all themessagesall themessagesit has
receivedandactionsit hasperformed(includingmessagesit hassent)up to andincludingtime u. For
example,thehistoryof agentrc

�
from Figure1 at time4 in therungivenin Figure2 is:

� O 	 � ask
� � 	 O 	 � ask

� � 	 � give
� �[�@?

Formally, let Hi � � � � K i ���\� bethesetof all possiblehistoriesfor agenti � Ag. Let H �]W i Hi bethe
setof all possiblehistories.Weuseh (with annotations:ĥ

	
hS 	 ?G?G? ) to standfor membersof H.

Supposethath is a history, and �_� Form
�
PML � . Thenwe write

�
h
	
u �a` �b� if h satisfies� at time

u. That is, we treath asa (partial) model for PML, and interpret � with respectto this model. The
completeformaldefinitionof this relationis essentiallya re-statementof thesemanticsof PML, andso,
ratherthanattemptingto give sucha statement,we simply illustratethenotationby example.Suppose
wehave h � � � p� 	 � p 	 q� 	 � p� 	 � p �c� . Then:

�
h
	 6A�d` � � �� !"##$ p�e= q

�
h
	�� �f` � � �� !"##$ �� !"##$ p�e= � �� !"##$ q ��

h
	@� �d` � p

�
h
	@� �f` � p ( q�

h
	@� �d` �g% p

�
h
	 F �f` �h% � q

An agent’scommitmentsrepresentthefuture-timepartsof programrulesthathavefired,andthatthe
agenthas,asa result,committedto satisfying.Formally, let C �]� � Form

�
PML 3 ��� bethesetof all sets

of commitments.We usec (with annotations:ĉ
	
cS 	 ?G?G? ) to standfor membersof C. If i � Ag, thenlet

Ci X C bethepossiblecommitmentsetsof agenti (i.e., Ci containsonly commitmentsmadeup from
membersof K i). As anexample,thecommitmentsetof agentrp in thesystemin Figure1 at time 3 in
therungivenin Figure2 is:

�A% give6 	 % give
�
	 < � give6>= give

� ���[?
Thelocal,or internalstateof anagenti � Ag at any momentin time is thena pair

�
h
	
c� , whereh � Hi

andc � Ci . Let Li � Hi i Ci bethesetof all local statesfor agenti, andlet L � W i Li bethesetof all
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local states.We usel (with annotations:l ^ 	 l S 	 ?G?G? ) to standfor membersof L. If l � L is a local state,
thenwe let h

�
l � denoteits historycomponent,andlet c

�
l � denoteits commitmentsetcomponent.As an

example,thestateof agentrc
�

in thesystemin Figure1 at time4 in therungivenin Figure2 is:

��� O 	 � ask
� � 	 O 	 � ask

� � 	 � give
� �[� 	 O
�@?

The stateof the environmentat any time is simply a history over K e, whereeachcomponentin this
historyrepresentsthesetof propositionsthathavebeensentasmessagesat thecorrespondingtime. For
example,theenvironmentstateof thesystemin Figure1 at time4 in therungivenin Figure2 is:

� � ask6A� 	 � ask6 	 ask
� � 	 � ask 6 	 give6A� 	 � ask 6 	 ask

�
	
give

� � 	 � ask6 	 give6;�c�
Formally, let E � He bethesetof all environmentstates.

Theglobalstateof aConcurrentMETATEM systemcontainingn agents6 	 ?G?G? 	 n is an
�
n jV6A� -tuple�

e
	
l S 	 ?G?G? 	 ln � , wheree � E, l S � L S , . . . , ln � Ln. Let G � E i L S iZkGkGkli Ln bethesetof all global

states.Weuseg (with annotations:ĝ
	
gS 	 ?G?G? ) to standfor membersof G.

