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Abstract. In this paperwe studythe open-endedatureof multi-agentsystems,
which refersto the propertyto allow for the dynamicintegrationof newv agents
into an existing system.In particular the focusof this studyis on the issuesof
agentcommunicatiorand integration. We definean abstractprogramminglan-
guagefor openmulti-agentsystemghatis basedn conceptandmechanismsas
introducedandstudiedin concurreng theory Moreover, animportantingredient
is the generalisatiorof the traditional conceptof value-passingo a communi-
cationmechanismnthat allows for the exchangeof information. Additionally, an
operationamodelfor thelanguages givenin termsof atransitionsystemwhich
allows theformal derivation of computations.

1 Intr oduction

In the researclon multi-agentsystemsthereis an increasingemphasison the open-
endednatureof agentsystemswhich refersto the featureto allow for the dynamic
integrationof new agentsnto anexisting agentsystem.n suchsystemswhich arere-
ferredto asopenmulti-agentsystemgcf. [18]), it is usuallyimpossiblethatagentgos-
sesompletebuilt-in informationaboutthe otheragentdn the systemsimply because
suchinformationwill initially be unavailable.As was alreadypointedout by Hewitt
andde Jong(cf. [13]) the only thing that holdsthe component®of an opensystemin
common|s their ability to communicateThis meanghatanimportantingredientof an
openmulti-agentsystemwill be the agents’ability to communicateabouteachother,
especiallyaboutfeaturedik e their capabilitiesandtheir expertise.

In the subfieldof agentresearctthat focuseson agentarchitecturesyarioustypes
of agentshave beenproposedhatfacilitatethe communicatiorprocessn a multi-agent
system.Theseagentsreferredto with termslik e facilitators, routers, mediatos, bro-
kers andso on (cf. [8]) actasintermediarieshetweencommunicatingagentsby pro-
viding servicedik e the matdimakingbetweeninformation producersand consumers.
This denoteghe actof referringagentdn needof somepieceof informationto agents
that might be ableto provide it. As mentionedbefore,suchfacilitating actiities are
indispensablén the context of openmulti-agentsystemsasthe presencef agentsges-
pecially of thosethat have recentlyjoined the system,neednot be known to all other
agentsn the system.



With respecto the integrationof new agentsinto an existing multi-agentsystem,
we distinguishtwo differentsituations.First, thereis the integration of an agentthat
alreadyexists outsidethe system,n which casewe referto theintegrationasanagent
introduction An introductionis typically performedby a facilitating agent.Secondly
in the situationa newly integratedagentconstitutesa previously noneistententity, we
refer to the integration as an agent creation which is a similar notion to that of an
objectcreationfrom the object-orientegprogrammingparadigm An exampleof agent
creationis theactof agentcloning, whichis typically performedn situationsin which
anagentwith limited resourcesfacesanoverloadof tasksthatneedto beaccomplished
(cf. [22]). To obviate this overload,the agentmight thenproducea clone of itself and
subsequentlgelegateseveral of its tasksto this newly createcagent.

Overview

Althoughoverthelastfew yearsvariousnen multi-agentprogramminganguage$ave
beendeveloped still few of theseapproachearecompletelyunderstoodrom a seman-
tic point of view. This is mainly dueto the factthatthe concurreng aspectof these
languagedack a clearmodularstructure with the resultthatthe interactionsbetween
the variousagentfeaturesare ratherdifficult to getto grips with. This is why we ad-
vocatea modularandincrementabpproactto the designof multi-agentprogramming
languagesin this respect,a fruitful startingpoint for the designof multi-agentlan-
guagediesin thetraditionalconceptsandmechanismasintroducedandstudiedin the
field of concurrenyg theory

In this paper we build uponthe framewvork developedin [6, 5] by taking into ac-
countthe open-endeahatureof multi-agentsystemsywhich amountgo the propertyto
allow for theintegrationof new agentsnto anexisting systemAs in suchopenmulti-
agentsystenmthe communicatiorstructureis highly dynamic,we considerthe concept
of a dynamicallyevolvingcommunicatiorstructure asfor instanceemployedin the -
calculus(cf. [17]), the concurrentobject-orientedanguagePOOL (cf. [1]) andmore
specifically its restrictedversiondescribedn [2] thatprimarily focusesontheissuesf
objectcreationanddynamicallyevolving communicatiorstructuresin Section2, we
discussthe traditional communicatiormechanisnof value-passingrom concurrenyg
theory The generalisatiorf this communicatiormechanismo onethatallows for the
exchangeof information betweenagents,is describedn Section3. Subsequentlyin
Section4, we outline anabstracprogramminganguagedor openmulti-agentsystems
thatconcentratesn the exchangeof informationbetweeragentsandtheintegrationof
new agentsWe definethe syntaxof the languagefollowed by the operationaseman-
tics by meansof a transitionsystemFinally, in Section5 we wrap up with suggesting
severalissuedor futureresearch.

