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Abstract

On the onehand,recentstudieson the history of humansocietiessuggestthat the
roleof theenvironmenthasto betakenexplicitly into accountin orderto understand
evolutionof individualsandgroupsin any non-trivial setting.Ontheotherhand,the
notionof context is well-known andrelevantto severalresearchareassuchasnatural
language,philosophy, logic, andartificial intelligence. In theseareas,contexts are
typically usedto model the effect of the environment(in its most generalsense,
includingthespatialandtemporalinterpretationof theterm)on thecommunication
occurringamongstactiveentities,suchashumansor artificial agents.

Generalisingupontherecentlyintroducednotionof context-dependentcoordina-
tion, in this seminalpaperwe proposethenotionof agentcoordinationcontext asa
meansto modelandshapethespaceof agentinteractionandcommunication.From
a theoreticalperspective, agentcoordinationcontexts canserve the purposesof (i)
enablingagentsto modeltheenvironmentwherethey interactandcommunicate(the
subjectiveviewpoint), and(ii) providing a framework to expresshow the environ-
mentaffects interpretationof agentcommunicationacts(the objectiveviewpoint).
Fromanengineeringperspective,thenotionof agentcoordinationcontext enablesin
principleagentsto perceive thespacewherethey actandinteract,reasonaboutthe
effect of their actionsandcommunications,andpossiblyaffect their environmentto
achieve their goals. Also, agentcoordinationcontexts allow engineersto encapsu-
laterulesfor governingapplicationsbuilt asagentsystems,mediatetheinteractions
amongstagentsandtheenvironment,andpossiblyaffect themsoasto changeglobal
applicationbehaviour incrementallyanddynamically.
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12.1 EVOLUTION OF SOCIAL SYSTEMS

12.1.1 A Look Back to Human Societies

Thecomplexity of artificial systemsis growingdayby day, andtheirdynamicsin the
eraof theInternetandUbiquitousComputing[36] is slowly but steadilyapproaching
the dynamicsof biological andsocial systems. So, the first (obvious, but maybe
the mostrelevant)questionto be answeredis: Wherearewe headingto? To have
somecluesaboutwherethis rapid (r)evolution will take us ascomputerscientists
andengineersof complex systems,it might beworthwhileto takea look backto the
evolutionof humansocieties.As amatterof fact,recenttheoriesinterpretbiological
systemsasinformation-basedsystemsevolving in complexity througha handfulof
fundamentaltransitions[18]. On the other hand,artificial, human-built systems
areroughly taking a similar path,growing in complexity throughquantumleaps–
UbiquitousComputingpossiblybeingoneof them.It is theneasyto think thatsome
portionsof thehistorymightrepeat:thatsomeof thestrikingforcesdrivingbiological
andsocialevolutionmighttakenew formsanddrivetheevolutionof artificial systems
aswell; that someof the resultsof biological andsocialevolution might find their
counterpartsin theentitiesandstructuresof forthcominghuman-built systems.

Latestresultsfrom both biological [18] andhistoricalsciences[14] tell us that,
aftermillions yearsof biologicalevolution,culturalandsocialevolutionhasbecome
predominant– wheresocialevolutionbasicallymeansorganisationalchangesin the
socialstructure.Also, theroleof theenvironmentis reckonedasadynamicandactive
forcethatdrivestheevolutionof humansocieties,andalsoaffectstheability of both
individualsandsocialstructuresto survive,grow, andpossiblyovercometheothers.
Accordingto [14], theenvironmentwhereindividualsandsocietieslive determines
whichkindsof individualssurviveandwhichkindsof societies/ organisationsprevail,
typically by making resourcesmore or lessavailable,or by imposingconstraints,
limitations, and (vital) needs. While in the short / mediumterm, a more or less
successfulinteractionof individualsandsocietieswith theenvironmentdetermines
their successor failure,in thelong termtheenvironmentis to beseenasoneof the
mainfactors(if not themainone)determiningthesuccessfulevolutionof individual
andsocietiesin theglobalsetting.