3.4 Runs

The stateof anagentor systemrepresentsa snapshotof the agentor systemat sometime. However,
multi-agentsystemsarereactive[17], andfor this reason,we arenotgenerallyinterestedin thestateof
asystematsomeinstant,but ratherwith thebehaviourof thesystemoveran infinitesequenceof states.
For this reason,we introduceruns, whichare,in essence,simply infinite sequencesof states.Formally,
a run r is a functionr 7 IN R G, which assignsa globalstateto every naturalnumber. Let R betheset
of all runs.Following [5, p107],we referto a pair

�
r
	
u� , wherer � R andu � IN, asa point. Let P be

thesetof all points.If r
�
u �m� � e	 l S 	 ?G?G? 	 ln � , thenwe let re

�
u � standfor e, andr i

�
u � standfor l i .

In orderto simplify subsequentformalisation,wepresentsomeauxiliarydefinitions.First,if i � Ag,
thensenti 7 R i IN R � � K i � is a functionthatgivesthesetof messagessentby i in a runat sometime:
senti

�
r
	
u�n� h

�
r i
�
u ��� � u � N outi . Similarly, if i � Ag, thenrcvdi 7 R i IN R � � K i � is a function that

givesthesetof messagesreceivedby i in a run at sometime: rcvdi
�
r
	
u�8� h

�
r i
�
u��� � u� N ini . For every

ConcurrentMETATEM systemsyscontainingagents� � ini
	
outi
	
rulesi �.` i � Ag� , therewill be some

setRsys X R of runssuchthatRsyscontainsjust thosemembersof R that representrunsof sys. Theset
Rsys will in fact representthesemanticsof sys. (Notethat if Rsys is empty, thensyshasno runs,which
impliesthatoneor moreof theagentprogramsareinconsistent.)

In orderto obtaina formal semanticsfor ConcurrentMETATEM, we mustdefinethecircumstances
underwhich anarbitraryrun r � R is a memberof Rsys. Formally, let sysbea ConcurrentMETATEM
systemcontainingagents� � ini

	
outi
	
rulesi �o` i � Ag� . Thena run r � R is a memberof thesetRsys if f

thefollowing conditionsobtain:

(E1) At time u � IN, theenvironmentis madeup of all messagessentat time u. Formally, p u � IN,
pe � re

�
u� if f q i � Ags.t.pi � senti

�
r
	
u� .

(M1) A messagesentbyanagentis eventuallyreceivedbyall agentswith theappropriateinterface.For-
mally, p u � IN

	 p i � Ag
	

if pe � re
�
u� andpi � ini then q v � IN s.t.v r u andpi � rcvdi

�
r
	
v � .

(M2) Messagescanonly bereceived once,and,moreover, if a messageis received, thenit musthave
beensentat someearliertime. Formally, p i � Ag, p u � IN, if pi � rcvdi

�
r
	
u� , then q v � IN,

v s u, s.t.pe � re
�
u � and p w �V� v 	 ?G?G? 	 w tu6A� , pi L� rcvdi

�
r
	
u � . (Notethat this conditiondoes

not imply theprecedingone.)

(H1) Agentshave one history statefor every time stepthey have experienced.Formally, p i � Ag,
p u � IN, ` h � r i

�
u ���B`J� u ju6 .
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(H2) Agentsmaintainperfecthistories(they never forget, andthey arestrictly accurate).Formally,
p i � Ag, p u � IN, p v � IN s.t.v v u if h

�
r i
�
u��� � v �Y�xw , thenp w � IN s.t.w r u, h

�
r i
�
w ��� � v �m�xw .

(C1) At thestartof time,anagent’s commitmentsarethefuture-timepartsof rulesthatfire againstan
emptyhistory. Formally, p i � Ag

	 �V� c
�
r i
��� ��� if f qy�z�{�V� rulesi s.t.

��� � 	@� �d` �P� .

(C2) At time u r � , anagenthasa commitment� if f � is the future time partof a rule that firesat
time u. Formally, p i � Ag

	 p u � IN, s.t. u r � , we have �]� c
�
r i
�
u��� if f q
�_�|�b� rulesi s.t.�

h
�
r i
�
u��� 	 u�}` �P� .