2 Value-Passing

In classicalconcurreng theory bilateralcommunicatiorbetweenprocesseproceeds
via a mechanismof value-passingwhich comprisesthe dispatchof a value by one



processandthe storageof this valueby a receving processThis is the communica-
tion mechanisnasusedin thewell-known concurrenprogrammingparadigmCSP(cf.
[15]), in which suchvaluesarecommunicatedlongcommunicatiorchannelghatin-
terconnecthe differentprocessedn particulay this mechanisntoversa primitive of
theform tell(c, €) to sendthe valueof the expressiore, whichis evaluatedn thelocal
stateof the sendingprocessalongthe communicatiorchannek. The othercommuni-
cationprimitive is of theform ask(c, z), which denotegheactof receving a particular
valuealongthechannek andthe subsequerdssignmenof this valueto thevariablez.

One of the characteristicof this basiccommunicationmechanismis that it as-
sumesa staticnetwork of communicatiorchannelsThis constitutesa severedravback
for opensystemsasthedynamicsof the populationin thesesystemgjiveriseto acon-
stantlychangingcommunicatiorstructure This problemis dealtwith in paradigmdik e
thesr-calculus(cf. [17]) in which communicatiorchannelshemselvesonstitutevalues
thatcanbe passecamongprocessedn thesesettings the above describedcommuni-
cationprimitivesaregeneralisedo the formstell(y, €) andask(y, ) alsodenotingthe
dispatchandreceptionof a value,respectiely. They differ from the previous onesin
thatthecommunicatiorthanneblongwhichis communicateds specifiecby avariable;
thevalueof thisvariabley constitutesheactualchanneblongwhichis communicated.

Thecommunicationmechanisnin therestrictedversionof theconcurrenprogram-
ming languagd?OOL (cf. [2]) is similar exceptthatprocessemdicateto which process
avalueis to be dispatchedo or recevedfrom, insteadof specifyinga particularcom-
municationchannelIn this setting,the communicatiomprimitivesarealsoof the form
tell(y, e) andask(y, ), but the valueof thevariabley now constitutegheidentity of a
procesghedataareto be dispatchedo or recevedfrom.

In the subsequerdgectionwe considerthis languagen moredetail,asit constitutes
afruitful startingpoint for an openmulti-agentframework. We remarkthatthe gener
alisationof the otherobject-orientedspect®f thelanguagePOOL, likeits rendezwous
communicatiormechanisnbasedn methodinvocationsarestudiedin [7].

LanguageWith Value-Passing

The (restrictedversionof the)languagePOOL (cf. [2]), is usedto programa collection
of concurrentlyoperatingobjects which, in performingtheir computationsinvoke the
assistancef newly createdobjects.Interactionsbetweenthe objectstake placealong
a dynamicallyevolving communicatiorstructure which is constructedy the objects
themselesvia themaintenancandcommunicatiorof objectidentities.Suchidentities,
which are storedin programmingvariables constitutethe meango addresobjectsin

the system.That s, only the fact that one of the variablesof an objectrefersto the
identity of anotherobjectimpliesthatit cancommunicateo the referredobject.

A programin thelanguagés givenby atupleof classdefinitions(includingaspecial
classcalledtherootclasg of theform C' + S, whereC constituteshenameof theclass
andS is a programmingstatementhat every objectinstanceof the classwill execute.
Statementsre given by a collection of basicactions,which canbe composedising
sequentiatompositionjterationandif-then-elseconstructsA basicactionis eitheran
assignment := e in which the valueof the expressiore is assignedo thevariablez,
anactionz := new(C) to createaninstanceof the classC having the side-efect that



the identity of the createdobjectis storedin the variablez of the creator a primitive

ask(y) to receveavalueandsubsequentlgssigrthis valueto thevariabley, aprimitive

ask(z,y) to receve avaluefrom the objectwhich identity is storedin = andstorethis

valuein thevariabley or finally, anactiontell(z, ) to sendthe valueof the expression
e, which is evaluatedin the senders local state,to the objectwhich identity is stored
in the variablez. The executionof a programstartswith the creationof an instance
of the root class,which is identified to be the root object This root object executes
the programmingstatementlefinedin its classduring which it cancreatenew objects
of the otherclasseglefinedin the program.In this mannera dynamicervironmentof