On the otherhand,the environmentmay evolve over time, and its evolution is
partially underhuman’s control. Dependingon their understandingof the environ-
mentandof its dynamics,individualsandsocietiesmight planandactsoasto drive
environmentchangesover time, andpossiblysurvive andgrow accordingto their
ability in modelingandbuilding / modifying their own environment.

So, while physical laws and phenomena(as environmentemerging dynamics)
areout of thehumanreach,theability to modeltheenvironmentandits dynamics,
alongwith somegoal-orientedactivity andplanningcapability, enableshumansand
societiesto inducesomecontrolledchangemakingthe environmentfit more their
needsanddesires,thuspartiallydriving theenvironmentevolution.

So,somepreliminaryquestionsalreadycall for ananswer:Whoplaysindividuals
and societiesin the artificial systemsdesignedand built by humans– today and
tomorrow? Whatisenvironment,in theeraof theInternetandUbiquitousComputing?
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12.1.2 A Look Forwar d to Agent Societies

To facetheever-growing complexity of artificial systems,increasinglypowerful ab-
stractionshavebeenintroducedin computerscience(andrelatedareas),which have
graduallytakenthesoftwareengineering(SE)field, andbecomebestpracticein the
years: structuredprogramminglanguages,modules,objects,components.Today,
researchon multiagentsystems(MAS) is emerging asa fertile groundfor powerful
andexpressiveabstractionsandtools,makingit possibleto facethenew challenges
in termsof systemcomplexity. Agentsareautonomous,goal-oriented,pro-activeen-
tities,organizedin societies,andsituatedwithin anenvironment:notionslikeagent,
role, organization, society, environmentarethebasicbricksof whatis calledAgent-
OrientedSoftwareEngineering(AOSE)[9, 38]. EventhoughMAS mightseemnow
farfrom becomingSEmainstream,agenttechnologyis alreadysomehow ubiquitous,
andthecontinuousprogressin agentresearchandsystemsseemsto encourageusto
think thatMAS arethenext stepin theevolutionof artificial systems.

Thereseemsto benoapparentneedto advocateany anthropomorphicprincipleto
reasonaboutagentsandtheirrole in thefutureof artificialsystems.Analogyisenough
to drive comparisonsandpossiblyhelp us foreseeingthe evolution of MAS. More
thantenthousandsyearshaveseenhumansasindividualsautonomouslyactingin an
unpredictableandpossiblyhostileenvironment,trying to achievetheirown goalsby
interactingwith otherindividuals–cooperating,competing,coordinating–according
to complex interdependency patterns.Humanshave evolvedassituated,speaking,
specialisable,andcontext-awareentities,co-existingandinteractingwithin societies,
deeplyimmersedwithin their environment,which they represent,learn from, and
try to affect / changefor their own purposes.Also, accordingto [14], (successful)
societiesbuilt by humansareopento change,featuresomeform of “social learning”,
andreacttoenvironmentpressureandchanges.Theirorganizationfitsaprecisescale,
anddoesnot scaleup: e.g.,it canbeobservedthatpeer-to-peerorganisationsscale
up to a maximumof 80-100members,thenfail. So, socialorganizationis forced
to dynamicallyevolveover time, to facethechallengesposedby its own growth, by
othercompetinghumangroups,andby theenvironmentaswell.

