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Abstract. In thispaper, westudytheopen-endednatureof multi-agentsystems,
which refersto thepropertyto allow for thedynamicintegrationof new agents
into an existing system.In particular, the focusof this studyis on the issuesof
agentcommunicationandintegration.We definean abstractprogramminglan-
guagefor openmulti-agentsystemsthatis basedonconceptsandmechanismsas
introducedandstudiedin concurrency theory. Moreover, animportantingredient
is the generalisationof the traditionalconceptof value-passingto a communi-
cationmechanismthatallows for theexchangeof information.Additionally, an
operationalmodelfor thelanguageis givenin termsof atransitionsystem,which
allows theformal derivationof computations.

1 Intr oduction

In the researchon multi-agentsystemsthereis an increasingemphasison the open-
endednatureof agentsystems,which refersto the featureto allow for the dynamic
integrationof new agentsinto anexisting agentsystem.In suchsystems,which arere-
ferredto asopenmulti-agentsystems(cf. [18]), it is usuallyimpossiblethatagentspos-
sesscompletebuilt-in informationabouttheotheragentsin thesystem,simplybecause
suchinformationwill initially be unavailable.As wasalreadypointedout by Hewitt
andde Jong(cf. [13]) the only thing that holdsthe componentsof an opensystemin
common,is theirability to communicate.Thismeansthatanimportantingredientof an
openmulti-agentsystemwill be the agents’ability to communicateabouteachother,
especiallyaboutfeatureslike their capabilitiesandtheir expertise.

In thesubfieldof agentresearchthat focuseson agentarchitectures,varioustypes
of agentshavebeenproposedthatfacilitatethecommunicationprocessin amulti-agent
system.Theseagents,referredto with termslike facilitators, routers, mediators, bro-
kers andso on (cf. [8]) act as intermediariesbetweencommunicatingagentsby pro-
viding serviceslike the matchmakingbetweeninformationproducersandconsumers.
This denotestheactof referringagentsin needof somepieceof informationto agents
that might be able to provide it. As mentionedbefore,suchfacilitating activities are
indispensablein thecontext of openmulti-agentsystemsasthepresenceof agents,es-
pecially of thosethat have recentlyjoined the system,neednot be known to all other
agentsin thesystem.



With respectto the integrationof new agentsinto an existing multi-agentsystem,
we distinguishtwo differentsituations.First, thereis the integrationof an agentthat
alreadyexistsoutsidethesystem,in which casewe referto theintegrationasanagent
introduction. An introductionis typically performedby a facilitatingagent.Secondly,
in thesituationa newly integratedagentconstitutesa previouslynonexistententity, we
refer to the integration as an agent creation, which is a similar notion to that of an
objectcreationfrom theobject-orientedprogrammingparadigm.An exampleof agent
creationis theactof agentcloning, which is typically performedin situationsin which
anagentwith limited resources,facesanoverloadof tasksthatneedto beaccomplished
(cf. [22]). To obviatethis overload,theagentmight thenproducea cloneof itself and
subsequentlydelegateseveralof its tasksto this newly createdagent.

Overview

Althoughoverthelastfew yearsvariousnew multi-agentprogramminglanguageshave
beendeveloped,still few of theseapproachesarecompletelyunderstoodfrom aseman-
tic point of view. This is mainly dueto the fact that the concurrency aspectsof these
languageslack a clearmodularstructure,with the resultthat the interactionsbetween
the variousagentfeaturesareratherdifficult to get to grips with. This is why we ad-
vocatea modularandincrementalapproachto thedesignof multi-agentprogramming
languages.In this respect,a fruitful startingpoint for the designof multi-agentlan-
guageslies in thetraditionalconceptsandmechanismsasintroducedandstudiedin the
field of concurrency theory.

In this paper, we build uponthe framework developedin [6,5] by taking into ac-
counttheopen-endednatureof multi-agentsystems,which amountsto thepropertyto
allow for theintegrationof new agentsinto anexisting system.As in suchopenmulti-
agentsystemthecommunicationstructureis highly dynamic,we considertheconcept
of a dynamicallyevolvingcommunicationstructure asfor instanceemployedin the � -
calculus(cf. [17]), the concurrentobject-orientedlanguagePOOL (cf. [1]) andmore
specifically, its restrictedversiondescribedin [2] thatprimarily focusesontheissuesof
objectcreationanddynamicallyevolving communicationstructures.In Section2, we
discussthe traditionalcommunicationmechanismof value-passingfrom concurrency
theory. Thegeneralisationof this communicationmechanismto onethatallows for the
exchangeof informationbetweenagents,is describedin Section3. Subsequently, in
Section4, we outlineanabstractprogramminglanguagefor openmulti-agentsystems
thatconcentrateson theexchangeof informationbetweenagentsandtheintegrationof
new agents.We definethesyntaxof the language,followedby theoperationalseman-
tics by meansof a transitionsystem.Finally, in Section5 we wrapup with suggesting
severalissuesfor futureresearch.

2 Value-Passing

In classicalconcurrency theory, bilateralcommunicationbetweenprocessesproceeds
via a mechanismof value-passing, which comprisesthe dispatchof a value by one
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processandthe storageof this valueby a receiving process.This is the communica-
tion mechanismasusedin thewell-known concurrentprogrammingparadigmCSP(cf.
[15]), in which suchvaluesarecommunicatedalongcommunicationchannelsthat in-
terconnectthe differentprocesses.In particular, this mechanismcoversa primitive of
theform �������
	���
���� to sendthevalueof theexpression� , which is evaluatedin thelocal
stateof thesendingprocess,alongthecommunicationchannel� . Theothercommuni-
cationprimitive is of theform ������	���
���� , whichdenotestheactof receiving a particular
valuealongthechannel� andthesubsequentassignmentof thisvalueto thevariable� .