concurrentlyoperatingobjectsis obtained,in which objectscreateother objectsand

secondlypassheidentitiesof the newly createdbbjectsamongeachother

3 Exchangeof Information

In traditionalconcurrenprogramminganguagesasfor instanceCSPandPOOL, data
is storedin programmingvariablesin particular eachprocessn theseparadigmsnain-
tainsalocal statethatmapsvariablegto their correspondingalues.Theintroductionof
the conceptof anintelligentagent(cf. [23]) asanentity thatis assignedh mentalstate
comprisedof aninformationalaswell asa motivationalattitude(for instancea Belief,
DesireandIntention(BDI) agentcf. [20]), bringsabouta novel view on the represen-
tation and manipulationof datain concurrentprogrammingRatherthana local state
mappingvariablesto values the informationalattitude of anagentis effectedby more
elaborateénformation storesas belief and knowledgebaseswhich are usually repre-
sentedn anexpressve formalismasfor instancea propositional first-orderor modal
language.n this paper we will employ the namebelief stateas a generalterm for
suchtype of informationstores.The shift from computingwith local stateso working
with belief stateshastwo importantconsequencesn concurrenfprogramming First,
the notion of a variableassignmenasin the traditionallanguagess to be replacedby
an operatorthat performsa form of information updateand secondly the placeof a
value-passingnechanisnis to befilled by amechanisnthatallows for theexchange of
informationbetweenagentssuchasthe communicatiorof propositional first-orderor
modalformulae.

In this paperwe will notsaymuchaboutthe othermentalattitudeof agentsgalled
themotivationalattitude which for examplecoversattitudedik e desiresandintentions
from the BDI-architecturesThis attitude,which drivesthe agents’goal-directecbe-
haviour, is discussedn moredetailin [14]. Fromthis paper we learnthe needfor two
additionalstores:a basewhich storesgoalsthatneedto be satisfiedaswell asa baseof
planswhich describeén whatway thesegoalscanbeachieved.

3.1 AddressingAgents

An importantcomponenbf communicatiorin a multi-agentsystemconcernghe way
agentsaddres®achother Thereareseveralaspectshatplay arole here,amongwhich
aretheagentsidentities,namesandaddresses.



Theidentityof anagentis thataspecthatlaysdown theagentin auniqueway. Usu-
ally, suchanidentity is accomplishedby mean=of a uniqueidentifierthatdistinguishes
theagentfrom all otheragents.

Thesecondaspects the nameof anagentwhichis usedby otheragentdo referto
theagent.Therelationbetweena nameandan identity is thatthe former canbe used
to denotethe latter The mostsignificantdifferencebetweenthe two aspectss thatit
is impossiblethattwo distinctidentitiesareequal,while it is usuallynot excludedthat
two distinct namesdenotethe sameidentity. A nameis absoluteif it is sharedby all
agentsin the system,while it is calledrelativeif it is local to an agent.One of the
characteristicef arelatve nameis thatif it is employedby differentagentst is likely
to have a differentdenotation.

Thirdly, in orderto be ableto communicateo an agentoneis requiredto be in
possessionf thisagentsaddress In generalsuchanaddresss givenby somephysical
locationmessagesanbe sentto. A striking differencebetweenaddressesn the one
handandidentitiesand nameson the other, is thataddressedo not needto be static.
Forinstancetheaddres®f mobileagenthangesssoonastheseagentsnigratefrom
onesiteto anotherwhile their nameandidentity remainthe same.

In more abstractsettings,agentscan addresseachother by specifyingcommuni-
cationchannelsor agentnames.That is, ratherthan giving the exactlocation,agents
specifya communicatiorchannelmessageare communicatedilonglike for instance
in the classicalconcurrentprogrammingframevork CSPor specify the nameof the
agentthey communicatewith like in the object-orientedanguagePOOL. The task of
mappingcommunicatiorchannelsandagentamesgo actualphysicallocationsis then
dealtwith in the underlyingoperationakystem.n our framework, we adoptthe latter
mechanisnmof addressinggentsy a name(in theform of avariable).

3.2 Receving Information

In ourview, oneof thestriking differencedetweerclassicconcurrenprogrammingon
theonehandandmulti-agentprogrammingon the otherhand,is the shift from avalue-
passingcommunicatiormechanismo onethatallows for the exchangeof information.
To illustratethis, let usconsiderthefollowing typical multi-agentscenario.

Example 1 Consideranagentclient thatis in searchfor an agentthat cananswera
particularquestiony) concerninga subjects. Thefollowing subsequengventshappen.
The agentclient asksa facilitatingagentserver? for anagentthatis anexpertonthe
subjects. Theagentserver! examinedts beliefstate findsoutthattheagentezpert? is
suchanagentandanswersclient with this information.Next, client consultsanother
facilitator server2 with the questionwhetherezpert! is consideredo be a reliable
agent.As it subsequenthappearghat this is not the case,client returnsto serverl
andasksfor anotheragentthatis an experton s. Subsequentlyserver? replieswith
theinformationthat expert2 is suchanappropriateagentAfter server2 hasconfirmed
client that expert2 is areliableagent,client turnsto expert2 andasksthis agentthe
questiony.

