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Abstract

Theaim of this paperis to developa semanticgor themulti-agentprogramminganguageCon-
currentMETATEM, by usingthe tools of knowled@ theory. We begin by presentingan informal
overview of the ConcurrentM ETATEM languageandthenformally definethe notionof a Concur
rentMETATEM agentprogramthepossiblestatef aConcurrenMETATEM agentandsystemand
finally, whatconstituteanacceptableun of aConcurrenM ETATEM system.Thevarioussemantic
constructslevelopedduringthis processarethenusedasthe foundationuponwhich to construcia
tempoal logic of knowledg; we shaw that certainformulaeof this logic correspondo properties
of ConcurrentMETATEM systems.This correspondencean be usedto systematicallyderive the
theoryof a ConcurrentMETATEM system.Reasoningabouta ConcurrentMETATEM systemthen
reducego proving propertiesof the correspondindogical theory We give somesimpleexamples,
toillustratetheprocessandfinally, speculataboutfutureresearchdirections.Comment®nrelated
work arealsoincluded.

1 Intr oduction

Astheworld-wideinterestin multi-agentsystemdasintensified sotherangeof softwaretoolsavailable
for developingmulti-agentsystemshascontinuedo grow [21]. Someof thesetoolsrepresentlevelop-
mentsof establishedreasof softwaretechnologyand programminganguagedesign. For example,a
numberof multi-agentprogramminganguagesreavailablethatbuild on the concurrenpbject-based
programmingparadigm[2]. Many of theselanguagesanbe given a semanticdy usingthe tools of,
for example,processalgebra[16]; the ACTOR classof languagesn particularhave an elggantseman-
tic foundation[1]. However, for mary multi-agentprogramminganguagesit is not at all clearwhat
techniquesnightbeusedto developaformal semanticsin brief, the purposeof this paperis to address
the problemof giving a formal semanticdo a multi-agentprogramminglanguagecalled Concurrent
METATEM [6, 7, 8].

A ConcurrenMETATEM systemcontainsa setof concurrentlyexecutingagentsableto communi-
catevia asynchronousroadcastnessag@assing.Agentsin ConcurrentMETATEM are programmed
by giving thema temporallogic specificationof the behaiour it is intendedthey shouldexhibit. An
agents specificatioris directly executedn orderto generatéts behaiour. Two previousattemptshave
beenmadeto develop a semantic§or ConcurrentMETATEM. In the first attempt[8], emphasisvas
placedon the modelingof concurency which was achieved by representingagentexecutioncycles
asintenals over the real numbers. In the secondattempt[9], a temporallogic of belief wasusedto
axiomatizeConcurrentMETATEM. Thatis, a numberof axiomswere presentedvhich, it wasargued,
correspondo propertieof ConcurrenMETATEM. Thisaxiomatizatiorcouldbeusedio derive atheory



of a ConcurrentMETATEM system andpropertiesof the systemcouldthenbe demonstratethy prov-
ing propertiesof thetheory Both of theseattemptgo give a semanticso ConcurrentMETATEM were
essentiallytop downapproachesa numberof axiomswerepresentedvhich, it wasclaimed,represent
propertiesof ConcurrentMETATEM systemsNo formal attemptwasmadein eithercaseto justify the
axiomswith referencdo whatconstitutesa run of a ConcurrentMETATEM system.For this reasonit
couldbearguedthatbothattemptsverein somesensead hoc

In this paperwe presenabottom-upsemanticgor ConcurrenM ETATEM. First,we formally define
ConcurrentMETATEM programsandsystemsandthenstatethe conditionsrequiredfor a sequencef
statedo be consideredirun of aConcurrentM ETATEM system.For ary given ConcurrenfM ETATEM
system,we canidentify the setof all acceptableuns of that system: this setrepresentshe formal
semanticof the system. However, attemptingto manipulatesetsof runsdirectly, in orderto prove
propertiesof a system s not practicable.For this reasonwe introducea tempoal logic of knowledg
for representingropertief setsof runs[14, 20, 10, 5]. Thislogicis a‘standard’temporalogic, which,
in additionto theusualtemporalconnecties,containsanindexed setof modalconnectresfor referring
to the informationimplicit within agents.We shav how propertiesof the logic correspondo certain
propertiesof ConcurrentMETATEM systems:givena ConcurrentMETATEM systemwe canderive a
temporal-knwledgetheory of that system. Proving propertiesof the systemcanbe doneby proving
propertiesof thecorrespondingemporal-knaledgetheory whichis, in generalasimplerprocesghan
attemptingo prove propertiesof runsdirectly The axiomatizatiorof ConcurrentM ETATEM turnsout
to bequiteintuitive, andthe useof knowledg connectiesaffords us greaterexpressie power thanthe
useof atemporallogic in isolation.

Theremaindeiof this paperis structuredasfollows. In the next subsectionwe presenta summary
of ournotation.Then,in section2, we give anoverviev of theConcurrenM ETATEM languagdreaders
familiar with ConcurrentM ETATEM may wish to skim this section).In section3, we formally define
ConcurrenMETATEM systemssystemstatesandruns. In sectiond, we usethesesemanticstructures
asthefoundationuponwhichto construcKL, ourtemporalogic of knowledge;in sectiord4.2,we shav
how certainformulaeof KL, correspondo propertiesof ConcurrentMETATEM systemsandgive an
exampleof how a KL, theoryderived usingthis correspondenceanbe usedto verify simpleproperties
of asystemln sectionb, we discusgelatedwork, andin section6, we presensomeconcludingemarks.