In agentarena,theaboveconsiderationsstill basicallyapply: theabovesentences
roughlyholdsfor humansaswell asfor agents,andfor humansocietiesaswell as
for MAS. Analogyis not sostrong,instead,whenwetake into accountthenotionof
environment. In fact, it is still true thatonly a limited partof theenvironmentfalls
within thereachof thecontrolof individuals(agents/humans)andsocieties,andthat
in orderto partiallycontroltheenvironmentevolutionover time theability to model
theenvironmentandits dynamicsis required,alongwith somegoal-orientedactivity
andplanningcapabilities.Also, in agentsystems,too, thereexist non-controllable
forces(e.g.,themarket,determiningthesurvival of a MAS application)andmaybe
hostile,evil entities(e.g.,virus,ill-dri venorganisations),thatmakeagentenvironment
apartiallyunpredictablefactorin its veryessence.Ontheotherhand,however, weas
humansareby definitionthedesignersandbuildersof artificial systems– agentones,
in particular. So,themaindifferenceto bepointedouthereis ourroleashumanswith
respecttohumanandagentsocieties.Whilehumanbeingsplaytheroleof individuals
within humansocieties,with limited controlontheirenvironment,humansmightact
asgodswith respectto agentsocieties.There,partof theenvironmentis still out of
theindividual (agent)control,but is mostlydefinedandbuilt accordingto computer
scientists’andengineers’intentionsandspecifications:whatis out of thecontrolof
theagentcouldbewithin thereachof thehuman.
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The needfor suitably powerful abstractionsfor modelingand engineeringthe
agentenvironmentasa first-classentity is thenclear. Whatmight not besoclearis
thatrepresentingtheenvironmentandits dynamicsin agentsystems(andin artificial
systemsin general)is a twofold problem,dependingon which viewpoint we take:
eithertheagent,or thehumanone.So,thefollowing fundamentalquestionsat least
requireananswer:Which abstractionsarethemostexpressive andmanageablefor
computerscientistsandengineersto model,build, andcontrol the environmentfor
agentsystems?And, which abstractionsarethebestsuitedfor agents(in particular
intelligent ones)to enablethem to perceive, understand,andpossiblyaffect their
environmentaccordingto theirneeds,desiresandgoals?

12.2 CONTEXTS EVERYWHERE

Literally speaking,acontext iswhatcomesalong(bothin aspatialandtemporalsense)
with a “text”, that is, a collectionof signsor symbols,andpossiblyconveys further
elementsto interpretandgivemeaningto thetext itself. In general,thenotionof con-
text is relevantandusedwithin severalresearchareassuchaslanguage,philosophy,
logic, andartificial intelligence. In thefield of naturallanguage,context-dependent
interpretation is a notion of outmostimportance,encompassingthe dependency of
interpretationonboththelinguisticandthenon-linguisticenvironmentwherewords
andsentencesoccur. In thesamefield, computationalmodelsof context have been
developed,for instancefor naturallanguagegeneration.Furthermore,several dif-
ferentnotionof context havebeendefinedover time in logic, computerscience,and
artificial intelligence.Thecollection[3] reportsoncontextualdeonticlogic, contex-
tual learning,contextual interpretationof objectsin a semanticnetwork, andmany
otherexamples.

In theareaof computerscience,contextshave oftenbestudiedasa meansto en-
capsulateknowledge(whetherfactualor procedural)or beliefs,andto combinethem
incrementallyanddynamicallytomodelmany differentnotionsrelatedtoknowledge,
beliefs,andcommunication.For instance,in theprogramminglanguagefield, con-
textual logic programminghavepromotedthenotionof context to afirst-classentity,
asthe dynamicallyevolving setof the axiomsdeterminingthe truth valueof logic
formulae[12].

Most recently, the issueof context-aware computinghasbecomemainstreamin
the human-computerinteraction(HCI) area,whereit hasbeenrecognizedthat (i)
thereis aneedfor models,methodsandtoolsto capturethesettingwhereinteraction
betweenhumansandcomputersoccurs,(ii) thenotionof context is themostobvious
candidatetoprovidetherequiredconceptualfoundation,but (iii) thenotionof context
is still ill-defined[13] – or, at least,noconsensuscanbereachedaboutwhatacontext
preciselyis [37].

In general,contextsaretypically usedto modeltheeffectof theenvironment– in
its mostgeneralacceptation,includingthespatialandtemporalinterpretationsof the
term– ontheinteractionandcommunicationoccurringamongstactive(andtypically
intelligent) entities,suchas humansor artificial agents. Also, contexts typically
accountfor situatednessof the interactionandcommunication,comingto saythat
interactionand communicationcannotbe understoodoutsideof the environment
wherethey occur– out of their context, in otherwords. So, in spiteof the many
differentacceptationof thetermwithin themany heterogeneousresearchareaswhere
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it is commonlyused,thenotionof context is themostsuitablecandidateto beused
asthefirst-classabstractionfor modelingandengineeringtheenvironmentin agent
systems.