Themostimportantpointthatshouldbecomeclearfrom this exampleis thatagentsare
not sointerestedn plain values(agentidentities,in this case),but ratherin valuesin



connectionwith their propertiesfor instancean identity denotingan expertagenton

somesubjectanidentity denotingareliableagentanidentity thatis unequato another
identity, andsoon. This originatesfrom the factthatagentscomputewith belief states
consistingof formulaethat expresspropertiesaboutvariablesratherthan with local

statesthat simply mapvariablesto their associatedalues.In fact, this resembleghe

computatiormechanisnasusedin constaint-basedrogrammindanguagesin which

processesomputewith informationthat constrainghe rangeof valuesthat variables
cantake. Suchpiecesof information, called constiaints areexpressedn a first-order
languagendcollectedn aconstaint storg, likein ConcurrentConstrainProgramming
(CCP)(cf. [21]). For instancewhereasn standargrogrammingalocal stateassignsa

variablex avaluea, a constraintstorecontainsa constrainof theform z = a.

The generalisatiorof traditional value-passingo a mechanisnof exchangingin-
formationproceedssfollows. The value-passingrimitive ask(y, ) for thereception
of valuescanbe generalisedo a primitive of theform ask(y, 1), wherey is aformula
(expressingsomepropertyaboutsomevariables).

Let us informally describethe semanticf this primitive. First of all, the belief
stateof the agentthat performsthe action shouldimply what particularagentis de-
notedby y. Thatis, it shouldderive a formula of the form y = 4, for someagent
identifier . The primitive is then employed to ask the agenti whetherthe formula
1) holds. Communicationsubsequentlytakes placeif this agenti, in turn, provides
an answeryp that entailsthe posedquestions. For instance,considerthe predicate
Ezp(z,y) thatdenoteghatz is anexpertony andthe predicateRel(z) thatexpresses
thatz is reliable.If thequestiony is givenby Ezp(agent1, subject1) thentheformula
Ezp(agentl, subjectl) A —FExp(agentl, subject2) providedby ¢ would constitutean
appropriateanswerfor this question.

Thecommunicatioimechanisnibecomesnoreinterestingf we allow freevariables
in questionstheideabeingthaty is ananswerfor ¢ if it entailsy» moduloa substi-
tution of the free variablesin . For instance the formula Exp(agent! , subject1) A
—FEzp(agentl, subject?) is ananswerfor the questionEzp(z, subjectl), asit entails
thequestionprovidedthatwe substituteagent! for x.

Moreover, in the subsequentommunicatiorstepswe would like the agentsto be
ableto referto elementsn the domainof discoursethat were mentionedin previous
steps.For instancejn the abose example,we would lik e the agentto be ableto aska
subsequeruestionconcerninge, like thequestionRel(x) to askwhetherthis particu-
lar agentz (i.e. agent1) is areliableagent.To achiese this, we proceedasfollows: we
employ two specialsymbols? and! to distinguishthe two differentsituations;i.e. the
casein which a new variableis beingintroducedandthe casea variablecorresponds
to onethat hasbeenintroducedin an earliercommunicatiorround. The above men-
tionedconsecutie questionsvould thenlook like 7z Exp(x, subject!) and!zRel(x).
Theformerdenoteghequestiorthatcanbe describedas’ which agentz is anexperton
subject1’, while thelattercanbe describedas'is this particularagentz reliable’.

Finally, analogougto the languagePOOL, we introducea variantask(y) of the
primitive ask(z, ) to askthequestiony to anarbitrary agent.

Summarisingthe operators? and! give rise to a mechanisnof using variables
outsidethe scopeof theformulathatthey have beenintroducedn. Thisfeatureenables



a flexible communicatiormechanismasin eachcommunicatiorstepagentsareable
to referto elementdn the domainof discoursethat have beenmentionedn previous
communicatiorrounds.In fact, this mechanismhascloseconnectionavith Discourse
Representatiomheory(DRT) studiedin thefield of naturallanguagesemanticsyhich
hasbeendevelopedior thesystematiconstructiorof discoursaepresentation&f. [16,
10]). In this light, variablesannotatedy the operators? or ! canbe seenasdiscouise
marlersthatareusedin DRT to keeptrackof theindividualsthatareunderdiscussion.

Moreover, in theterminologyof naturallanguageesearcton questionsa formula
of theform 7z constitutesa mention-onénterrogative which amountsto a question
to mentionone particularentity that satisfiesthe formula ¢, as opposedo mention-
someand mention-allinterrogatvesthat are usedto requestfor someinstancesor for
anexhaustve descriptionyespectiely (see[11] for furtherdetails).

Finally, anotherinterpretatiorof the operators’ and! is thatthey denoteinputand
outputmodeghatindicatethe streanof information,for instancdik e in theconcurrent
logic programmindanguageParlog (cf. [3]). Thatis, a variable!lz boundby anoutput
mode(i.e. an outputvariable) denotesa variablefor which a value hasalreadybeen
establishedandwhich is suppliedby the agentitself, while a variable?2 boundby an
inputmode(i.e. aninputvariable) denotes new variable which valueis to be supplied
by theervironment(e.g.theansweringagent).