(C3) All commitmentsaresatisfied.Formally, p i � Ag
	 p u � IN

	 �u� c
�
r i
�
u��� implies

�
h
�
r i
��~ ��� 	 u�o` �

� . (Recallthat
~

is thefirst infinite ordinal.)

4 A Knowledge-Theoretic Semanticsfor Concurrent METATEM

In the precedingsection,we definedthe propertiesthat musthold of any run r � R in orderfor r to
beconsidereda run of a ConcurrentMETATEM system.However, it shouldbeclearthatattemptingto
provethepropertiesof aConcurrentMETATEM systemdirectly, usingthesemanticconstructspresented
in section3.4, would at bestbeextremelyawkward,andin general,would simply not bepracticable.
For this reason,we now introducea logic for representingthe propertiesof ConcurrentMETATEM
systems.This logic, KLn

S , is a temporal logic of knowledge: it is a PML-style temporallogic enriched
by theadditionof anindexedsetof extra modaloperators� Ki ` i � Ag� , thatareusedfor representing
the knowledge of agents.We show how certainformulaeof KLn correspondto propertiesof runsas
discussedin the precedingsection. This correspondenceallows us to take a ConcurrentMETATEM
systemsys, andfor this system,systematicallyderive a KLn theoryrepresentingthepropertiesof sys.
Proving propertiesof systhenreducesto proving propertiesof theKLn theory. This maybeachieved
either by using a suitableHilbert-styleaxiom systemfor KLn (suchas that presentedin [5, pp281–
307]),or elseby usinganalternative proofmethod(suchastheresolutionprocedurepresentedin [10]).
We proceedby first definingthe syntaxandsemanticsof KLn, andthenby showing how certainKLn

formulaecorrespondto semanticpropertiesof runs,asdiscussedin the proceedingsection. We then
giveashortexample,showing how somepropertiesof thesystempresentedin Figure1 maybeproven.

4.1 Syntaxand Semantics

Syntactically, KLn is the propositionaltemporallogic PML, augmentedby an indexed set of modal
operatorsKi , onefor eachagenti � Ag. With respectto semantics,the temporalconnectivesof KLn

areidenticalto thoseof PML. Thesemanticsof theKi operatorsaregiven in termsof possibleworlds,
in the normalmodal logic fashion[4]. However, the semanticsof the Ki operatorsaregrounded, in
that the knowledgeaccessibilityrelationfor agenti is given a concreteinterpretationin termsof the
possibleinternalstatesof agenti [5, pp110–113].Thusweassociateanequivalencerelation � i X P i P
with every agenti � Ag, wherethis relationdefinedasfollows:

�
r
	
u ��� i

�
r ^ 	 v � if f r i

�
u�1� r î

�
v � . If�

r
	
u�}� i

�
r ^ 	 v � , thenwe saythat

�
r
	
u� is indistinguishablefrom

�
r ^ 	 v � from thepoint of view of i, or,

alternatively, that i carriesexactly thesameinformationin
�
r
	
u� asin

�
r ^ 	 v � .

A modelfor KLn is simply a setof runs,M X R. (Unusually, we do not requirean interpretation
function in models,to tell us whetherpropositionsaretrue or falseat states:this is becausewe have
all the informationwe requirealreadyin the model.) The semanticsof KLn aregiven via the usual
satisfactionrelation‘ ` � ’, which holdsbetweenpairsof theform

�
M
	��

r
	
u ��� , (whereM is a model,and�

r
	
u� is a point in M), and formulaeof KLn. The rulesdefining this relationaregiven in Figure3.