1.1 Notation

If L is alogical languagethenwe write Form(L) for the setof (well-formed)formulaeof L. We usethe

lowercaseGreeklettersy, 1, andxy asmeta-ariablesrangingover formulaeof the logical languages
we consider If Sis aset,thenby p(S), we meanthe powersetof S If Sis a set,thenby S*, we mean
the setof sequencesver S. Thus(2,4,5) € IN*. If sis asequenceandu € IN, thenby s(u) we

meanthe elementat positionu in s, assuminghat positionsareindexed by the naturalnumbers.Thus

(2,4,5)(0) = 2, and(2,4,5)(2) = 5. Throughoutthe paper it is assumedhatthe readeris familiar

with basicmodalandtemporalogic [12].

2 Concurrent METATEM

In this section,we presentanoverview of ConcurrentM ETATEM. NotethatConcurrentM ETATEM s
adescendermf METATEM, detailsof which maybefoundin [3]; the ConcurrenMETATEM language
itself is describedn moredetailin [6, 7, 8].

2.1 Agentsin Concurrent METATEM

Agentsin ConcurrentMETATEM are concurrentlyexecutingentities,ableto communicatewith each
otherthroughasynchronou$groadcastmessageassing. EachConcurrentMETATEM agenthastwo



maincomponents:

¢ aninterface which defineshow theagentmayinteractwith its environment(i.e., otheragents);

e acomputationakngine which defineshow the agentwill act— in ConcurrentMeTATEM, the
approachusedis basedbnthe METATEM paradignof executablgemporallogic [3].

An agentinterfaceconsistof threecomponents:

e auniqueagentidentifier (or justagentid), which namegheagent;

e a setof symbolsdefining which messagesvill be acceptedoy the agent— theseare termed
ervironmenfpropositions and

¢ asetof symbolsdefiningmessagethattheagentmaysend— thesearetermedcomponenpropo-
sitions

For example theinterfacedefinitionof a ‘stack’ agentmightbe:

stak(pop, push)[popped, full]

Here,stak is theagentid thatnamegheagent,{pop pusl} is thesetof environmentpropositionsand
{poppedfull} is the setof componenpropositions.Theintuition is that, wheneer a messagéeaded
by the symbolpopis broadcastthe stadk agentwill acceptthe messageywe describewhatthis means
belav. If amessagés broadcasthatis notdeclaredn the stadk agents interface,thenstad ignoresit.
Similarly, the only messagethatcanbe sentby the stadk agentareheadedy the symbolspoppedand
full.

The computationalengine of eachagentin ConcurrentMETATEM is basedon the METATEM
paradignof executabldemporalogics[3]. Theideais to directly executeanagentspecificationwhere
this specificatioris givenasa setof programrules which aretemporalogic formulaeof theform:

antecedersboutpast = consequendboutpresenandfuture.

The antecedenis a temporallogic formulareferringto the past,whereaghe consequenis a temporal
logic formulareferringto the presentandfuture. The intuitive interpretationof sucha rule is ‘on the
basisof the past,constructthe future’, which givesrise to the nameof the paradigm:declamative past
and impemtive future [11]. The rulesthat definean agents behaiour can be animatedby directly
executingthetemporalspecificatiorundera suitableoperationamodel[7].

To male the discussiormoreconcretewe introducea propositionatemporallogic, calledProposi-
tional METATEM Logic (PML), in whichthetemporakulesthatareusedto specifyanagents behaiour
will begiven. (A completedefinitionof PML is givenin [3].) PML is essentiallyclassicalpropositional
logic augmentedby a setof modalconnectiesfor referringto thetempoal ordering of events.pMmL is
basedon a modelof time thatis linear (i.e., eachmomentin time hasa uniquesuccessor)youndedn
thepast(i.e., therewasa momentthatwasthe ‘beginningof time’), andinfinite in thefuture (i.e.,there
areaninfinite numberof momentsn thefuture). Thetemporalconnecttesof PML canbedividedinto
two catgories,asfollows:

1. Strict pasttime connecties: ‘@’ (weaklast), @’ (stronglast), ® ' (was),'l’ (heretofore),
*S’ (since)and’ £’ (zince,or weaksince).

2. Presenaindfuturetime connecties: ‘O’ (next), ‘<>’ (sometime); [’ (always),' &’ (until) and
‘W’ (unless).



Theconnecties { @, ®, ¢ ,l, O, <, [1} areunary;theremainderarebinary In additionto these
temporalconnectres,PML containsthe usualclassicalogic connectres. The meaningof thetemporal
connectiesis quitestraightforvard, with formulaebeinginterpretedata particularmomentin time. Let
¢ and beformulaeof PMmL, then: O is satisfiedat the currentmomentin time (i.e., now) if ¢ is
satisfiedat the next momentin time; ¢ is satisfiednow if ¢ is satisfiedeithernow or at somefuture
momentin time; [y is satisfiednow if ¢ is satisfiednow andatall futuremomentsip U v is satisfied
now if v is satisfiedat somefuture moment,ande is satisfieduntil then— W is abinary connectre
similarto ¢ , allowing for the possibilitythatthe secondargumentmight never be satisfied.