3.3 SendingInformation

Next, we considerthe actof sendinginformation.In the value-passingommunication
mechanisnmasusedin ther-calculusandthelanguagePOOL,thereis a primitive of the
form tell(y, e) to sendthe value of the expressiore. A straightforvard generalisation
of this primitive is one of the form tell(y, ¢) denotingthe dispatchof the formula ¢
to y, wherewe requirethat ¢ follows from the agents belief state.This requirement
resultsfrom our focuson sincereagentsj.e. agentghatcommunicaténformationthey
themselesbelieve to be true. Secondlyas ¢ will constitutean answerto a question
posedby anotheragent,it is requiredthatit doesnot containary input variables.

3.4 Synchronouscommunication

Communicatiorbetweentwo agentsi and j then comprisesan actiontell(y, ¢) per
formedby ¢, whereits belief stateyieldstheinformationthaty denoteghe agent; and
anactionask(z, 1) executedby theagentj, whereits belief stateyieldsthatz denotes
the agenti, suchthatthe answery entailsthe questiomy moduloa substitutionof the
input variablesin . We remarkthat the executionof the sendandthe receve action
constitutesan atomicactivity, which meanghatit is not interruptedby otheractions.
This enablesus to concentrateon the basiccommunicationmechanismwithout the
complicationsof buffering andlabeling messagesAdditionally, the choicein favour
of synchronougommunicatiordoesnot rule out the asynchronousariant; asis usual
in concurrenyg theory asynchronousommunicatiorcanbe mimickedby synchronous
communicatior(by usingintermediarieshatoperateasmessagéuffers).



4 Programming Framework

4.1 Preliminaries

In thissectionwe shapenabstracprogrammindgramework thatincorporateshecom-
municationmechanisnassketchedin the previous section.First, we give the standard
notionsof a signaturefermandformula.

Definition 2 (Signatue)
A signaturel is atuple (R, F), whereR is a collectionof predicatesymbolsand F a
collectionof functionsymbols.The 0-ary functionsymbolsarecalledconstants

Additionally, we assumea setldent of constantso denoteagentidentifierswith typical
elements, j, k andaset Var of variableswith typical elements, v, w,  andsoon.

Definition 3 (Terms)

The set Ter of termsover L is inductively definedby: Var C Ter andsecondly if
t1,...,tx € Ter andF € F of arity k thenF(ty,...,t;) € Ter. A termis closedif it
containsnovariablesfrom Var.

Definition 4 (Formulae)Considerthefollowing clauses:

(1) if t1,t2,...,t, € Ter andR € R of arity k then(t; = t2), R(t1,...,tx) €5,
(2) if g, € Sandx € Var then—yp, p Ay, xp € S

(3) if x € Var andy € Sthenlzp € S

(4) if x € Var andyp € Sthen?zy € S.

The setsFor, For, , For; and For;, aredefinedto bethe smallestsetsS that satisfy
theclauseq1,2),(1,2,3),(1,2,4)and(1,2,3,4) respectiely.

ThesetFor denoteghe standardtollectionof first-orderformulae.Formulaein the set
For, additionally may containoutputvariables while formulaein For; may contain
inputvariablesFinally, thesetFor;, collectsfirst-orderformulaethatcancontaininput
aswell asoutputvariables.The logical operatorsv, — <+ andV can be definedby
meansof theoperators-, A and3, in theusualway.

We remarkthatwe will sometimede a bit loosein the notationof formulaeand
setsof formulae;i.e. wheneer corvenientwe will let aset{¢,...,p,} of formulae
representheformulag; A - -- A @, or aformulay representheset{y}.

We assumehatthereis acommonontologythatis sharedoy all agentsn a multi-
agentsystem(cf. [12]). Thatis, we supposethat thereexists a commonsignaturel
togethemwith acommonentailmentelationt- on P(For) x P(For).

In orderto dealwith the exchangeof informationthatmay containinputandoutput
variableswe needthenotion of a groundsubstitution.

Definition 5 (Groundsubstitutions)

A groundsubstitutionA is modeledas a setof formulaeof the form z = ¢, where
z € Var andt isaclosedtermin Ter. Werequirethat A bindseachvariableto at most
oneterm.



To beableto applya substitutionto a formulawe needthefollowing notions.

Definition 6 (Completenessf substitutions)
A substitution” is o-complete(i-completefor aformulay € Fory, if for eachoutput
variablelz (inputvariable?z) in ¢ thereexistst € Ter suchthat(x =t) € I

Next, we considerthe applicationof substitutiondo formulae:we definean operation
@ that substituteghe outputvariablesin a particularformulaandan operation® that
substitutesheinputvariablesThatis, ¢ @ I denotesheformulas) in whichtheoutput
variablesaresubstitutedy thevaluegivenby I', while ¢y ® I" denoteghis formulain
which theinputvariableshave beensubstituted.