One of the characteristicsof this basiccommunicationmechanismis that it as-
sumesastaticnetwork of communicationchannels.Thisconstitutesaseveredrawback
for opensystems,asthedynamicsof thepopulationin thesesystemsgiveriseto acon-
stantlychangingcommunicationstructure.Thisproblemis dealtwith in paradigmslike
the � -calculus(cf. [17]) in whichcommunicationchannelsthemselvesconstitutevalues
that canbe passedamongprocesses.In thesesettings,the above describedcommuni-
cationprimitivesaregeneralisedto theforms �������
	���
���� and ��� �!	���
���� alsodenotingthe
dispatchandreceptionof a value,respectively. They differ from the previous onesin
thatthecommunicationchannelalongwhichiscommunicatedisspecifiedbyavariable;
thevalueof thisvariable� constitutestheactualchannelalongwhich is communicated.

Thecommunicationmechanismin therestrictedversionof theconcurrentprogram-
minglanguagePOOL(cf. [2]) is similarexceptthatprocessesindicateto whichprocess
a valueis to bedispatchedto or receivedfrom, insteadof specifyinga particularcom-
municationchannel.In this setting,thecommunicationprimitivesarealsoof theform
�������
	���
���� and ������	���
���� , but thevalueof thevariable � now constitutesthe identityof a
processthedataareto bedispatchedto or receivedfrom.

In thesubsequentsectionweconsiderthis languagein moredetail,asit constitutes
a fruitful startingpoint for anopenmulti-agentframework. We remarkthat thegener-
alisationof theotherobject-orientedaspectsof thelanguagePOOL,like its rendezvous
communicationmechanismbasedon methodinvocations,arestudiedin [7].

LanguageWith Value-Passing

The(restrictedversionof the)languagePOOL(cf. [2]), is usedto programacollection
of concurrentlyoperatingobjects,which, in performingtheir computations,invoke the
assistanceof newly createdobjects.Interactionsbetweenthe objectstake placealong
a dynamicallyevolving communicationstructure,which is constructedby the objects
themselvesvia themaintenanceandcommunicationof objectidentities.Suchidentities,
which arestoredin programmingvariables,constitutethemeansto addressobjectsin
the system.That is, only the fact that oneof the variablesof an object refersto the
identity of anotherobjectimpliesthatit cancommunicateto thereferredobject.

A programin thelanguageisgivenbyatupleof classdefinitions(includingaspecial
classcalledtherootclass) of theform "$#&% , where" constitutesthenameof theclass
and % is a programmingstatementthatevery objectinstanceof theclasswill execute.
Statementsaregiven by a collectionof basicactions,which canbe composedusing
sequentialcomposition,iterationandif-then-elseconstructs.A basicactionis eitheran
assignment�('*)+� in which thevalueof theexpression� is assignedto thevariable � ,
anaction �,'�).-/��01	2"3� to createan instanceof theclass" having theside-effect that
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the identity of the createdobjectis storedin the variable � of the creator, a primitive
��� �!	��4� to receiveavalueandsubsequentlyassignthisvalueto thevariable� , aprimitive
��� �!	��5
��4� to receive a valuefrom theobjectwhich identity is storedin � andstorethis
valuein thevariable� or finally, anaction �������
	��5
���� to sendthevalueof theexpression
� , which is evaluatedin the sender’s local state,to the objectwhich identity is stored
in the variable � . The executionof a programstartswith the creationof an instance
of the root class,which is identified to be the root object. This root object executes
theprogrammingstatementdefinedin its classduringwhich it cancreatenew objects
of theotherclassesdefinedin theprogram.In this manner, a dynamicenvironmentof
concurrentlyoperatingobjectsis obtained,in which objectscreateotherobjectsand
secondly, passtheidentitiesof thenewly createdobjectsamongeachother.

3 Exchangeof Inf ormation

In traditionalconcurrentprogramminglanguagesasfor instanceCSPandPOOL,data
is storedin programmingvariables.In particular, eachprocessin theseparadigmsmain-
tainsa localstatethatmapsvariablesto theircorrespondingvalues.Theintroductionof
theconceptof an intelligentagent(cf. [23]) asanentity that is assigneda mentalstate
comprisedof aninformationalaswell asa motivationalattitude(for instancea Belief,
DesireandIntention(BDI) agentcf. [20]), bringsabouta novel view on therepresen-
tation andmanipulationof datain concurrentprogramming.Ratherthana local state
mappingvariablesto values,the informationalattitudeof anagentis effectedby more
elaborateinformationstoresasbelief andknowledgebases,which areusually repre-
sentedin anexpressive formalismasfor instancea propositional,first-orderor modal
language.In this paper, we will employ the namebelief stateas a generalterm for
suchtypeof informationstores.Theshift from computingwith local statesto working
with belief stateshastwo importantconsequenceson concurrentprogramming.First,
thenotionof a variableassignmentasin thetraditionallanguagesis to bereplacedby
an operatorthat performsa form of informationupdateandsecondly, the placeof a
value-passingmechanismis to befilled by amechanismthatallowsfor theexchangeof
informationbetweenagentssuchasthecommunicationof propositional,first-orderor
modalformulae.

In this paper, wewill not saymuchabouttheothermentalattitudeof agents,called
themotivationalattitude, which for examplecoversattitudeslikedesiresandintentions
from the BDI-architectures.This attitude,which drivesthe agents’goal-directedbe-
haviour, is discussedin moredetail in [14]. Fromthis paper, we learntheneedfor two
additionalstores:abasewhichstoresgoalsthatneedto besatisfiedaswell asabaseof
planswhich describein whatway thesegoalscanbeachieved.