Readersfamiliar with thesemanticsof normalmodalandtemporallogicswill recognisethat therules�
Thenamecomesfrom [13], wherethecomplexity of thedecisionprocedurefor thefuturetime fragmentof the logic is

discussedin detail.Relatedlogicsarediscussedin [14, 20,10], andin particular, [5].
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�
M
	��

r
	
u����` � true�

M
	��

r
	
u����` � pi if f pi � h

�
r i
�
u��� � u� (wherepi ��K i)�

M
	��

r
	
u����` � pe if f pe � re

�
u� (wherepe ��K e)�

M
	��

r
	
u����` � <m� if f

�
M
	��

r
	
u ����L` �P��

M
	��

r
	
u����` � �*��� if f

�
M
	��

r
	
u ���}` �P� or

�
M
	��

r
	
u���d` �u��

M
	��

r
	
u����` � Ki � if f p � r ^ 	 v �8� P

	
if
�
r
	
u�C� i

�
r ^ 	 v � then

�
M
	��

r ^ 	 v���d` �P��
M
	��

r
	
u����` � $ � if f

�
M
	��

r
	
u jP6A����` �P��

M
	��

r
	
u����` � �� !"##$ � if f u r � and

�
M
	��

r
	
u tV6A���f` �P��

M
	��

r
	
u����` � �/(�� if f q v � IN s.t.

�
u v v � and

�
M
	��

r
	
v ���d` �P�

and p w �M� u 	 ?G?G? 	 v t�6A� 	�� M 	�� r 	 w ���o` �P��
M
	��

r
	
u����` � ��&2� if f q v � IN s.t.

�
v s u � and

�
M
	��

r
	
v ���d` �P�

and p w �M� v ju6 	 ?G?G? 	 u tV6A� k � M 	�� r 	 w ����` ���

Figure3: Semanticsof KLn

for interpretingprimitive propositionsare somewhat unusual;below, we discussthe implicationsof
definingthesemanticsin thisway.

Derivedtemporal connectives: Semanticrulesareonlygivenfor thetemporalconnectives
$ 	 �� !"##$ 	 ( ,

and & ; theremainingtemporalconnectivesareintroducedasabbreviations,asfollows.

%�� def� true (Z� % � � def� true &2�
� def� <C%�<m� � def� <o% � <m�

��)�� def� �/(z�M� � ��'Z� def� ��&2��� �
� � def� < �� !"##$ <C� start def� � false

Validity and satisfiability: If ��� Form
�
KLn � and

�
M
	��

r
	
u ����` ��� for all points

�
r
	
u� in M, then

we saythat � is valid in M, andindicatethis by writing M ` ��� . If � is valid in all models,thenwe
saythat � is valid simpliciter, andindicatethis by writing ` ��� . If <m� is valid, thenwe saythat � is
unsatisfiable.

4.2 Axiomatizing Concurrent METATEM

It shouldbeobviousthatformulaevalid in thetemporallogic PML, thatunderpinsKLn, will alsobevalid
in KLn. In addition,KLn inheritsasvalid theKDT45 formulaethat characterizenormalmodallogics
with equivalenceaccessibilityrelations[5]:

` � ��� Ki �z�{�d�e= � Ki �Y����� Ki � �
K �

` � Ki �M��< Ki <m� �
D �

` � Ki �M��� �
T �

` � Ki �M� KiKi � ��� �
` �g< Ki �z� Ki < Ki � ��� �

Wealsohave theusualknowledge generalizationrule [5, pp50–51]:if ` �g� then ` � Ki � .
Given a ConcurrentMETATEM systemsys, containingagents� � ini

	
outi
	
rulesi �z` i � Ag� , we

can identify a set Rsys X R, containingjust the runs of sys. Clearly, Rsys is also a model, and we
shall thereforewrite Msys for themodelcontainingexactly therunsRsys. Our aim in this sectionis to

10



examineformulae� , whichhavethepropertythatMsys ` �g� , for all ConcurrentMETATEM systemssys.
Theseformulae(or, moreproperly, theseformulaschemas) representanaxiomatizationof Concurrent
METATEM.