Definition 7 (Functions® and ®)
For eachy € For;, andsubstitutionl” thatis o-completefor ¢, we definethefunction
@ by inductionon the structureof ¢:

—P(tl,...,tk)@FZP(tl,...,tk)

- (p)oI'==(pal)
—prAp)al=(pa)A(pal)

- (Mzp) I =x(pal)

—(lzpye =Tz =tA(p®I)),where(x =t) € I
- (Fzp)e I =3z(pe )

Additionally, for eachi-completesubstitutionl” for v, the definition of thefunction®
is similar exceptfor:

— ()@ =Tz(z =tA(p®I)),where(z =t) € I'
—(lzp) @ =lz(p®I)

Theideabehindthis definitionis thatthe substitutionof atermt for avariablez in a
formulayp, is logically equivalentto theformula3z(z = t A ¢).

Finally, the following definition formalisesthe communicatiormechanisnof ask-
ing aquestiony andtelling anansweny.

Definition 8 (Minimal unifiers)

— A substitutionA is calledaunifierfor thepair (i, v) wherep € For andy € For;,
if o (Y@ A).
— Additionally, A is aminimalunifierif thereis no otherunifier A’ with A - A’.

We usethenotationy 4 v to denotethat A is aminimal unifier for (¢, v).

A minimal unifier A suppliesthe valuesfor theinput variablesin i) suchthatthe for-
mulayp constitutesananswerfor the questiony. For instance Exp(agent! , subject1)
is anansweffor ?z Ezp(x, subject!) underthe minimal unifierx = agent? .

Notethatminimal unifiersarenotnecessarilyinique:for instancegx = agent! and
x = agent2 arebothminimal unifiersfor:

(Ezp(agentl, subjectl) A Exp(agent2, subjectl), 7z Exp(x, subjectl)).

The non-determinismnheritedfrom this communicatiormechanisntanhowever be
controlledby the programmerit canchooseto sendeither Exzp(agent! , subject1) or
Ezp(agent2, subject1) insteadof their conjunction.



4.2 Syntax

We shapea programmingramework for openmulti-agentsystemsn whichnew agents
canbeintegratedandthe communicatiormechanisnallows for the exchangeof infor-
mation.First, we give its syntax.

Definition 9 (Syntaxof the programminglanguage) Let ¢ € For, B C For, ¢ €
For,,, x € For;, x € Var,i € Ident and P aproceduren W, thenatomicactionsa,
programmingstatements, agents4 andagentsystemsA aredefinedasfollows:

a = update(y) | tell(z,v) | ask(z,x) | ask(x) | integrate(z, S, B)
S:=a-S | S1 & Ss | S1 + Sy | P | E

A= {i,S,B)

Az=A ] A A

whereW is a setof proceduraleclarationsywhich areof theform P : —S, whereP is
thenameof the procedureandsS its body statement.

An agentA is assignedh uniqueidentifieri from the setIdent, whichis usedto distin-
guishit from all otheragentsn the system Additionally, its behasiour is controlledby
aprogramS. Thethird constituenbf anagentis a belief state B, which we assumes
representetly a setof formulae.

An atomic action a is either the operationupdate(y) to updatethe belief state
with the formula ¢, the actiontell(z, ) to sendthe agentz the formula ), the ac-
tion ask(z, x) to askthe agentz for the formulay, the actionask(x) to ask x to an
arbitraryagentandfinally the actionintegrate(x, S, B) to integratea new agentin the
systemthatwill executethe programsS with theinitial belief state B. The variablez
will beusedby the creatorto denotethis new agent.

Theseprimitiveactionscanbecomposedo form programmdy meanf thefamil-
iar constructs for actionprefixing, & for parallelcomposition for non-deterministic
choiceandprocedureallsof theform P. Thesymbol E denotesheempty(terminated)
statementUsually, we will write statementsf theform S - E simplyasS.

Finally, anagentsystemA is a setof agents.

4.3 Transition Systems

We developthe semanticof the programmindanguageby meansof a transitionsys-
tem, which constitutesan elegantmechanisnof describingoperationabehaiour and
datesbackto the original work of Plotkin on semantic®f programmindanguagegcf.

[19]). Formally, atransitionis of theform A—I>A’. It denotesacomputatiorstepof the
agentsystemA where A’ is theresultingagentsystemandthe labell eitherexpresses
thatthetransitionneedso synchronisevith anothertransition,or stateghatthisis not
the case(indicatedby the symbolr).