Thepast-timeconnectieshave similarmeanings© ¢ and@ ¢ aresatisfiechow if ¢ wassatisfiedat
the previousmomentn time — thedifferencebetweerthemis that,sincethemodelof time underlying
thelogicis boundedn the pastthebegginningof timeis treatedasa speciakcasen that,wheninterpreted
at the beginning of time, @ ¢ cannotbe satisfiedwhereas@ ¢ will alwaysbe satisfied regardlesof
©; ® o is satisfiednow if ¢ wassatisfiedat someprevious momentin time; Bl is satisfiednow if ¢
wassatisfiedatall previousmomentsn time; ¢ S ¢ is satisfiedhow if 1) wassatisfiedat someprevious
momentin time, andy hasbeensatisfiedsincethen— Z is similar, but allows for the possibility that
the secondagumentwas never satisfied;finally, a nullary temporaloperatorcanbe defined,which is
satisfiedonly atthe beginning of time — this usefuloperatoiis called start’.

It is corvenientto identify threesub-languagesf PML:

pMLT — formulaereferringto the presentr future
PML~ — formulaereferringto the past
PMLE — formulaein theform past= future.

Membersof PML™* areknovn ascommitmentsmemberof ML~ areknown ashistoryformulae and
memberof PMLE areknown asrules

2.2 Agent Execution

The actualexecutionof an agentin ConcurrentMETATEM is, superficiallyat least, very simple to
understand Eachagentobeys a cycle of trying to matchthe past-timeantecedentsf its rulesagainst
a history, and executingthe consequentsf thoserulesthat ‘fire’. More precisely the computational
enginefor anagentcontinuallyexecuteghefollowing cycle:

1. Updatethehistoryof theagentby receving messageé.e., ervironmentpropositionsfrom other
agentsandaddingthemto its history

2. Checkwhichrulesfire, by comparingpast-timeantecedentsf eachrule againsthecurrenthistory
to seewhich aresatisfied.

3. Jointly executethefired rulestogethemith any commitmentsarriedover from previouscycles.

This involvesfirst collectingtogetherconsequentsf newly fired ruleswith old commitments—
thesebecomehe currentconstaints Now attemptto createthe next statewhile satisfyingthese
constraints.As the currentconstraintsare representedby a disjunctve formula, the agentwill
have to choosebetweera numberof executionpossibilities.

Notethatit may not be possibleto satisfyall the relevant commitmenton the currentcycle, in
which caseunsatisfieccommitmentsarecarriedoverto the next cycle.

4. Goto(1).

Clearly step(3) is the heartof the executionprocess Making the wrong choiceat this stepmay mean
thatthe agentspecificatiorcannotsubsequentiype satisfied 3].



rp(askl, ask)[givel, give2] :
Qaskl = <givel;
Oask = {give;
start = [ ]—(givel A give2).
rcl(givel)[ask] :
start = askK;
Qaskk = ask.
rc2(askl, give2)[ask] :
O(ask A —ask) = ask.

Figurel: A SimpleConcurrenMETATEM System

Time Agent
rp | rcl | rc2

0 aski
1| ask aski ask
2 | aski, ask, givel | aski
3 | ask, give2 aski, givel | ask
4 | askK, ask, givel | ask give2
5

Figure2: An ExampleRun

When a propositionin an agentbecomedrue, it is comparedagainstthat agents interface (see
above); if it is oneof theagents componenpropositionsthenthatpropositionis broadcasasamessage
to all otheragents.On receiptof a messageeachagentattemptsto matchthe propositionagainsthe
ervironmentpropositionsn their interface. If thereis a match,thenthey addthe propositionto their
history

2.3 An Example Concurrent METATEM System

Figure 1 shavs a simplesystemcontainingthreeagents:rp, rcl, andrc2. Theagentrp is a ‘resource
producer’: it can‘give to only oneagentat a time, andwill committo eventually give to ary agent
thatasks. Agentrp will only acceptmessageask andask, andcanonly sendgivel andgive2 mes-
sages.Theinterfaceof agentrcl stateghatit will only accepigivel messagesndcanonly sendaskl
messagesTherulesfor agentrcl ensurghatanaskl messagés senton every cycle — thisis because
start is satisfiedat the beginning of time, thusfiring the first rule, so @ask will be satisfiedon the
next cycle, thusfiring the secondule, andsoon. Thusrcl asksfor the resourceon every cycle, using
anaskl messageTheinterfacefor agentrc2 statesthatit will acceptbothaskl andgive2 messages,
andcansendask messageslhesinglerule for agentrc2 ensureshatanask2 messagés senton every
cycle where,onits previouscycle, it did notsendanask messagejut recevedanaski messagé¢from
agentrcl). Figure2 shaws afragmentof anexamplerun of thesystemin Figurel.



3 Programs,States,and Runs

The semanticf a programminganguagedefine,for ary given program,whatthe acceptablestates
of that programare, andin addition, what representsn acceptablegun of that program. In orderto

definethe semanticof ConcurrentM ETATEM, we mustthereforedefineboth the acceptablestatesof

a ConcurrentMETATEM system,and the acceptableuns of a ConcurrentMETATEM system. The

purposeof sectionis to do exactly this. We begin by statingthe key assumptionshat underpinour

semanticsandthen,in section3.2,formally definewhatconstitutesa ConcurrenM ETATEM agentand
system. In section3.3, we definethe possiblestatesof an agentand system,andin section3.4, we

definethe possibleruns,or computationsof a ConcurrenM ETATEM system.Theserunsarethenused
in section4 asthe semantidramevork uponwhich to constructalogic for reasoningaboutConcurrent
METATEM systems.