3.1 Addr essingAgents

An importantcomponentof communicationin a multi-agentsystemconcernstheway
agentsaddresseachother. Thereareseveralaspectsthatplay a role here,amongwhich
aretheagents’identities,namesandaddresses.

4



Theidentityof anagentis thataspectthatlaysdown theagentin auniqueway. Usu-
ally, suchanidentity is accomplishedby meansof auniqueidentifierthatdistinguishes
theagentfrom all otheragents.

Thesecondaspectis thenameof anagent,which is usedby otheragentsto referto
theagent.The relationbetweena nameandan identity is that the formercanbe used
to denotethe latter. The mostsignificantdifferencebetweenthe two aspectsis that it
is impossiblethat two distinct identitiesareequal,while it is usuallynot excludedthat
two distinct namesdenotethe sameidentity. A nameis absoluteif it is sharedby all
agentsin the system,while it is called relative if it is local to an agent.One of the
characteristicsof a relative nameis that if it is employedby differentagentsit is likely
to havea differentdenotation.

Thirdly, in order to be able to communicateto an agentone is requiredto be in
possessionof thisagent’saddress. In general,suchanaddressis givenby somephysical
locationmessagescanbe sentto. A striking differencebetweenaddresseson the one
handandidentitiesandnameson the other, is thataddressesdo not needto be static.
For instance,theaddressof mobileagentschangesassoonastheseagentsmigratefrom
onesiteto another, while their nameandidentity remainthesame.

In moreabstractsettings,agentscanaddresseachotherby specifyingcommuni-
cationchannelsor agentnames.That is, ratherthangiving the exact location,agents
specifya communicationchannelmessagesarecommunicatedalonglike for instance
in the classicalconcurrentprogrammingframework CSPor specify the nameof the
agentthey communicatewith like in theobject-orientedlanguagePOOL.The taskof
mappingcommunicationchannelsandagentnamesto actualphysicallocationsis then
dealtwith in theunderlyingoperationalsystem.In our framework, we adoptthe latter
mechanismof addressingagentsby a name(in theform of avariable).

3.2 Receiving Inf ormation

In ourview, oneof thestrikingdifferencesbetweenclassicconcurrentprogrammingon
theonehandandmulti-agentprogrammingon theotherhand,is theshift from avalue-
passingcommunicationmechanismto onethatallows for theexchangeof information.
To illustratethis, let usconsiderthefollowing typical multi-agentscenario.

Example1 Consideran agent 6 7
8�9 :<; that is in searchfor an agentthat cananswera
particularquestion= concerninga subject> . Thefollowing subsequenteventshappen.
Theagent 6 7
8�9 :<; asksa facilitatingagent ?�9 @BA�9 @�C for anagentthat is anexperton the
subject> . Theagent?�9 @BA�9�@�C examinesits beliefstate,findsoutthattheagent9�D EF9 @B;GC is
suchanagent,andanswers6 7
8�9 :<; with this information.Next, 6 7*8�9�:F; consultsanother
facilitator ?�9�@BA�9�@BH with the questionwhether 9�D EF9 @B;GC is consideredto be a reliable
agent.As it subsequentlyappearsthat this is not the case, 6 7
8�9 :<; returnsto ? 9�@BA�9 @�C
andasksfor anotheragentthat is an expert on > . Subsequently, ?�9 @BA�9 @�C replieswith
theinformationthat 9�DBEF9�@B;�H is suchanappropriateagent.After ?�9�@BA�9�@BH hasconfirmed
6 7*8�9�:F; that 9�D E49�@B;2H is a reliableagent, 6�7*8�9�:F; turnsto 9�D EF9 @B;2H andasksthis agentthe
question= .

Themostimportantpoint thatshouldbecomeclearfrom thisexampleis thatagentsare
not so interestedin plain values(agentidentities,in this case),but ratherin valuesin
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connectionwith their properties:for instance,an identity denotinganexpert agenton
somesubject,anidentitydenotingareliableagent,anidentity thatis unequalto another
identity, andsoon.This originatesfrom thefactthatagentscomputewith belief states
consistingof formulaethat expresspropertiesaboutvariablesratherthan with local
statesthat simply mapvariablesto their associatedvalues.In fact, this resemblesthe
computationmechanismasusedin constraint-basedprogramminglanguages,in which
processescomputewith informationthat constrainsthe rangeof valuesthat variables
cantake. Suchpiecesof information,calledconstraints, areexpressedin a first-order
languageandcollectedin aconstraint store, likein ConcurrentConstraintProgramming
(CCP)(cf. [21]). For instance,whereasin standardprogramminga local stateassignsa
variable� a value I , aconstraintstorecontainsa constraintof theform �J)KI .

The generalisationof traditionalvalue-passingto a mechanismof exchangingin-
formationproceedsasfollows.Thevalue-passingprimitive ��� �!	���
���� for thereception
of valuescanbegeneralisedto a primitiveof theform �����!	���
�=L� , where = is a formula
(expressingsomepropertyaboutsomevariables).

Let us informally describethe semanticsof this primitive. First of all, the belief
stateof the agentthat performsthe actionshouldimply what particularagentis de-
notedby � . That is, it shouldderive a formula of the form �M)ON , for someagent
identifier N . The primitive is then employed to ask the agent N whetherthe formula
= holds. Communicationsubsequentlytakes place if this agent N , in turn, provides
an answer P that entails the posedquestion = . For instance,considerthe predicateQ D ER	��S
��4� thatdenotesthat � is anexperton � andthepredicateTU9�7G	���� thatexpresses
that � is reliable.If thequestion= is givenby

Q DBEV	�WYX�9�:F;GC5
 ?BZF[�\�9�6�;GC<� thentheformulaQ D ER	�W�X]9 :<;^C5
 ?BZF[�\�9_6 ;GC<�a`cb Q D EV	�WYX�9�:F;GC5
 ?BZF[�\�9_6�;�Hd� providedby N would constitutean
appropriateanswerfor this question.