Transitionsareformally derivedby meansof transitionrules of theform:

A DAl A
AL A

if cond

10



Sucharule denoteghat the transitionbelow the line canbe derivedif the transitions
above the line are derivable and additionally the condition cond holds. Sometimes,
we will write transitionruleswith severaltransitionsbelow the line. They areusedto
abbreviate a collectionof ruleseachhaving one of thesetransitionsasits conclusion.
A rule with no transitionsabove the line is calledanaxiom A collectionof transition
rulesdefinesatransitionsystem

4.4 The Transition Rules

In this section,we develop a transitionsystemfor the multi-agentprogramminglan-
guage,startingwith the atomic ations.We abstractfrom a particular belief revision
strat@y (cf. [9]); thatis, the framework is parameteriselly an appropriatebelief revi-
sionoperatoro : (P(For) x P(For)) — P(For) for which we for instanceassume
that(Bop) F ¢ holds.Thetransitionfor anupdateof thebelief stateis thenasfollows.

Definition 10 (Transitionfor beliefrevision)
(i, update(p), B) — (i, E, B o ¢})

Next, we considettheintegrationof new agentsTheactionintegrate(z, S, B') extends
thecurrentagentsystemwith anew agentj thatstartsto executethestatemens, where
its belief stateis givenby B’. The variablez will be usedby the integratingagentto
referto theintegratedagent.

Definition 11 (Transitionfor agentintegration)
(i,integrate(z, S, B'), B) — (i, E, Bo (z = j)), (j, S, B')
wherej is afreshagentidentifierfrom Ident.

Next, we definethe transitionsfor the actionsof sendingandreceving information,
which modelthelocal effectsof a synchronougsommunicatiorstep.We usetwo types
of labels:alabelof theform (i, j, ¢), which denotedhati tells to j theformulay and
a label of the form (4, 7, ¢), A, which denotesthati asks;j the formula p, where A
denotesa possiblesubstitutionfor theinput variablesn .

Definition 12 (Transitionsfor sendingandasking)
Providedthatthereexists a substitution/” with B + I thatis o-completefor ¢, anda
substitutionA thatis i-completefor ¢ & I", we have thefollowing transitions:

. (jhe®T) . .

(i,tell(z,),B)  — (i,E,B) if BFpA(z=7})

. (i,5, @ 1), A . . .

(i, ask(z, ), B) — (i, E,Bo A) if BF (z=j)
(i,j,p@T), A

(i, ask(yp), B) — (i, E,Bo A)

Thevaluesfor theoutputvariablesn theformulay comefrom theagentseliefstateB
andarecollectedin thesubstitution". Theformulay & I" thenconstitutegheformula
 in which all theseoutputvariablesaresubstitutedy thevaluesgivenby I".
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In the transitionfor telling, the condition B + ¢ denoteghe propertyof sincerity:
ary dispatchedormulais to be believedtrue by the senderNotethatin thetransitions
for asking,thesetA of valuesfor theinputvariablesof ¢ is guessedthatis, it denotes
a possiblesetof values.Only in the transitionrule for synchronousommunicatiora
real setA is establishedthatis, onethatis basedon the informationprovided by the
senderNote thatthis set A is storedin the recever’s belief statefor later use;i.e. to
providethesubstitutiondor thevariableghatareboundby theoperatot in subsequent
questionandanswers.

Definition 13 (Transitionfor synd&ironouscommunication)
(4,4, ) (i 9), A
A B4 A, T 4
A7A17A2 —T) AJA;_JAIZ
Communicatiorbetweenthe agentsA; and A, takesplaceif the informationy pro-
videdby A; constitutesananswerfor thequestiory posedA, modulothesubstitution
A of the input variablesin 1. (Of course,the agents4; and A, arerequiredto be

distinctandnotto occurin A4.)
Theremainingtransitionsarequite standard.

if oA

Definition 14 (Transitionfor sequentiatomposition)
<i7 a, B) —l> <7” E; BI)
<7:7 a- S; B) —l> <i7 S, BI)

Thetransitionfor thesequentiatompositiors- S is givenby thetransitionfor theaction
a. ThestatemenfS constituteghe partof this statementhatneedgo be executednext.

Definition 15 (Transitionfor non-deterministichoiceandinternal parallelism)

I 1

<7:7S17-B>—><iJS{aBI> <i,Sl,B>—><i,Si,BI)
(i, Sy + Ss, B) - (i, S!, B') (i, 81 & Sa, B) — (i, S & S, B')
(i, S5 + S1,B) - (i, S!, B') (i,S5 & S1, B) =5 (i, S5 & S, B')

Thetransitionsfor a non-deterministichoicebetweertwo statementaregivenby the
transitionsof exactly oneof them,while the transitionsfor a parallelcompositionare
givenby aninterleasing of the transitionsof both of the statements.

Definition 16 (Transitionfor a procedue call)
If P: —Sisaproceduraeclaratiorin W thenwe have thefollowing transitionrule:

(i,S,B) — (i, S', B')
<i,P,B) _l> <iJSIJBI)

Thetransitionfor aprocedurecall P is derivedfrom thetransitionof its body S.