12.3 OBJECTS VS. AGENTS: THE ISSUE OF CONTROL

Sincethenotionof context occursin somany differentareas,andin computerscience
aswell, onemayarguethatin afield likeobject-orientedlanguagesandsystems,for
instance,theneedfor explicitly modelingtheenvironmentseeminglydid notemerge
so far, at leastnot so clearly. So,what are“object societies”,andwhy arethey so
differentfromagentsocieties,thatanotionof “objectcontext” hasnotbeendeveloped,
yet?

Among themany possibleanswers,themostconvincing onerelatesto the issue
of control. In object-oriented(OO) systems,control flows alongwith data: asthe
reificationof messagepassing,methodinvocationcouplescontrolanddata,providing
a single way to drive control along an OO system. Roughly speaking,designis
control-oriented in OO systems,wherecontrol is outsideobjects,andthe (human)
designerworks asa sort of “central control authority” – the control god, in other
words.

If this simplifiessystemdesignat thesmallscale,it neverthelessmakesdesigna
non-trivial effort at thelargescale,requiringengineeringdisciplineto beeffectively
managed.The notion of object interfaceprovidesthe form of disciplinerequired,
by constraininginter-object interaction,in termsof both control anddatapassing.
Thoughtheinterface,control is passedto anobjectin a controlledway, andcrosses
objectboundariesfrom outsidein – whena methodof the interfaceis invoked –,
thenfrom insideout – whenthe invoked methodreturnscontrol to the caller. By
describingthe observablebehaviour of objects,interfacesgive disciplineto object
interactionandaltogetherprovide the designerwith a completedescriptionof the
interactionenvironmentat designtime. So, “social interaction”amongobjectsis
thenlimited anddisciplinedby interfaces,andgovernedby thehumandesigner. In
somesense,theenvironmentsurroundinganobjectin anapplicationconsistsof all
theotherapplicationobjects,asdescribedby their interfaces– thecollectionof the
objectinterfacescouldrepresentthecontext wheretheobjectlivesandinteracts.Asa
result,roughlyspeaking,while interfacesareenoughfor humandesignersto govern
OO systems,objectsarenot powerful enoughto requirethedevelopmentof explicit
notionsfor objectsocietyandenvironment.

Instead,agentsystemsarenotcontrol-oriented,but goal-oriented. Agentsystems
havenocentralcontrolauthority (nocontrol god),insteadeachagentisanindependent
locusof control: controlis insideagents,andtheagentgoaldrivesthecontrol– each
agentworks as its own control god. So, sincedatado not necessarilyflow with
control, control anddataareuncoupledin agentsystems.As any non-trivial form
of decoupling,this makessystemengineeringsimpler. In fact, thehumandesigner
is to someextentfreeof theburdenof explicitly managingcontrolin agentsystems,
andcanin principlefocuson designingagentsystemasinformation-orientedat the
highestlevel of abstraction.

However,giventhatAOSEpromotesagentsasusefulabstractionsfor modelingand
engineeringlargecomplex systems[28, 27], theneedfor a disciplinedenvironment
for agentsystemsemergesclearly in the sameway as in the caseof OO systems.
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This is evenmoretrue for applicationsin theUbiquitousComputingscenario[36].
There,in fact,thehugenumber, diversity, anddynamicsof theenvironmentswhere
agentswouldbecalledto (inter)actcouldgiveraisethesamesortof complexity that
alreadyemergedin theroboticsresearch– liketheframeproblem, or thequalification
problem. That is, roughlyspeaking:Which actionsis theagentactuallyallowedto
performat any placeandtime? Which effect on the surroundingenvironmentwill
agentactionsreallyhave?Whichknowledgeabouttheenvironmentis relevantfor an
agenttoeffectivelyplanandact?How andtowhatextentcananagentbeensuredthat
its knowledgeabouttheenvironmentis at any timeconsistentwith its actualstate?