Thecommunicationmechanismbecomesmoreinterestingif weallow freevariables
in questions;the ideabeingthat P is an answerfor = if it entails = moduloa substi-
tution of the free variablesin = . For instance,the formula

Q D ER	�W�X]9 :<;^C5
�?_ZF[�\�9_6 ;GC��e`
b Q D ER	�W�X]9 :<;^C5
 ?BZF[�\�9_6 ;2H�� is an answerfor the question

Q D Ef	��S
�?_ZF[�\�9_6 ;GC�� , asit entails
thequestionprovidedthatwe substituteW�X]9 :<;^C for � .

Moreover, in the subsequentcommunicationstepswe would like the agentsto be
ableto refer to elementsin the domainof discoursethat werementionedin previous
steps.For instance,in theabove example,we would like theagentto be ableto aska
subsequentquestionconcerning� , like thequestionTg9 7G	���� to askwhetherthisparticu-
lar agent� (i.e. W�X]9 :<;^C ) is a reliableagent.To achieve this,we proceedasfollows:we
employ two specialsymbols h and i to distinguishthe two differentsituations;i.e. the
casein which a new variableis beingintroducedandthe casea variablecorresponds
to onethat hasbeenintroducedin an earliercommunicationround.The above men-
tionedconsecutive questionswould thenlook like h�� Q D ER	��S
�?_ZF[�\�9_6 ;GC�� and i ��Tg9 7�	���� .
Theformerdenotesthequestionthatcanbedescribedas‘which agent� is anexperton
?_ZF[�\�9_6 ;GC ’, while thelattercanbedescribedas‘is this particularagent� reliable’.

Finally, analogousto the languagePOOL, we introducea variant ��� ��	�Pf� of the
primitive ��� �!	��S
�Pf� to askthequestionP to anarbitrary agent.

Summarising,the operatorsh and i give rise to a mechanismof using variables
outsidethescopeof theformulathatthey havebeenintroducedin. This featureenables
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a flexible communicationmechanism,asin eachcommunicationstepagentsareable
to refer to elementsin the domainof discoursethat have beenmentionedin previous
communicationrounds.In fact, this mechanismhascloseconnectionswith Discourse
RepresentationTheory(DRT) studiedin thefield of naturallanguagesemantics,which
hasbeendevelopedfor thesystematicconstructionof discourserepresentations(cf. [16,
10]). In this light, variablesannotatedby theoperatorsh or i canbeseenasdiscourse
markers thatareusedin DRT to keeptrackof theindividualsthatareunderdiscussion.

Moreover, in theterminologyof naturallanguageresearchon questions,a formula
of theform hY�<P constitutesa mention-oneinterrogative, which amountsto a question
to mentiononeparticularentity that satisfiesthe formula P , asopposedto mention-
someandmention-allinterrogativesthatareusedto requestfor someinstancesor for
anexhaustivedescription,respectively (see[11] for furtherdetails).

Finally, anotherinterpretationof theoperatorsh and i is that they denoteinput and
outputmodesthatindicatethestreamof information,for instancelike in theconcurrent
logic programminglanguageParlog(cf. [3]). That is, a variable i � boundby anoutput
mode(i.e. an outputvariable) denotesa variablefor which a valuehasalreadybeen
established,andwhich is suppliedby theagentitself, while a variable hY� boundby an
inputmode(i.e.aninputvariable) denotesanew variable,whichvalueis to besupplied
by theenvironment(e.g.theansweringagent).

3.3 SendingInf ormation

Next, we considertheactof sendinginformation.In thevalue-passingcommunication
mechanismasusedin the � -calculusandthelanguagePOOL,thereis aprimitiveof the
form ���!����	���
���� to sendthe valueof the expression� . A straightforwardgeneralisation
of this primitive is oneof the form ���!����	���
�PR� denotingthe dispatchof the formula P
to � , wherewe requirethat P follows from the agent’s belief state.This requirement
resultsfrom our focusonsincereagents,i.e.agentsthatcommunicateinformationthey
themselvesbelieve to be true. Secondly, as P will constitutean answerto a question
posedby anotheragent,it is requiredthatit doesnot containany input variables.

3.4 Synchronouscommunication

Communicationbetweentwo agentsN and j thencomprisesan action �������*	���
�PR� per-
formedby N , whereits belief stateyieldstheinformationthat � denotestheagentj and
anaction ��� ��	�kF
�=l� executedby theagentj , whereits belief stateyieldsthat k denotes
theagentN , suchthat theanswerP entailsthequestion= moduloa substitutionof the
input variablesin = . We remarkthat the executionof the sendandthe receive action
constitutesan atomicactivity, which meansthat it is not interruptedby otheractions.
This enablesus to concentrateon the basiccommunicationmechanism,without the
complicationsof buffering and labelingmessages.Additionally, the choicein favour
of synchronouscommunicationdoesnot rule out theasynchronousvariant:asis usual
in concurrency theory, asynchronouscommunicationcanbemimickedby synchronous
communication(by usingintermediariesthatoperateasmessagebuffers).
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4 Programming Framework

4.1 Preliminaries

In thissection,weshapeanabstractprogrammingframework thatincorporatesthecom-
municationmechanismassketchedin theprevioussection.First,we give thestandard
notionsof a signature,termandformula.

Definition 2 (Signature)
A signaturem is a tuple npoc
�qsr , whereo is a collectionof predicatesymbolsand q a
collectionof functionsymbols.The t -ary functionsymbolsarecalledconstants.

Additionally, weassumeaset u�v!9�:F; of constantsto denoteagentidentifierswith typical
elementsN_
2j�
�w anda set x<W�@ of variables,with typical elementsy , z , { , � andsoon.