Analogousto internalparallelism,externalparallelismis modeledby meansof an
interleaving semanticsModelsfor true concurreng, which areperhapsvenmorenat-
uralin the context of agentsystemsareamongthe subjectf futureresearch.

12



Definition 17 (Transitionsfor external parallelism)
Providedthat A; and A, donotoccurin A4 we havethetransitions:

A 5 AL A -5 AL A,
A4 D A AL A A D A AL A,

Thesecondule allows for theintegrationof a new agentA4, in the system.

4.5 Example

Let usreturnto theagentsystemasdescribedn Examplel. Supposeéhe configuration
of theagentclient is givenby A; = (1,51, By), wherethe programS; is givenby:

Sy = ask(u, 2z FEzp(z,s)) - (Th + Ur)

T, = ask(v,!zRel(x)) - ask(z, 1))

U = ask(v, lz—Rel(z)) - ask(u, ?2lz(Ezp(z,s) A —(z = x)))-
ask(v, !z Rel(z)) - ask(z, )

andthebelief stateB; equals(u = 2) A (v = 3). In this program the agentu is asled
for anexpertz on s. If subsequentlyaccordingto agentw, this expertz appeargo be
reliablethenz is asked the questiony). However, if  turnsout to be unreliablethen
u is asked for anotherexpertz on s (which is unequalto x). In casethe agentv can
subsequentlgonfirmthatz is reliablethenz is asledthe questiony.

Additionally, theconfigurationf server! andserver2 equalAs = (2, P, By) and
Az = (3,Q, Bs), respectiely, where B, equals(x = 1) A Ezp(4, s) A Ezp(5,s) and
Bs equals(z = 1) A —Rel(4) A Rel(5), while P and@ areproceduresleclaredas:

P — (tell(z, Ezp(4,s) - P)) + (tell(z, Exp(5, s)) - P)

Q :— (tell(z,—Rel(4)) - Q) + (tell(z, Rel(5)) - Q)

Finally, we assumehat someconfigurations4, and A5 for the agentsexpert! and
expert?2 aregiven.As anexampleof the transitionsystemwe show the derivation of
thefirst transitionof this multi-agentsystemA; , As, As, Ay, As.

1. Thefollowing transitionis anaxiom,wherey equals?z Exp(z, s)
(1727 )7 =4

(Lask(u,¢),B1) > (1, E,Bio(x=4))

2. From1. andtherule for sequentiatomposition:
(17 2, 4/7)7 z=4

<1,Sl,B1) — (1,T1+U1,Blo(:1::4))

3. Thefollowing is anaxiom:
(2,1, Ezp(4, 5))

(2,tell(z, Exp(4,s)), Ba) — (2, E, Bs)

4. Via 3. andtherule for sequentiatomposition:
(2,1, Ezp(4, 5))

(2,tel|(x,Exp(4,s)) 'Pa B2> — <2aPa B2>

5. Via 4. andtherule for non-deterministichoice:
(2,1, Ezp(4,5))

(2, (tell(z, Exp(4,s)) - P) + (tell(z, Exp(5, s)) - P), B2) — (2, P, Bs)
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6. From5. andtherule for procedurecalls:
(2,1, Ezp(4, 5))
<2>P7B2> — (27P7B2)
7. Therule for communicatiorappliedto 2. and®6. yields:
<1,Sl,Bl),A2,A3,A4,A5 —T) (1,T1 + Ul,Bl o} (ZU = 4)),A2,A3,A4,A5
as(z = 4) isaminimalunifierfor (Ezp(4, s), 7z Ezp(z, s)).

5 Conclusionsand Futur e Work

In this paperwe have outlinedanabstracprogrammindanguagdor openmulti-agent
systemshat concentratesn the exchangeof informationandthe integration of new
agentsThelanguagas givena clearoperationamodelin termsof a transitionsystem
thatis usedfor the formal derivation of the computatiorstepsof a multi-agentsystem.
Moreover, the configuration®f thetransitionsystemcanbevieweduponasanabstract
modelof a machine while the transitionsspecifythe subsequendctionsthis machine
canperform.In this way, the machinewould actasaninterpreterfor thelanguage.

In subsequentesearchywe aim to mould the given operationalsemanticor the
languageto onethatis compositional This property which meansthat the semantics
of a composedstatementor agentsystemcan be derived from the semanticsof its
components;onstituteshe next steptowardstop down designfacilitiesfor openmulti-
agentsystemaswell asto thedevelopmenbf specificatiorandverificationtechniques.

Secondlywe aim to refinethe framework to onein which eachagenthasits own
individual signatureThiswill giveriseto anaturalhierarchyamongtheagentsn terms
of their signaturewhich constitutesa starting-pointor theintroductionof suchobject-
orientedfeaturesaassub-typingandinheritancg(cf. [4]).
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