Webegin by presentingtwo observationsabouttherelationshipbetweenthetruthof primitivepropo-
sitionsandtheknowledgepossessedby agents.(For theremainderof thissection,it is assumedthatsys
is anarbitraryConcurrentMETATEM systemcontainingagents� � ini

	
outi
	
rulesi ��` i � Ag� , andthat

Msys is theKLn modelcorrespondingto sys.)

Lemma 1

1. Msys ` � pi � Kipi (pi ��K i)

2. Msys L` � pi � Kjpi (pi ��K i , i L� j)

Proof: For (1), assumethat
�
M
	��

r
	
u���}` � pi . Thenby thefirst semanticrule for primitive propositions,

pi � h
�
r i
�
u ��� � u � . We needto show that

�
M
	��

r ^ 	 v ����` � pi for all
�
r ^ 	 v � s.t.

�
r
	
u �.� i

�
r
	
u � . By the

definitionof � i, weknow thatif
�
r
	
u �C� i

�
r ^ 	 v � thenr i

�
u ��� r î

�
v� , andhenceh

�
r i
�
u ��� � u �Y� h

�
r î

�
v ��� � v � .

Thuspi � h
�
r î

�
v ��� � v � andso,by thefirst semanticrule for primitive propositions,

�
M
	��

r
	
v ���/` � pi , and

wearedone.For (2), it is easyto constructacounterexample.

The first part of this lemmaseemsto be a very negative result indeed,sincetogetherwith axiom(T),
it appearsto imply that the truth of a formulaat somepoint is equivalentto knowledgeof theformula
at that point. If this werethe casein general,thentruth andknowledgewould be identical. But the
secondpart of this lemmaillustratesthat this is not the case:an agenti only knows aboutprimitive
propositionsin K i. An agentdoesnot, in general,have knowledgeof otheragent’s propositions.(This
is in fact thereasonfor requiringagentsto have differentsetsof primitive propositions:if we did not,
thenknowledgeandtruth would indeedbeequivalent.) Thefirst partof Lemma1 canbegeneralized
somewhat,asfollows.

Lemma 2 Msys ` ����� Ki � (where� is apropositionalor past-timeformulacontainingonly primitive
propositionsfrom K i).
Proof: (Outline)By inductiononthestructureof � . Thefirst partof thebasecase,where�z� pi , (pi �K i) is givenby Lemma1. For secondpartof thebasecase,where �U�]< pi, assumethat

�
M
	��

r
	
u ���a` �

< pi andpi �VK . Thenpi L� h
�
r i
�
u ��� � u � . Clearly, for all

�
r ^ 	 v �n� P suchthat

�
r ^ 	 v �o� i

�
r
	
u � , we will

have pi L� h
�
r î

�
v��� � v� , andso

�
M
	��

r ^ 	 v ���n` ��< pi. Hence
�
M
	��

r
	
u ���1` � Ki < pi. We leave theremainder

of theproof asanexercisefor thereader;theproof for past-timeformulaerequiresthefact thatagents
maintainperfecthistories— condition(H2), above.

Thefactthatagentsmaintainperfecthistoriesgivesusthefollowing.

Lemma 3 Msys ` � Ki �z� $
Ki �� !"##$ � .

Proof: Follows from condition(H2) on runs,above. Assumethat
�
M
	��

r
	
u ���}` � Ki � . Weneedto show�

M
	��

r
	
u ju6A����` � Ki �� !"##$ � ; this follows from Lemma2.

Agentsareawareof thestartof time.

Lemma 4 Msys ` � start � Kistart.
Proof: Assume

�
M
	��

r
	
u���.` � start. Thenu � � . We needto show that for all

�
r ^ 	 v �a� i

�
r
	@� � , we

have
�
M
	��

r ^ 	 v ���2` � start. From the from the assumptionof synchronousexecution,we know that if�
r ^ 	 v ��� i

�
r
	@� � thenv � � . Theresultfollows easily.
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Next, wegiveavariantof theaxiom(T), above,whichdescribestheprocessof messagesending.