Definition 3 (Terms)
The set |<9 @ of termsover m is inductively definedby: x<W�@~}�|F9�@ andsecondly, if��� 
��Y���Y
 ����� |<9�@ and � � q of arity w then ��	 ��� 
����Y� 
 ��� � � |<9�@ . A termis closedif it
containsnovariablesfrom x<W�@ .
Definition 4 (Formulae)Considerthefollowing clauses:

(1) if
��� 
 ��� 
Y���Y��
 ����� |F9�@ and � � o of arity w then 	 ��� ) ��� � 
a�s	 ��� 
��Y���Y
 ��� � � % ,

(2) if Pl
�= � % and � � x<W�@ then bfP�
fP�`�=g
f����P � %
(3) if � � x<W�@ and P � % then i ��P � %
(4) if � � x<W�@ and P � % then hY�<P � % .

The sets �S��@ , �S��@ � , �S��@�� and �5��@���� aredefinedto be the smallestsets % that satisfy
theclauses(1,2),(1,2,3),(1,2,4)and(1,2,3,4),respectively.

Theset �5��@ denotesthestandardcollectionof first-orderformulae.Formulaein theset
�S��@ � additionallymay containoutputvariables,while formulaein �5��@�� may contain
inputvariables.Finally, theset �S��@���� collectsfirst-orderformulaethatcancontaininput
aswell asoutputvariables.The logical operators� , ��� and � can be definedby
meansof theoperatorsb , ` and � , in theusualway.

We remarkthat we will sometimesbe a bit loosein the notationof formulaeand
setsof formulae;i.e. whenever convenientwe will let a set �/P � 
Y�����Y
�Pf��� of formulae
representtheformula P � `(�����/`�Pf� , or a formula P representtheset �/P�� .

We assumethat thereis a commonontologythat is sharedby all agentsin a multi-
agentsystem(cf. [12]). That is, we supposethat thereexists a commonsignaturem
togetherwith a commonentailmentrelation � on  ¡	2�5��@��L¢� ¡	2�5��@�� .

In orderto dealwith theexchangeof informationthatmaycontaininputandoutput
variables,we needthenotionof a groundsubstitution.

Definition 5 (Groundsubstitutions)
A groundsubstitution £ is modeledasa setof formulaeof the form �M) �

, where
� � x�W�@ and

�
is aclosedtermin |<9�@ . Werequirethat £ bindseachvariableto atmost

oneterm.
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To beableto applya substitutionto a formulaweneedthefollowing notions.

Definition 6 (Completenessof substitutions)
A substitution¤ is ¥ -complete( N -complete)for a formula P � �5��@ �p� if for eachoutput
variable i � (input variable hY� ) in P thereexists

�l� |F9�@ suchthat 	��J) � � � ¤ .

Next, we considertheapplicationof substitutionsto formulae:we defineanoperation¦
that substitutestheoutputvariablesin a particularformulaandan operation§ that

substitutestheinputvariables.Thatis, = ¦ ¤ denotestheformula = in whichtheoutput
variablesaresubstitutedby thevaluegivenby ¤ , while =¨§©¤ denotesthis formulain
which theinputvariableshavebeensubstituted.

Definition 7 (Functions
¦

and § )
For each= � �5��@���� andsubstitution¤ thatis ¥ -completefor = , we definethefunction¦

by inductionon thestructureof = :

– ª�	 � � 
��Y��� 
 � � � ¦ ¤«)¬ª�	 � � 
��Y���Y
 � � �
– 	�bfPR� ¦ ¤­)«bL	�P ¦ ¤1�
– 	�P�`�=l� ¦ ¤­)M	�P ¦ ¤1�d`®	�= ¦ ¤¯�
– 	�hY�<PR� ¦ ¤­)1hY�a	�P ¦ ¤1�
– 	�i �<PR� ¦ ¤­)«���5	���) � `¨	�P ¦ ¤¯��� , where 	���) � � � ¤
– 	�����PR� ¦ ¤­)¬���a	�P ¦ ¤¯�

Additionally, for eachN -completesubstitution¤ for = , thedefinitionof thefunction §
is similar exceptfor:

– 	�hY�<PR�a§~¤­)«���5	���) � `¨	�P�§,¤¯��� , where 	��J) � � � ¤
– 	�i �<PR�5§,¤­)�i �5	�P�§,¤¯�

The ideabehindthis definition is that thesubstitutionof a term
�

for a variable � in a
formula P , is logically equivalentto theformula ���5	��J) � `JPR� .

Finally, the following definition formalisesthecommunicationmechanismof ask-
ing a questionP andtelling ananswer= .

Definition 8 (Minimal unifiers)

– A substitution£ is calledaunifierfor thepair 	�Pl
�=L� whereP � �S��@ and = � �S��@�� ,
if P°�®	�=¨§©£±� .

– Additionally, £ is a minimalunifier if thereis no otherunifier £±² with £³�J£±² .
We usethenotation P¨�µ´,= to denotethat £ is a minimalunifier for 	�Pl
�=l� .
A minimal unifier £ suppliesthevaluesfor the input variablesin = suchthat thefor-
mula P constitutesananswerfor thequestion= . For instance,

Q D Ef	�W�X]9 :<;^C5
 ?BZF[�\�9_6 ;GC��
is ananswerfor hY� Q D ER	��S
 ?BZF[�\�9_6 ;GC�� undertheminimal unifier �J)¶WYX�9�:F;GC .