3.1 SomeAssumptions

Synchronousexecution: Perhapghe mostimportant(and mostlimiting) assumptiormadein what
follows is that of syndironousexecution By this, we meanit is assumedhat agentsexecutein
lock-step:whenoneagenttompletes cycle andbeginsanotherall otheragentslolikewise. This
impliesthatwe arenot, in fact,modelingconcurencywithin our semanticsye avoid doing so
in orderto steerclearof severalrathercomplex side-issuesOnepossibleapproactto modeling
concurreng within the semantidramewvork would be to represenagentcyclesasintenals over
therealnumbersjn theway proposedy Fisherin [8].

Perfect execution: By this,we meanthatif it is possiblefor anagentto satisfyits specificationthenit
will doso. In otherwords,we assumehatagentsalwaysmake theright choices.In implemented
ConcurrenMETATEM systemsit is notthecasehatanagentwill alwaysmale theright choices;
it maymalke abadchoice, andsubsequentlpe unableto satisfyall its commitmentsHowever, a
‘perfect’ ConcurrenM ETATEM implementatiorwould respecthis assumption.

Consistentagentspecifications: We do not attemptto statewhat happensvhenan agentprogramis
unsatisfiableAn exampleof this situationwould beanagentcontainingtherule start = ([ 1p) A
($—p). Clearly no executionmechanisntould successfullyexecutethis rule; in implemented
ConcurrentMETATEM systemsthe executionmechanisnwill simply attemptto satisfytherule
infinitely often (andnotsucceed).

Guaranteedmessagelelivery: In ary realcommunicatiorchannelmessagelelivery cannotbe guar
anteed.Many formalismshave beendevelopedto representhis aspecobf communicatiorchan-
nels, and someinterestingresultshave beenobtainedon the possibility of obtainingcommon
knowledg in systemavheremessagelelivery is not guaranteedb, ppl75-222].Nevertheless,
for thepurpose®f thisarticle,it seemgeasonabléo assumehatmessageéeliveryis guaranteed.

3.2 Programs

We bggin by assumingthat a ConcurrentMETATEM systemcontainsan ervironmentpart, e, anda
setAg = {1,...,n} of agents In orderto expresspropertiesof the ervironmente, we usea set®e
of primitive propositions. Similarly, we associate set®; of primitive propositionswith every agent
i € Ag. Theset®;, fori € Ag, containsall thosepropositionghatcanoccurin i’srules,or thatcanbe
receved or sentby i asmessageskor reasonghatwill becomeapparenbelav, we shallimposetwo
constraintonthesesets:

1. Thesetsof propositiongor talking aboutagentsandthe ervironmentare mutually disjoint. For-
mally, for alli #j € {e,1,...,n}, werequirethat®; N &; = (.



2. Forevery propositionp; thatoccursin ®;, werequirethatthereexistsa correspondingroposition
p; in ®;. Formally, for all i,j € {e,1, ..., n} werequirethatthereexistsabijectionf : &; — ®;.

Thuseachagenthasa uniquesetof propositionghatit usedfor rules,messagesndsoforth. However,
thereis a correspondencieetweerthe differentsets.For example,in Figurel, agentrcl sendsanask
messagewhich the interfaceto agentrp stateshatit will accept. The constraintsve have just given
statethattheaskKl in rcl is actuallydistinctfromtheask in rp. However, we intendthatthe propositions
correspondo eachother: to make the correspondencelear we write p; to indicatethatp is amember
of ®;; this propositionwill correspondo p;, amemberof ®;. ThusasKlc; € Prc1, andaskly, € Pyp.
To simplify subsequerfbrmalisation,we will oftenfind it convenientto ignorethis constraintandact
asif all agentsusea commonsetof propositionsthe constrainis only really requiredin sectioré4.

Let ® = |J; ®; bethesetof all primitive propositionsClearly the sets®; partition®. An agenti is
thenatriple (in;, out, ruleg), where:

e inj C ®; representmessagethati will accept(ervironmentpropositions);
e out C P; representsnessagethati will send(componenpropositions)and

e rules C Form(pmL*) isasetof PML rulesrepresenting s program.Werequirethatif ¢ € rules,
theny containsonly propositionghatoccurin &;.

3.3 States

An agents internalstateat any momentin time is determinedy two componentsa history, anda set
of commitmentsAn agents historyattimeu € IN is arecordof all themessageall themessages has
receved andactionsit hasperformed(includingmessagei hassent)up to andincludingtime u. For
example thehistoryof agentrc2 from Figurel attime 4 in therun givenin Figure2 is:

(0, {ask}, 0, {ask}, {give2}).

Formally, let H; = (p(®;))* bethesetof all possiblehistoriesfor agenti € Ag. LetH = J; H; bethe
setof all possiblehistories.We useh (with annotationst, hy, . . .) to standfor membersf H.
Supposehath is a history andy € Form(pmL). Thenwe write (h,u) = ¢ if h satisfiesp attime
u. Thatis, we treath asa (partial) modelfor pPmL, andinterprety with respectto this model. The
completeformal definition of thisrelationis essentiallya re-statemendf the semanticof PML, andso,
ratherthanattemptingto give sucha statementye simply illustratethe notationby example. Suppose

wehaveh = ({p}, {p, a}, {p}, {p}). Then:

(h1)=(OpAg  (h2)=(0OPA(OQ)
(h,0) = Llp (h,0) =plq
(h,0) = Op (h,3) = ®q

An agents commitmentsepresenthefuture-timepartsof programrulesthathave fired, andthatthe
agenthas,asa result,committedto satisfying.Formally, let C = p(Form(pmL ™)) bethe setof all sets
of commitments We usec (with annotationst/, ¢y, . . .) to standfor membersf C. If i € Ag, thenlet
Ci C C bethepossiblecommitmentsetsof agenti (i.e., C; containsonly commitmentsnadeup from
memberf &;). As anexample,thecommitmentsetof agentrp in thesystemin Figurel attime 3in
therungivenin Figure2 is:

{{Ogivel, $give, [1-(givel A give2)}.