Asaresult,whenwetry todeviseoutanagentnotionthatcould roughly correspond
to objectinterface,we areled backto someagent-relatednotion of context, which
could work asa limited yet effective representationof the agentenvironment,and
alsoallow agentinteractionto beproperlydisciplined.Also, therequiredengineer-
ing disciplineessentiallyconcernsagentinteraction– within societies,andwith the
environment.So,sinceby definitioncoordinationis managing[17] andconstraining
[35] interaction,it seemsalmostclearthatthenotionof context we needin complex
agentsystemsis essentiallythatof anagentcoordinationcontext.

Even though it would play a role correspondingto object interfacesin object
systemsin somesense(that is, accordingto the line of reasoningdevelopedin this
section),anagentcoordinationcontext isobviouslynotan“agentinterface”–noway.
In its mostgeneralacceptation,anagentcannotbeinvoked: controlis within agents,
anddoesnot crossthe agentboundaries.An agentcould indeedbe designedasa
serviceprovider, but it is autonomousby definition: in principle, it would provide
servicesonitsowndeliberation,andcouldthenatany timerefusetodoso–differently
thanobjects,“agentscansayno” [21].

However, objectsystemsof todaycouldtell usmoreaboutwhatanagentcoordi-
nationcontext couldbe– moreprecisely, component-basedsystemscould. In fact,
component-basedsystemstypically comealongwith anotionof infrastructure, pro-
vidingservicestoapplicationobjects,liketransparentaccessto distributedresources,
directoryservices,nameservices.Theseinfrastructures(like CORBA [22], DCOM
[33], Jini [34]) embodysomeimplicit definitionof theenvironmentfor components
andapplications,by defininghow componentscouldentera new environment,how
could they identify themselves and the other participants,how could they locate,
accessor makeavailableresources,andsoon. Notionslike interfacedescriptionlan-
guageandinspectableinterfacesuggestusthatanagentcoordinationcontext should
beconceivednotonlyasatool for humandesigners,butalsoasarun-timeabstraction
providedasaserviceto agentsby a suitableinfrastructure.

Finally, the ever-growing capabilitiesof the abstractionsin artificial systemsis
changingtherolesthey play. Expertsystemsareusedin thediagnosisof errorsand
critical situations,objectsareusedto automaticallybalanceloadsin parallelsystems,
agentsareusedfor network management,just to quotesome.So,while we take as
grantedthe meta-level rolesthat humansplay in un artificial system(asdesigners,
developers,deployers, maintainers,actors,final users),we often do not take into
accountaswell thatsomeof theseroles– andperhapsin somefutureall of them–
couldbeplayedby thecomponentsof anartificial system.This is for instanceone
of theconcernsof theSemanticWebproject[2], which basicallyconsiderssoftware
agentsasalternative(to humans)usersof Webpages.As aconsequence,featuresof
abstractionsandtoolsfor theengineeringof artificial systemsrequiremoreandmore
to beaccessibleto bothhumansandartificial systemcomponents:so,for instance,if
we requirethatanagentcoordinationcontext be inspectable,this shouldmeanthat
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canbe inspectedby a human(say, thesystemmanager)andby an intelligentagent
aswell.

12.4 AGENT COORDINATION CONTEXT

Generalizingupontherecentlyintroducednotionof context-dependentcoordination
[6], thispapersuggeststhenotionof agentcoordinationcontext asameansto model
andshapeenvironmentin agentsystems.As discussedin theprevioussection,this
notion is expectedto play in somesensethe samerole within agentsystemsas
the notion of object interfacein objectsystems:that is, providing a disciplinefor
interaction,andsomepatternfor managingcontrol. Since,roughlyspeaking,control
is outsideobjects,but insideagents,anagentcoordinationcontext is indeedmeantto
provideasortof “boundarydescription”asanobjectinterfacedoes– but from inside
out (an agent),ratherthan from outsidein (an object). As an interface,however,
a coordinationcontext providesdecouplingbetweenagentsandtheir environment,
sothat theagentcanin principlebedesignedanddevelopedindependentlyof other
agents,resources,andservicespopulatingtheMAS environment.