Notethatminimalunifiersarenotnecessarilyunique:for instance,�J)³W�X]9�:F;GC and
�J)¶WYX�9�:F;2H arebothminimal unifiersfor:

	 Q D ER	�W�X]9 :<;^C5
�?_ZF[�\�9_6 ;GC��d` Q D ER	�W�X]9 :<;�Hf
 ?BZF[�\�9_6 ;GC<� 
�hY� Q DBEe	��S
 ?BZF[�\�9_6 ;GC����B�
The non-determinisminheritedfrom this communicationmechanismcanhowever be
controlledby theprogrammer:it canchooseto sendeither

Q D Ef	�W�X]9 :<;^C5
�?_ZF[�\�9_6 ;GC�� orQ D ER	�W�X]9 :<;�Hf
 ?BZF[�\�9_6 ;GC<� insteadof their conjunction.
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4.2 Syntax

Weshapeaprogrammingframework for openmulti-agentsystemsin whichnew agents
canbeintegratedandthecommunicationmechanismallows for theexchangeof infor-
mation.First,we give its syntax.

Definition 9 (Syntaxof the programminglanguage) Let P � �5��@ , ·¸}¹�5��@ , = �
�S��@ ��� , º � �5��@ � , � � x<W�@ , N � u�v�9 :<; and ª a procedurein » , thenatomicactionsI ,
programmingstatements% , agents¼ andagentsystems½ aredefinedasfollows:

I�'¾'�)M¿]À!Á��/���]	�PR�~ÂL���!���
	��5
�=l�©ÂÃ��� �]	��S
�ºa�~ÂU��� ��	�ºa�~Â¯Ä
-Y���YÅ4Æp�/���!	��5
�%f
�·��
%©'Ç'*)¬I��/%ÈÂU% �VÉ % � ÂU% �VÊ % � ÂËªÌÂUÍ
¼M'¾'�)¶n�N_
�%f
�·�r
½Î'Ç'*)K¼�ÂË¼Ï
�½

where » is a setof proceduredeclarations,which areof theform ªÎ'FÐU% , where ª is
thenameof theprocedureand % its bodystatement.

An agent¼ is assigneda uniqueidentifier N from theset u�v�9 :<; , which is usedto distin-
guishit from all otheragentsin thesystem.Additionally, its behaviour is controlledby
a program% . Thethird constituentof anagentis a belief state· , which we assumeis
representedby a setof formulae.

An atomic action I is either the operation ¿]À!Á��/���]	�PR� to updatethe belief state
with the formula P , the action ���!���
	��5
�=l� to sendthe agent � the formula = , the ac-
tion ��� �!	��S
�ºa� to askthe agent � for the formula º , the action ������	�ºf� to ask º to an
arbitraryagentandfinally theaction Ä
-/����ÅFÆ��/����	��S
_%f
�·±� to integratea new agentin the
systemthat will executethe program % with the initial belief state · . The variable �
will beusedby thecreatorto denotethisnew agent.

Theseprimitiveactionscanbecomposedto form programmsby meansof thefamil-
iar constructs� for actionprefixing,

É
for parallelcomposition,

Ê
for non-deterministic

choiceandprocedurecallsof theform ª . Thesymbol Í denotestheempty(terminated)
statement.Usually, we will write statementsof theform %(��Í simply as % .

Finally, anagentsystem½ is a setof agents.

4.3 Transition Systems

We developthesemanticsof theprogramminglanguageby meansof a transitionsys-
tem,which constitutesanelegantmechanismof describingoperationalbehaviour and
datesbackto theoriginalwork of Plotkin on semanticsof programminglanguages(cf.

[19]). Formally, a transitionis of theform ½ ÑÐ��,½Ï² . It denotesacomputationstepof the
agentsystem½ where ½ ² is theresultingagentsystemandthelabel Ò eitherexpresses
thatthetransitionneedsto synchronisewith anothertransition,or statesthatthis is not
thecase(indicatedby thesymbol Ó ).

Transitionsareformally derivedby meansof transitionrulesof theform:

½ � Ñ¾ÔÐ��Õ½�²� ���Y�Ö½ � Ñ
×Ð��Õ½Ï²�
½ ÑÐ��¹½ ²

if 6_��:�v
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Sucha rule denotesthat the transitionbelow the line canbe derived if the transitions
above the line are derivable and additionally, the condition cond holds.Sometimes,
we will write transitionruleswith several transitionsbelow the line. They areusedto
abbreviatea collectionof ruleseachhaving oneof thesetransitionsasits conclusion.
A rule with no transitionsabove the line is calledanaxiom. A collectionof transition
rulesdefinesa transitionsystem.

4.4 The Transition Rules

In this section,we develop a transitionsystemfor the multi-agentprogramminglan-
guage,startingwith the atomic ations.We abstractfrom a particularbelief revision
strategy (cf. [9]); that is, theframework is parameterisedby anappropriatebelief revi-
sion operatorØ('e	� ¡	2�5��@!�¯¢® ¡	2�5��@������¸ ¡	2�5��@!� for which we for instanceassume
that 	�·(Ø�PR�e�¡P holds.Thetransitionfor anupdateof thebeliefstateis thenasfollows.

Definition 10 (Transitionfor beliefrevision)

n�N_
 ¿]À!Á]�/����	�PR� 
�·�rÚÙÐ��Ûn�N_
�Í�
�·«ØlP���r
Next, weconsidertheintegrationof new agents.Theaction Ä
-/����Å4Æp�/���!	��S
�%R
�·�²p� extends
thecurrentagentsystemwith anew agentj thatstartsto executethestatement% , where
its belief stateis givenby ·�² . The variable � will be usedby the integratingagentto
referto theintegratedagent.

Definition 11 (Transitionfor agentintegration)

n�N_
_Ä
-/����Å4Æp�/���!	��S
�%R
�· ² � 
�·�rÚÙÐ��Ûn�N_
�Í�
�·«Ø¯	��J),j���rB
Yn¾j�
�%f
�· ² r
wherej is a freshagentidentifierfrom u�v�9 :<; .
Next, we definethe transitionsfor the actionsof sendingandreceiving information,
which modelthelocal effectsof a synchronouscommunicationstep.We usetwo types
of labels:a labelof theform 	�N_
2j�
�Pf� , which denotesthat N tells to j theformula P and
a label of the form 	�N_
2j�
�Pf� 
�£ , which denotesthat N asksj the formula P , where £
denotesa possiblesubstitutionfor theinputvariablesin P .