Lemma 5 Msys ` � Kipi � pe (wherepi � outi ).
Proof: Follows from condition(E1) on runs,above. Assumethat

�
M
	��

r
	
u ���2` � Kipi andpi � outi .

Then
�
M
	��

r
	
u ����` � pi , andhencepi � h

�
r i
�
u��� � u� . Then,by definition, pi � senti

�
r
	
u� , andso by

condition(E1) on runs,pe � re
�
u� , andhenceby thesecondsemanticrule for primitive propositions,�

M
	��

r
	
u���}` � pe.

Next, wehave a livenessaxiom,whichstatesthatmessagessentareguaranteedto bereceived.

Lemma 6 Msys ` � pe � $ % Kipi (wherepi � ini ).
Proof: Follows from condition(M1) on runs,above. Assumethat

�
M
	��

r
	
u ���/` � pe andpi � ini . Then

from condition(M1), q v � IN, v r u, suchthat pi � h
�
r i
�
v ��� � v � , hence

�
M
	��

r
	
v ����` � pi andthus�

M
	��

r
	
v���}` � Kipi . Sincev r u, wehave

�
M
	��

r
	
u���}` � $ % Kipi , andwearedone.

Similarly, we have a safetyaxiom,which statesthat if anagentreceivesa message,thenit musthave
beensentatsomeprevioustime,and,moreover, thata messagecannotbereceivedmorethanonce.

Lemma 7 Msys ` �+< pe ' ��� Kipi �l=*< pe ����< Kipi (wherepi � ini ).
Proof: (Outline)Follows from semanticcondition(M2).

Thefinal lemmacharacterizesanagent’s knowledgeaboutits programrules.

Lemma 8 Msys ` � � Ki �Y��� �
Ki �d� (where�M����� rulesi ).

Proof: Assumethat
�
M
	��

r
	
u ����` � Ki � , and that ��� ��� rulesi . Then by condition (C2) on

runs, above, we know that ��� c
�
r i
�
u ��� , and thus for all

�
r ^ 	 v ��� P s.t.

�
r ^ 	 v ��� i

�
r
	
u� , we have

�+� c
�
r î

�
v ��� . Fromcondition(C3) on runs,we know that if �-� c

�
r î

�
v��� then

�
h
�
r î

��~ ��� 	 v �n` ��� , and
so
�
M
	��

r ^ 	 v ����` �g� . Hence
�
M
	��

r
	
u ���d` � Ki � .

4.3 A Short Verification Example

In this section,we indicatehow theknowledge-theoreticsemanticsdevelopedin this papercanbeused
to verify the propertiesof ConcurrentMETATEM systems.The examplewe give is a simpleliveness
propertyfor thesystemin Figure1. Let thissystembecalleds6 . Then:

Theorem 1 Eventually, agentrp 6 will know that it hasbeengiven the resource.Formally, MsS ` �
start ��% KrcS give6 .
Proof: SeeFigure4; propositionalreasoningis indicatedby PR,andtemporalreasoningis indicated
by TR.

5 RelatedWork

In this section,we briefly considerrelatedwork. With respectto multi-agentdevelopmentlanguages,
many environmentshavebeenreportedin theliterature(asurvey is presentedin [21]). While Concurrent
METATEM is theonly multi-agentlanguageweareawareof thatis baseddirectlyonexecutingtemporal
logic, somelanguageswith similar propertieshave beendeveloped.For example,Shoham’s AGENT0
language[19] allows a user to programagentsin termsof commitmentrules, which are similar to
ConcurrentMETATEM programrules.AGENT0 rulescontainnotenseoperators,however, andexplicitly
allow anagentto referto thebeliefsandcommitmentsbothof itself andotheragents.TheCONGOLOG
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1. start � Krc S start [Lemma4]
2. KrcS start � KrcS ask6 rcS [Lemma8]
3. start � Krc S ask6 rcS [1, 2, PR]
4. KrcS askrcS � ask6 e [Lemma5]
5. ask6 e � $ % Krpask6 rp [Lemma6]
6. start � $ % Krpask6 rp [3, 4, 5, PR]
7. Krpask6 rp � Krp % give6 rp [Lemma8]
8. start � $ % Krp % give6 rp [6, 7, PR,TR]
9. start ��% Krp % give6 rp [8, TR]