Thelocal, or internalstateof anagenti € Agatary momentin timeis thena pair (h, c), whereh € H;
andc € G;. LetL; = H; x C; bethesetof all local statedor agenti, andlet L = |J; L; bethesetof all
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local states.We usel (with annotations{’, I, ...) to standfor membersf L. If | € L is alocal state,
thenwe let h(l) denoteits historycomponentandlet c(l) denoteits commitmentsetcomponentAs an
example thestateof agentrc2 in thesystemin Figurel attime 4 in therungivenin Figure2 is:

(0, {ask}, 0, {ask2}, {give2}), ).

The stateof the ernvironmentat ary time is simply a history over ®., whereeachcomponenin this
historyrepresentshe setof propositionghathave beensentasmessageatthecorrespondingime. For
example theenvironmentstateof thesystemin Figurel attime 4 in therungivenin Figure2 is:

({ask}, {askKl, ask}, {axl1, givel}, {akl, ask2, give2}, {askl, givel })

Formally, let E = He bethesetof all ervironmentstates.

Theglobal stateof a ConcurrenMETATEM systemcontainingn agentdl, ..., nisan(n+ 1)-tuple
(el,...,In), whereec E, I; € Ly,...,Ih € Lh. LetG = E x L; x --- x L, bethesetof all global
states We useg (with annotationsg’, gi, . . .) to standfor memberf G.

3.4 Runs

The stateof an agentor systemrepresents snapshobf the agentor systemat sometime. However,
multi-agentsystemsaarereactive[17], andfor thisreasonwe arenotgenerallyinterestedn the stateof
asystemat someinstant,but ratherwith the behaviourof the systemover aninfinite sequencef states.
For thisreasonwe introduceruns which are,in essencesimply infinite sequencesf states Formally,
arunr is afunctionr : IN — G, which assignsa global stateto every naturalnumber Let R bethe set
of all runs. Following [5, p107],we referto apair (r, u), wherer € Randu € IN, asapoint LetP be
thesetof all points.If r(u) = (g l4,...,I,), thenweletre(u) standfor e, andr;(u) standfor I;.

In orderto simplify subsequerformalisationwe presensomeauxiliary definitions.First,if i € Ag,
thensent: Rx IN — p(®;) is afunctionthatgivesthe setof messagesentby i in arunatsometime:
sent(r,u) = h(ri(u))(u) Nout. Similarly, if i € Ag, thenrcvd : R x IN — p(®;) is afunctionthat
givesthe setof messagerecevedby i in arunatsometime: revd(r, u) = h(ri(u))(u) Nin;. For every
ConcurrentMETATEM systemsyscontainingagents{(in;, out, rules) | i € Ag}, therewill be some
setR%* C R of runssuchthat R%Ys containgust thosemembersf R thatrepresentunsof sys Theset
RSYSwill in factrepresenthe semanticof sys (Notethatif RSYSis empty thensyshasno runs,which
impliesthatoneor moreof theagentprogramsareinconsistent.)

In orderto obtaina formal semanticgor ConcurrenMETATEM, we mustdefinethe circumstances
underwhich anarbitraryrunr € Ris amemberof R%= Formally, let sysbe a ConcurrentMETATEM
systemcontainingagents{(in;, out, rules) | i € Ag}. Thenarunr € Ris amemberof the setR?Ysiff
thefollowing conditionsobtain:

(E1) At timeu € IN, the ervironmentis madeup of all messagesentattime u. Formally, Yu € IN,
Pe € re(u) iff 3i € Ags.t.p; € seni(r, u).

(M1) A messagsentby anagents eventuallyrecevedby all agentswith theappropriaténterface.For-
mally, Yu € IN,Vi € Ag, if pe € re(u) andp; € in; then3v € IN s.t.v > uandp; € revd(r, V).

(M2) Messagesanonly bereceved once,and, morewer, if a messagés receved, thenit musthave
beensentat someearliertime. Formally, Vi € Ag, Yu € IN, if p; € revd(r,u), then3v € IN,
V < U, S.t.pe € re(u) andVw € {v,...,w— 1}, p; &€ rcvd(r,u). (Notethatthis conditiondoes
notimply the precedingone.)

(H1) Agentshave one history statefor every time stepthey have experienced.Formally, Vi € Ag,
Yu e IN, [h(ri(u))] = u+ 1.



(H2) Agentsmaintainperfecthistories(they never forget, andthey are strictly accurate). Formally,
Vi e Ag Vu € IN, Vv € INs.t.v < uif h(r;(u))(v) =T, thenvw € IN s.t.w > u, h(ri(w))(v) =T

(C1) At thestartof time, anagents commitmentsarethe future-timepartsof rulesthatfire againstan
emptyhistory Formally, Vi € Ag, ¢ € c(ri(0)) iff 3o = 1 € rules s.t.((),0) = ¢.

(C2) At timeu > 0, anagenthasa commitmenty iff « is the future time partof arule thatfires at
time u. Formally, Vi € Ag,Vu € IN, s.t. u > 0, we have ¢ € c(ri(u)) iff 3p = 9 € rules s.t.

(h(ri(1), ) - ¢.

(C3) All commitmentsaresatisfied.Formally, Vi € Ag,Vu € IN, ¢ € c(ri(u)) implies(h(ri(w)), u) |=
¥. (Recallthatw is thefirstinfinite ordinal.)