Definition 12 (Transitionsfor sendingandasking)
Providedthat thereexistsa substitution¤ with ·Ü�®¤ that is ¥ -completefor P , anda
substitution£ thatis N -completefor P ¦ ¤ , wehave thefollowing transitions:

n�N_
����!���
	��5
�PR�B
�·�r
ÝÇÞ�ßpà�ß^álâ�ã�ä

Ð�� n�N_
�Í�
�·±r if ·å��P�`¨	��J),j��
n�N_
������!	��5
�PR�B
�·�r

ÝÇÞ�ß�à�ß2áLâÏã�ä^ß ´Ð�� n�N_
�Í�
�·­ØL£sr if ·å�(	���)©j��
n�N_
������!	�PR�B
�·�r

ÝÇÞ�ßpà�ß^áLâÏã�ä^ß ´Ð�� n�N_
�Í�
�·«ØL£sr
Thevaluesfor theoutputvariablesin theformula P comefrom theagentsbeliefstate·
andarecollectedin thesubstitution¤ . Theformula P ¦ ¤ thenconstitutestheformula
P in which all theseoutputvariablesaresubstitutedby thevaluesgivenby ¤ .
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In the transitionfor telling, thecondition ·Ü�¨P denotesthepropertyof sincerity:
any dispatchedformulais to bebelievedtrueby thesender. Notethat in thetransitions
for asking,theset £ of valuesfor theinputvariablesof P is guessed,thatis, it denotes
a possiblesetof values.Only in the transitionrule for synchronouscommunicationa
real set £ is established;that is, onethat is basedon the informationprovidedby the
sender. Note that this set £ is storedin the receiver’s belief statefor later use;i.e. to
providethesubstitutionsfor thevariablesthatareboundby theoperatori in subsequent
questionsandanswers.

Definition 13 (Transitionfor synchronouscommunication)

¼ � ÝÇÞ�ßpà�ß2á]ä
Ð<� ¼U²� ¼ � Ý�à�ß�Þ�ß2æ4ä^ß ´Ð�� ¼U²�
½�
�¼ � 
�¼ � ÙÐ��¹½�
�¼ ² � 
�¼ ²� if Pç�µ´~=

Communicationbetweenthe agents¼ �
and ¼ �

takesplaceif the information P pro-
videdby ¼ �

constitutesananswerfor thequestion= posed¼ �
modulothesubstitution

£ of the input variablesin = . (Of course,the agents¼ �
and ¼ �

are requiredto be
distinctandnot to occurin ½ .)

Theremainingtransitionsarequitestandard.

Definition 14 (Transitionfor sequentialcomposition)

n�N�
�I�
�·�r ÑÐ��Ûn�N_
�Í�
�· ² r
n�N_
�I��Y%f
�·±rèÑÐ��On�N_
�%f
�· ² r

Thetransitionfor thesequentialcompositionIµ�
% is givenby thetransitionfor theaction
I . Thestatement% constitutesthepartof thisstatementthatneedsto beexecutednext.

Definition 15 (Transitionfor non-deterministicchoiceandinternal parallelism)

n�N_
�% � 
�·�rèÑÐ��On�N_
�%V²� 
�·�²pr
n�N_
�% �RÊ % � 
�·�réÑÐ��On�N_
�%V²� 
�·�²pr
n�N_
�% �eÊ % � 
�·�r ÑÐ��On�N_
�%V²� 
�·�²pr

n�N_
�% � 
�·±rèÑÐ<�Ûn�N�
_%R²� 
�·�²�r
n�N_
_% �RÉ % � 
�·±rèÑÐ<�Ûn�N�
_%R²� É % � 
�·�²pr
n�N_
_% �eÉ % � 
�·±r ÑÐ<�Ûn�N�
_% �lÉ %R²� 
�·�²pr

Thetransitionsfor a non-deterministicchoicebetweentwo statementsaregivenby the
transitionsof exactly oneof them,while the transitionsfor a parallelcompositionare
givenby aninterleaving of thetransitionsof bothof thestatements.

Definition 16 (Transitionfor a procedurecall)
If ªå'FÐU% is a proceduredeclarationin » thenwehave thefollowing transitionrule:

n�N�
_%f
�·±réÑÐ<�Ûn�N�
_%R²�
�·�²�r
n�N_
�ªL
�·�rèÑÐ��On�N_
�% ² 
�· ² r

Thetransitionfor aprocedurecall ª is derivedfrom thetransitionof its body % .
Analogousto internalparallelism,externalparallelismis modeledby meansof an

interleaving semantics.Modelsfor trueconcurrency, whichareperhapsevenmorenat-
ural in thecontext of agentsystems,areamongthesubjectsof futureresearch.
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Definition 17 (Transitionsfor externalparallelism)
Providedthat ¼ �

and ¼ �
do notoccurin ½ we havethetransitions:

¼ � ÙÐ��¹¼U²�
½�
�¼ � ÙÐ��¹½�
�¼ ² �

¼ � ÙÐ��Õ¼g²� 
�¼ �
½�
�¼ � ÙÐ��Õ½�
�¼ ² � 
�¼ �

Thesecondrule allows for theintegrationof a new agent¼ �
in thesystem.