Moreprecisely, a coordinationcontext should
÷ work asa model for the agentenvironment,by describingthe environment

whereanagentcaninteract,and
÷ enableandrule the interactionsbetweenthe agentand the environment,by

definingthespaceof theadmissibleagentinteractions

Asatool tomodeltheenvironment,anagentcoordinationcontext canserveatwofold
purpose,accordingto theviewpoint we take. Fromtheagentviewpoint (moregen-
erally called the subjectiveviewpoint [32]), an agentcoordinationcontext should
provide agentswith a suitablerepresentationof the environmentwherethey live,
interact,andcommunicate.Sucha representationshouldobviously includesome
notionof locality, in bothspaceandtime – sincea globalandsynchronousenviron-
mentis not realisticin todayapplicationscenarios–, implicitly definingthe where
andwhenof agentinteractions.Obviously, acoordinationcontext shouldcontainall
theinformationabouttheentities(agents,services,resources)anagentcouldinteract
with, alongwith a descriptionof theadmissibleway of interaction.This obviously
assumesthatacontext representationlanguageisdefinedandused:it couldbeafirst-
orderlogic language,anXML-basedones,or whatever– until it is expressiveenough
to fully describeanagentenvironmentandall theadmissibleagentinteractions.

From the humandesignerviewpoint (moregenerallycalledthe objectiveview-
point [32]), anagentcoordinationcontext shouldprovideaframework to expressthe
interactionwithin a MAS asa whole. More precisely, coordinationcontexts define
the spaceof MAS interaction,that is, the admissibleinteractionsoccurringamong
theagentsof a MAS, andbetweentheagentsof a MAS andtheMAS environment.
In particular, asfarasinter-agentcommunicationis concerned,coordinationcontexts
modelhow theenvironmentaffectsinterpretationof agentcommunicationacts.

As a tool to enableand rule agentinteractionwith the environment,an agent
coordinationcontext canagainserveatwofold purpose.Fromtheagentviewpoint,the
coordinationcontext enablesin principleagentsto perceivethespacewherethey act
andinteract,reasonabouttheeffectof their actionsandcommunications,andpossibly
affect the environment to accomplishtheir own goals. From the viewpoint of a
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humanengineer, coordinationcontextswouldallow engineerstoencapsulaterulesfor
governingapplicationsbuilt asagentsystems,mediatetheinteractionsamongstagents
and the environment,andpossiblyaffect themso as to changeglobal application
behaviour incrementallyanddynamically. Coordinationcontexts allow thena form
of prescriptivecoordination to be enforced,constrainingfrom the designstageto
the run time thespaceof agentinteraction. By the way, it shouldbe observedthat
only the capability to ensurethat harmful behaviors could be prevented,and that
only someadmissiblecoursesof action could be taken by agents,would make a
hostinfrastructureprovideopenspaceswhereagentscanactaccordingto their own
deliberationandwill, freeto accomplishtheir own goals,without constrainingtheir
model or behavior a priori . From this viewpoint, then, prescriptive coordination
seemsto bea sortpre-conditionto agentautonomy, ratherthananobstacleto it.

As observedin theprevioussection,thisalsocallsfor asuitablerun-timesupport,
embodyingcoordinationcontextsasrun-timeabstractionsprovidedby theagentin-
frastructure.Evenmore,by their very nature,agentcoordinationcontexts couldbe
usedto mediatebetweenthe needsof a MAS applicationandits host,by actually
modelingagentinfrastructures(their structureandorganization,the resourcesand
servicesthey make available to agents)in termsof coordinationcontexts. When
suitablysupportedasrun-timeabstractions,coordinationcontextsshouldbedynami-
callyconfigurableandinspectablebybothagentsandhumans.Configurabilitywould
allow a MAS to evolve at run time, by suitablyadaptingits behavior to changes–
expectedlya major requirementin complex andhighly dynamicscenariossuchas
the UbiquitousComputingone[36]. Inspectabilitywould allow both humansand
intelligentagentsto reasonaboutthecurrentlawsof coordinationasrepresentedand
embodiedwithin coordinationcontexts,andto possiblychangethemby properlyre-
configurecoordinationcontexts accordingto new applicationneeds.Finally, since
coordinationmodelshavebeenrecognizedasa basisto enforcesocialrules[8], and
thatcontextsareeasilyinterpretedassocialconstructs[1], coordinationcontextshave
thepotentialto beexploitedfor theengineeringof socialorderwithin agentsocieties
[7].