4 A Knowledge-Theoketic Semanticsfor Concurrent METATEM

In the precedingsection,we definedthe propertiesthat musthold of ary runr € R in orderfor r to
be consideredhrun of a ConcurrentMETATEM system.However, it shouldbe clearthatattemptingto
provethepropertieof aConcurrenM ETATEM systemdirectly, usingthesemanticonstructpresented
in section3.4, would at bestbe extremelyawkward, andin general would simply not be practicable.
For this reason,we now introducea logic for representinghe propertiesof ConcurrentM ETATEM
systems.This logic, KL,!, is atempoal logic of knowledeg: it is a PML-style temporallogic enriched
by the additionof anindexed setof extra modaloperatorK; | i € Ag}, thatareusedfor representing
the knowledg of agents. We shaw how certainformulaeof KL, correspondo propertiesof runsas
discussedn the precedingsection. This correspondencallows us to take a ConcurrentM ETATEM
systemsys andfor this system,systematicallyderive a KL, theoryrepresentinghe propertiesof sys
Proving propertiesof systhenreducedo proving propertiesof the KL, theory This may be achieved
eitherby using a suitableHilbert-style axiom systemfor KL, (suchasthat presentedn [5, pp281—-
307]), or elseby usinganalternatve proof method(suchastheresolutionprocedurgresentedn [10]).
We proceedby first definingthe syntaxand semanticof KL,, andthenby shaving how certainkKLj,
formulaecorrespondo semantigpropertiesof runs,asdiscussedn the proceedingsection. We then
give ashortexample,shaving how somepropertiesof the systempresentedn Figurel maybeproven.

4.1 Syntaxand Semantics

Syntactically KLy, is the propositionaltemporallogic PmL, augmentedy an indexed set of modal
operator;, onefor eachagenti € Ag. With respecto semanticsthe temporalconnecties of KL,
areidenticalto thoseof PML. The semanticof the K; operatorsaregivenin termsof possibleworlds
in the normalmodallogic fashion[4]. However, the semanticof the K; operatorsare grounded in
that the knowledgeaccessibilityrelationfor agenti is given a concreteinterpretationin termsof the
possiblenternalstatesof agent [5, pp110-113]Thuswe associat@nequvalencerelation~;C P x P
with every agenti € Ag, wherethis relationdefinedasfollows: (r,u) ~; (r’,v) iff ri(u) = r{(v). If
(r,u) ~; (r',v), thenwe saythat(r, u) is indistinguishabldrom (r’; v) from the point of view of i, or,
alternatvely, thati carriesexactly the sameinformationin (r, u) asin (r’, v).

A modelfor KL, is simply a setof runs,M C R. (Unusually we do not requirean interpretation
functionin models,to tell us whetherpropositionsaretrue or falseat states:this is becauseave have
all the informationwe requirealreadyin the model.) The semanticof KL, are given via the usual
satishctionrelation‘|=’, which holdsbetweerpairsof the form (M, (r, u)), (whereM is a model,and
(r,u) is a pointin M), andformulaeof KL,. The rulesdefiningthis relationare givenin Figure 3.
Readergamiliar with the semanticof normalmodalandtemporallogicswill recognisehattherules

!The namecomesfrom [13], wherethe compleity of the decisionprocedurefor the future time fragmentof the logic is
discussedn detail. Relatedogicsarediscussedn [14, 20, 10], andin particular [5].



,(ryu)) | true
(rw) E p iff i € h(ri(u))(u) (wherep; € ;)
,(Lu) Eope iff pe € re(u) (wherepe € @)

)

)

)

) oo i (M (ru) e

r,u;g = vy ift (M, (r,u) e or (M,(r,u)) =
)
)
)

= Kip iff V(r',v) € P, if (r,u) ~; (r',v) then(M, (r',v)) E ¢

2222

,(rou) E O iff (M, (r,u+1)) e
,(rhu) E ©@¢ iff u>0and(M,(r,u—1)) ¢
,(rhu) E Uy iff FveINst.(u<v) and (M,(r,v)) =9
andvw e {u,...,v—1}, (M, (r,w)) = ¢
(M, (r,u)) E ¢S8Sv iff IvelINs.t.(v<u) and (M, (r,v)) = ¢
andvwe {v+1,...,u—1}- (M, (r,w)) = ¢

Figure3: Semantic®f KL,

for interpretingprimitive propositionsare someavhat unusual;belov, we discussthe implications of
definingthe semanticsn this way.

Derivedtemporal connectves: Semanticulesareonly givenfor thetemporakonnectiesO, @, U/,
and S ; theremainingtemporalconnectresareintroducedasabbreiations,asfollows.

So & trueld ¢ ®¢ L trueSy
e £ Oy My £ -é-¢
oWy £ oUpv iy  pZ¢ £ pSyVEy
0, £ -0 start £ @false

Validity and satisfiability: If ¢ € Form(KL,) 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 —¢ is valid, thenwe saythaty is
unsatisfiable.

4.2 Axiomatizing Concurrent METATEM

It shouldbeolviousthatformulaevalid in thetemporalogic PML, thatunderpinKL,, will alsobevalid
in KLy. In addition,KL, inheritsasvalid the KDT45 formulaethat characterizenormalmodallogics
with equivalenceaccessibilityrelations[5]:

E ((Kig = 9) A (Kip)) = Kip (K)
|= Kicp = —|Ki—|<p (D)
FKip= ¢ (T)
E Kip = KiKip (4)
|: =Kip = Ki=Kjp (5)

We alsohave theusualknowledg genealizationrule [5, pp50-51]if = ¢ thenl= K.