10. Krp % give6 rp �E% give6 rp [9, Axiom (T)]
11. Krp % give6 rp �E% Krpgive6 rp [10, Lemma1, TR, PR]
12. start ��% Krpgive6 rp [9, 11,PR]
13. Krpgive6/� give6 e [Lemma5]
14. start ��% give6 e [12, 13,PR]
15. give6 e � $ % KrcS give6 [Lemma6]
16. start ��% KrcS give6 [14, 15,TR, PR]

Figure4: Proofof Theorem1

languageisamulti-agentlogicprogramminglanguagethatis alsorelatedto ConcurrentMETATEM [15].
Whereastheunderlyingprogrammodelfor ConcurrentMETATEM is temporallogic, thecorresponding
programmodelin CONGOLOG is McCarthy’ssituationcalculus.NeitherAGENT0 nor CONGOLOG have
beengiven a formal semantics,althoughthecloserelationshipbetweenCONGOLOG andthe situation
calculusmakessucha semanticsa reasonableproposition.Anothercloselyrelatedareaof work is that
on Belief-Desire-Intention(BDI) architecturesandtheories,by RaoandGeorgeff [18]. They have a
particularsoftwarearchitecture,known asthe ProceduralReasoningSystem(PRS), andanassociated
family of BDI logics,developedin orderto give anabstractsemanticsto thearchitecture.However, the
logicscannotbeusedto giveasemanticsto thePRS in theformalsensethatwehavedescribedhere:the
PRS doesnot (andwasnever intendedto) operationalizethecorrespondingBDI logic.

Finally, we commenton the relationshipbetweenour work and the knowledge-basedprograms
proposedby Faginetal [5, pp233–269].A knowledge-basedprogramhasthegeneralform:

case of
if t S = kS do aS
if t �Y= k� do a�
. . .

end case

whereeachti is a propositionallogic formula,andki is a booleancombinationof formulaeof theform
Ki � . To executesucha program,an agentmustcontinuallyperforma cycle of evaluatingthe condi-
tions, finding all thosethat fire, andthen(non-deterministically) executingoneof the corresponding
actions.However, unlike temporallogic, it is not known whatoperationalmodelmight beusedto ex-
ecuteknowledgeformulae,henceknowledge-basedprogramscannotbe directly executedin the way
that ConcurrentMETATEM temporalrulesareexecuted.Faginet al commentthat ‘we do not have a
generalmethodologyfor implementingknowledge-basedprograms’[5, p379]. It would be interesting
to considertheextentto whichtheknowledge-theoreticsemanticsdevelopedfor ConcurrentMETATEM
in this papercouldbeusedto providesuchamethodology.
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6 Closing remarks

In this paper, we have provideda bottom-upsemanticsfor theConcurrentMETATEM multi-agentpro-
gramminglanguage.Using this semantics,we developeda temporallogic of knowledge,which we
thenusedto axiomatizethe propertiesof ConcurrentMETATEM systems.We gave a brief example,
to illustratehow thelogic might beusedto verify propertiesof ConcurrentMETATEM systems.There
areseveral questionsthat needto beaddressedin futurework. The mostimportantof theseis thatof
completeness. Wehaveprovedthattheaxiomsystempresentedabove is soundwith respectto thesetof
modelsof ConcurrentMETATEM systems,but we have not addressedtheissueof completeness. Some
completenessresultshavebeenobtainedfor KLn-like temporallogicsof knowledge[5, pp281–307],but
not for systemsascomplex asthat for ConcurrentMETATEM. Anotherobviousareaof work is proof
methodsfor temporallogicsof knowledge;wehave alreadybegunto developsuchmethods[20, 10].
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