4.5 Example

Let usreturnto theagentsystemasdescribedin Example1. Supposetheconfiguration
of theagent 6�7*8�9�:F; is givenby ¼ � )ån�ê�
�% � 
�· � r , wheretheprogram% � is givenby:

% � )K������	�ya
�hY� Q DBEV	��5
�>����R��	�ë � Êíì � �
ë � )K�����!	�z�
�i ��TU9�7�	������R�Y��� �!	��S
�=l�ìe� )«��� �!	�z�
�i ��bRTg9 7�	������R�Y�����!	�ya
�h/k<i �a	 Q D EV	�k<
�>��µ`�bL	�k�)¬�������B�

��� �!	�z�
�i k�TU9�7^	�k]���a�Y�����!	�k<
�=l�
andthebelief state· �

equals	�y�)+î!�µ`°	�zs)­ï�� . In this program,theagenty is asked
for anexpert � on > . If subsequently, accordingto agentz , this expert � appearsto be
reliablethen � is asked the question= . However, if � turnsout to be unreliablethen
y is asked for anotherexpert k on > (which is unequalto � ). In casethe agent z can
subsequentlyconfirmthat k is reliablethen k is askedthequestion= .

Additionally, theconfigurationsof ?�9�@BA�9�@�C and ?�9�@BA�9�@BH equal¼ � )¶n2îð
�ªL
�· � r and
¼Uñ�)În�ï4
�ò�
�·¯ñYr , respectively, where · �

equals	��().ê/�5` Q D Ef	�ó<
�>��S` Q D Ef	�ô4
�>�� and
·gñ equals	��J)$ê��d`JbRTU9�7�	�ó]�S`�Tg9 7�	2ô!� , while ª and ò areproceduresdeclaredas:

ªå' ÐO	p���!���
	��5
 Q D EV	�óF
_>��f��ªÏ��� Ê 	��������
	��5
 Q D EV	�ô4
�>����f�YªÏ�
òå' ÐO	��������
	��5
�bRTg9 7�	�ó]���R�/òÏ� Ê 	p���!���
	��S
_TU9�7�	�ô����f�Yò��

Finally, we assumethat someconfigurations¼Ëõ and ¼Uö for the agents 9�DBEF9�@B;^C and
9�D EF9 @B;2H aregiven.As anexampleof the transitionsystem,we show thederivationof
thefirst transitionof thismulti-agentsystem¼ � 
�¼ � 
�¼Uñ�
�¼Ëõ�
�¼gö .
1. Thefollowing transitionis anaxiom,where P equalshY� Q DBEV	��5
�>��

n�ê�
���� �!	�y5
�PR�B
�· � r
Ý � ß � ß^á]ä^ß�÷�ø õÐ�� n�ê!
�Í�
�· � Ø¯	��J)Kó]��r

2. From1. andtherule for sequentialcomposition:

n�ê�
�% � 
�· � r
Ý � ß � ß^á�äGß�÷Vø õÐ�� n�ê�
�ë � Ê©ì � 
�· � Øg	��J)Kó���r

3. Thefollowing is anaxiom:

n�î4
��������*	��S
 Q DBEe	�óF
�>����B
�· � r
Ý � ß � ß�ù]ú�û!Ý õ ß2üGä�äÐ�� n�î4
�Í�
�· � r

4. Via 3. andtherule for sequentialcomposition:

n�î4
��������*	��S
 Q DBEe	�óF
�>����a�YªL
�· � r
Ý � ß � ß�ù]ú�û�Ý õ ß2ü�ä�äÐ�� n2îð
�ªL
�· � r

5. Via 4. andtherule for non-deterministicchoice:

n�î4
Y	p���!���
	��5
 Q D EV	�óF
_>����µ�BªÏ� Ê 	p�������
	��S
 Q D ER	2ôð
�>����µ�_ªÏ�B
�· � r
Ý � ß � ß�ù]ú�û!Ý õ ß2üGä�äÐ�� n�î4
�ªL
�· � r
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6. From5. andtherule for procedurecalls:

n�î4
�ªL
�· � r
Ý � ß � ß�ù]ú�û!Ý õ ß2ü�ä�äÐ�� n2îð
�ªL
�· � r

7. Therule for communicationappliedto 2. and6. yields:
n�ê�
�% � 
�· � rB
�¼ � 
�¼ ñ 
�¼ õ 
�¼ öýÙÐ��On�ê!
�ë � Ê©ì � 
�· � Ø¯	��J)þó���rB
�¼ � 
�¼ ñ 
�¼ õ 
�¼ ö
as 	��J)¬ó]� is a minimalunifier for 	 Q DBEV	�ó<
�>��B
_hY� Q D EV	��S
_>���� .

5 Conclusionsand Future Work

In thispaper, wehaveoutlinedanabstractprogramminglanguagefor openmulti-agent
systemsthat concentrateson the exchangeof informationandthe integrationof new
agents.Thelanguageis givena clearoperationalmodelin termsof a transitionsystem
thatis usedfor theformal derivationof thecomputationstepsof a multi-agentsystem.
Moreover, theconfigurationsof thetransitionsystemcanbevieweduponasanabstract
modelof a machine,while thetransitionsspecifythesubsequentactionsthis machine
canperform.In this way, themachinewould actasaninterpreterfor thelanguage.

In subsequentresearch,we aim to mould the given operationalsemanticsfor the
languageto onethat is compositional. This property, which meansthat the semantics
of a composedstatementor agentsystemcan be derived from the semanticsof its
components,constitutesthenext steptowardstopdown designfacilitiesfor openmulti-
agentsystemsaswell asto thedevelopmentof specificationandverificationtechniques.

Secondly, we aim to refinethe framework to onein which eachagenthasits own
individualsignature.Thiswill giveriseto anaturalhierarchyamongtheagentsin terms
of theirsignature,whichconstitutesastarting-pointfor theintroductionof suchobject-
orientedfeaturesassub-typingandinheritance(cf. [4]).
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