Given a ConcurrentMETATEM systemsys containingagents{(in;,out,rules) | i € Ag}, we
canidentify a set RS C R, containingjust the runs of sys Clearly RS is alsoa model,andwe
shallthereforewrite MsY*for the modelcontainingexactly the runs RS, Our aim in this sectionis to
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examineformulaey, which have thepropertythatMsYs |= ¢, for all ConcurrenM ETATEM systemsys
Theseformulae(or, moreproperly theseformulaschema representin axiomatizationof Concurrent
METATEM.

We beagin by presentingwo obserationsabouttherelationshigbetweerthetruth of primitive propo-
sitionsandthe knowledgepossessebly agents(For theremaindeof this section;it is assumedhatsys
is anarbitrary ConcurrentMETATEM systemcontainingagents{(in;, out, rules) | i € Ag}, andthat
M3Ysis the KL, modelcorrespondingo sys)

Lemmal
1. MY = pi = Kipi (pi € @)
2. MYSEE i = Kipi (o € @i, 1 # )

Proof: For (1), assumehat(M, (r,u)) |= pi. Thenby thefirst semantiaule for primitive propositions,
pi € h(ri(u))(u). We needto shav that (M, (r',v)) = p; for all (r',v) s.t. (r,u) ~; (r,u). By the
definitionof ~;, weknow thatif (r,u) ~; (r’,v) thenri(u) = r{(v), andhenceh(ri(u))(u) = h(r{(v))(v).

Thusp; € h(r{(v))(v) andso, by thefirst semantiaule for primitive propositions(M, (r, v)) = pi, and
we aredone.For (2), it is easyto constructa counterexample.

Thefirst part of this lemmaseemso be a very negative resultindeed,sincetogetherwith axiom (T),
it appeardo imply thatthe truth of aformulaat somepointis equivalentto knowvledgeof the formula
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
propositionsn ®;. An agentdoesnot,in generalhave knowledgeof otheragents propositions.(This
is in factthereasorfor requiringagentgo have differentsetsof primitive propositions:if we did not,
thenknowledgeandtruth would indeedbe equivalent.) Thefirst partof Lemmal canbe generalized
somevhat,asfollows.

Lemma2 M3 = ¢ = K¢ (Wherey is a propositionabr past-timeformulacontainingonly primitive
propositiondrom ;).

Proof: (Outline)By inductiononthestructureof . Thefirst partof thebasecasewherey = pj, (p; €
®;) is givenby Lemmal. For secondoartof thebasecase wherep = —p;, assumehat(M, (r,u)) E
—-p; andp; € ®. Thenp; & h(ri(u))(u). Clearly for all (r',v) € P suchthat(r’,v) ~;i (r,u), we will
have pi & h(r{(v))(v), andso (M, (r',v)) &= —pi. Hence(M, (r,u)) = Ki-pi. We leave theremainder
of the proof asan exercisefor thereader;the proof for past-timeformulaerequiresthefactthatagents
maintainperfecthistories— condition(H2), above.

Thefactthatagentanaintainperfecthistoriesgivesusthefollowing.

Lemma3 M= Kijp = OK; @ .
Proof: Follows from condition(H2) onruns,abore. Assumethat(M, (r,u)) = Kjp. We needto shav
(M, (r,u+1)) E Ki @¢; thisfollows from Lemmaz2.

Agentsareawareof the startof time.

Lemma4 MSYs|= start = K;start.

Proof: Assume(M, (r,u)) = start. Thenu = 0. We needto shav thatfor all (r',v) ~; (r,0), we
have (M, (r',v)) | start. Fromthe from the assumptiorof synchronougxecution,we know that if
(r',v) ~; (r,0) thenv = 0. Theresultfollows easily
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Next, we give avariantof theaxiom(T), abore, which describeshe procesof messagsending.

Lemma5 M3 = Kipy = pe (Wherep; € out).

Proof: Follows from condition(E1) on runs,abose. Assumethat (M, (r,u)) = Kip; andp; € out.

Then(M,(r,u)) = pi, andhencep; € h(ri(u))(u). Then,by definition,p; € seni(r,u), andso by

condition(E1) onruns,pe € re(u), andhenceby the secondsemantiaule for primitive propositions,
(M, (r,u)) = Pe.

Next, we have alivenessaxiom,which stateghatmessagesentareguaranteetb bereceved.

Lemma6 MSsk= p. = O OKip (Wherep; € in;).

Proof: Follows from condition(M1) onruns,abo/e. Assumethat(M, (r,u)) = pe andp; € in;. Then
from condition(M1), 3v € IN, v > u, suchthatp; € h(ri(v))(v), hence(M, (r,v)) = pi andthus
(M, (r,v)) E Kipi. Sincev > u, we have (M, (r,u)) = O<$Kip;, andwe aredone.

Similarly, we have a safetyaxiom, which stateghatif anagentrecevesa messagethenit musthave
beensentat someprevioustime, and,morewer, thata messageannotbereceved morethanonce.

Lemma?7 M= —pe Z ((Kipi) A —pe) = —Kipi (Wherep; € in;).
Proof: (Outline)Follows from semanticcondition(M2).

Thefinal lemmacharacterizeanagents knovledgeaboutits programrules.

Lemma8 M3 = (Kip) = (Kiv) (Wherep = 9 € rules).