12.5 EXAMPLES

Giventheseminalnatureof this notes,it is obviousthat thenotionof agentcoordi-
nationcontext haslots of elementsanddetailsto bedefinedandmademoreprecise
beforeit becomesactually implementableandusable. As a result,casesof agent
coordinationcontextscanbegivenonly in termsof eitheraconceptualexample,or a
modelof coordinationwhereaspectsof acoordinationcontext canbesuitablydevised
out at theproperlevel of abstraction.

12.5.1 The Contr ol Room Metaphor

Thecontrol roommetaphor,asdefinedin thefollowing,provideaconceptualexample
of an agentcoordinationcontext. Accordingto this metaphor, an agententeringa
new environmentis assignedits own control room,which is theonly way in which
it canperceive the environment,aswell as the only way in which it can interact.
There,admissibleagentinputsarerepresentedaslights(for time-discreteinputs)and
screens(for time-continuousinputs),whileadmissibleagentoutputarerepresentedas

194



buttons(for time-discreteoutputs)andcameras(for time-continuousoutputs).Thus,
for instance,bi-directionalcontinuouscommunicationwith anotheragentcouldbe
carriedon througha dedicatedpairscreen-camera.

How many input and output “devices” are available to an agent,of what sort,
andfor how muchtime – this is what definesthe control room configuration, that
is, thespecificagentcoordinationcontext. Sucha configuration,representinga sort
of environmentinterfacefor the agent,is at any time prescriptive, in that it fully
describesall theadmissibleinteractionsfor anagent:however, it might changeover
time whenever needed.In fact, the initial control room configurationis subjectto
preliminarynegotiationbetweenthe agentandthehostingnode. Then,it couldbe
dynamicallymodifiedaccordingto changesin the needsof either the agentor the
hostingnodeproviding the coordinationcontext. For instance,dueto suddenlack
in resources,a control room could be reducedby the hostinginfrastructureto the
emptycontext (no interactionallowed,in otherwords),implicitly forcing theagent
to moveelsewherein orderto beableto performsomemeaningfulaction.Also, one
maythink to associatea cost(pertime, peruse)to every devicesmadeavailableby
a configuration,sothatnegotiationsfor theinitial controlroomconfiguration,or for
a subsequentchangein the configuration,would alsotake the economicissueinto
account.

12.5.2 Coor dination Conte xts in the TuCSoN Coor dination Model

A coordinationmodelasdefinedin [31] providesa framework anda technologyto
shapeandgovern the spaceof agentinteraction. A meaningfulexampleof a co-
ordinationmodel and technologyis TuCSoN [29]: there,the coordinationspace
is definedasa collectionof local interactionspaces,andagentinteractionis medi-
atedthroughprogrammabletuple spacescalled tuple centers [25]. EachTuCSoN
hostingnodeis equippedwith aninfrastructureproviding agentswith a setof tuple
centersasrun-timecoordinationabstractionsto beusedto interactwith otheragents
andwith the local environmentaswell. Tuple centersareLinda-like tuple spaces
[16] enhancedwith the notion of behavior specification,expressedin termsof the
first-orderlogic specificationlanguageReSpecT [24]. Eachtuplecenteris indepen-
dentlyprogrammedthroughits own ReSpecT specification,definingits behavior in
responseto communicationevents.As a result,a tuplecenterencapsulatesthelaws
of coordinationin termsof aReSpecT specification,whicharebothinspectableand
dynamicallyconfigurable.