Proof: Assumethat (M, (r,u)) = Ki¢, andthaty = 9 € rules. Thenby condition (C2) on
runs, above, we know that+ € c(ri(u)), andthusfor all (r',v) € P s.t.(r',v) ~; (r,u), we have
¥ € c(r{(v)). Fromcondition(C3) on runs,we know thatif ¢ € c(r{(v)) then(h(r{(w)),V) E %, and
so(M, (r',v)) = 9. Hence(M, (r,u)) E Kiy.

4.3 A Short Verification Example

In this sectionwe indicatehow the knowledge-theoretisemanticslevelopedin this papercanbeused
to verify the propertiesof ConcurrentMETATEM systems.The examplewe give is a simpleliveness
propertyfor the systemin Figurel. Let this systembecalledsl. Then:

Theorem 1 Eventually agentrpl will know that it hasbeengiven the resource. Formally MS! |=
start = K givel.

Proof: SeeFigure4; propositionakreasonings indicatedby PR,andtemporalreasonings indicated
by TR.

5 RelatedWork

In this section,we briefly considerrelatedwork. With respecto multi-agentdevelopmentianguages,
mary ervironmentshave beerreportedn theliterature(asuney is presentedh [21]). While Concurrent
METATEM is theonly multi-agentanguageve areawareof thatis basedlirectly on executingtemporal
logic, somelanguagesvith similar propertieshave beendeveloped. For example,Shohanms AGENTO
language[19] allows a userto programagentsin termsof commitmentules which are similar to
ConcurrenMETATEM progranrules.AGENTO rulescontainnotenseoperatorshowever, andexplicitly
allow anagentto referto the beliefsandcommitmentdoth of itself andotheragents.The CONGOLOG

12



1. start = K sStart [Lemma4]

2. Kiastart = Ky asK g [Lemma8]

3. start = K asK ¢ [1,2,PR]

4. Kiqaskq = asKe [Lemmab]

5. askle = OOKpaskp [Lemma6]

6. start = OOKpaskp [3,4,5,PR]
7. Kpaskp = Kpdgively, [Lemmas8]

8. start = OOKp{ygively, [6,7,PR,TR]
9. start = OKp{gively [8, TR]

10. Kp<gively, = Qgively, [9, Axiom (T)]
11. Kplgively, = OKpgivel, [10,Lemmal, TR, PR]

12. start = $Kpgively, [9, 11,PR]

13. Kpgivel = givele [Lemma5]

14. start = {givele [12,13,PR]

15. givele = O K givel [Lemmas6]

16. start = K givel [14,15, TR, PR]

Figure4: Proofof Theoreml

languagés amulti-agentogic programmindanguagéehatis alsorelatedo ConcurrenM ETATEM [15].
Whereagheunderlyingprogrammodelfor ConcurrenMETATEM is temporalogic, thecorresponding
programmodelin CONGOL OG is McCarthys situationcalculus.NeitherAGENTO nor CONGOLOG have
beengiven a formal semanticsalthoughthe closerelationshipbetweencoNGOLOG andthe situation
calculusmakessucha semantica reasonabl@roposition.Anothercloselyrelatedareaof work is that
on Belief-Desire-IntentioBDI) architecturesaandtheories,by Raoand Geogef [18]. They have a
particularsoftware architectureknown asthe ProceduraReasoningsystem(PRS), andan associated
family of BDI logics,developedin orderto give anabstrackemanticso thearchitectureHowever, the
logicscannotbe usedtio give asemanticso the PRS in theformal sensahatwe have describedhere:the
PRS doesnot (andwasheverintendedo) operationalizehe correspondindgDI logic.

Finally, we commenton the relationshipbetweenour work and the knowledg-basedprograms
proposedy Faginetal [5, pp233—-269]A knowledge-base@rogramhasthe generaform:

case of
if A k1 do ay
if to Akydoas

end case

whereeacht; is a propositionalogic formula,andk; is a booleancombinationof formulaeof theform
Kip. To executesucha program,an agentmustcontinually performa cycle of evaluatingthe condi-
tions, finding all thosethat fire, and then (non-deterministically executingone of the corresponding
actions.However, unlike temporallogic, it is not knowvn whatoperationamodelmight be usedto ex-
ecuteknowledgeformulae,henceknowledge-basegrogramscannotbe directly executedin the way
that ConcurrentMETATEM temporalrulesare executed. Fagin et al commentthat ‘we do not have a
generaimethodologyfor implementingknowvledge-basegrograms’[5, p379]. It would be interesting
to considettheextentto which theknowledge-theoretisemanticslevelopedfor ConcurrenMETATEM
in this papercouldbe usedto provide sucha methodology
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6 Closingremarks

In this papey we have provided a bottom-upsemanticgor the ConcurrentM ETATEM multi-agentpro-
gramminglanguage. Using this semanticswe developeda temporallogic of knowledge, which we
thenusedto axiomatizethe propertiesof ConcurrentM ETATEM systems.We gave a brief example,
to illustratehow thelogic might be usedto verify propertiesof ConcurrentMETATEM systems.There
areseveral questionghat needto be addressedh future work. The mostimportantof theseis that of

completenesdVe have provedthattheaxiomsystenpresente@dborve is soundwith respecto the setof

modelsof ConcurrenMETATEM systemsbut we have notaddressetheissueof completenessSome
completenesesultshave beenobtainedor KL -like temporallogicsof knowledge[5, pp281-307]but

not for systemsascomple asthatfor ConcurrentMETATEM. Anotherobvious areaof work is proof
methoddor temporalogicsof knovledge;we have alreadybegunto developsuchmethodq20, 10].
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