In termsof a coordinationcontext, TuCSoN provideseachagentwith a view of
thespaceof interactionthatincludesa collectionof coordinationmedia,namelythe
tuple centers– but is not necessarilylimited to that. On the onehand,in fact, the
TuCSoN infrastructureis not prescriptive at all: any interactionpatternotherthan
thetuplecenter-mediatedoneis in principleavailableto agents.So,for instance,two
agentscouldchooseto interactdirectly andbypasstuple centermediation. On the
otherhand,sincetuplecentersareprovidedascoordinationservicesby theTuCSoN
infrastructure,thedeliberatechoiceof theagentsto exploit themis enoughto bound
andconstraintheir interaction:until agentsinteractthroughtuplecenters,they will
follow thecoordinationlawsthattuplecentersembody. Also,thecoordinationcontext
providedby TuCSoN is in generalinspectableanddynamicallyconfigurablebyboth
humansand(intelligent)agents:humanscanaccessandmodify tuplecentersthrough
inspectors,madeavailableby theinfrastructureasdevelopmentanddeploymenttools,
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whereasagentsareprovidedwith asetof specialmeta-levelprimitivesto inspectand
changetuplecenterbehavior specifications.Sincetuplecentersencapsulateboththe
stateof thecommunicationandthelaws of coordinationasfirst-orderlogic clauses,
they canbe in principle exploited by both humansandagentsto monitor a MAS
evolution over time,andto possiblychangeMAS behavior dynamicallyby suitably
affectingtheirReSpecT behaviour specification.

12.6 RELATED APPROACHES & OPEN ISSUES

The notion of context-dependentcoordination was first introducedin [6]. There,
as in TuCSoN [29], a multiplicity of different programmabletuple spaces(tuple
centers[25]) areusedto providemobileagentswith differentcoordinationcontexts,
independentlyprogrammable,and configurableby agentsaccordingto their own
applicationneeds.Heretoo, however, prescriptivenessof coordinationis boundto
eitherthechoiceof agentsto interactthroughtuplecentersonly, or theability of the
infrastructureto super-imposetuplecenter-mediatedinteractionto agents– however,
this issueis notexplicitly discussedin thepaper.

A betterdefinednotion of coordinationcontext is insteadintroducedby law-
governedinteraction [19]. There,a set of policy-independenttrustedcontrollers
enforcescoordinationlaws asaccesspoliciesto tuplespaceslocally to agents.Co-
ordinationlaws arethenembodiedlocally to controllers,which basicallywork asa
sortof coordinationcontexts.

Even thoughthey do not discussexplicitly a notion of context, agent-oriented
methodologiesaremoreandmorestressingtherole of theenvironmentin theengi-
neeringof complex systems.MethodologieslikeGaia[39] andSODA [23] emphasize
the ideathatbothagentsocietiesandenvironmenthave to be handledasfirst-class
entities.In particular, SODA is explicitly meantto exploit coordinationmodelsand
technologiesfor the engineeringof the MAS aspectsrelatedto agentsocietiesand
environment.

Given the seminalnatureof thesenotes,several issuesremainopento further
research.Thefirst concernstheproblemof situatednessandexplicit representationof
context [40]. While thenotionof context representationlanguagenaturallysuggests
a symbolic approachto environmentrepresentation,it is not yet clear how much
thevery notionof situatednesswould copewell with symbolicrepresentationof the
environment[4]. Also, it is notclearwhethercommunicationshouldbehandledand
representedasa specialkind of action,or asanindependentmodalityof interaction
[15].

The notion of prescriptive coordinationdiscussedin previous sectionsraisethe
issueof security, in particularin the context of opensystems.Given that the main
goal of securityis, roughly speaking,to manageagent/environmentinteractionsso
asto preventpossiblyharmful behaviors, securitycanin principle be intepretedas
a coordinationissue[10, 5]. So, how canan agentcoordinationcontext represent
andembodythelevel of securityrequiredby todaysystems?And to whatextentcan
securitypoliciesbe definedandenforced,without harmingthe fundamentalnotion
of agentautonomy?Somework in thisdirectionalreadybegan,eventhoughit is still
quitepreliminary[11].

Lastbut not least,coordinationcontextscouldprovidesystemswith aneconomy-
orientedview of theenvironment.Informationhasacost,interactionandcommuni-
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cationhaveacost,too: accessto resourcesandservices,aswell asto communication
media,is notto betakenasfreeto agentsandapplicationsin general.Also,coordina-
tion addsavalueperse,which shouldbeproperlyaccountedfor. So,a coordination
context could in principle be usedalso to provide agentswith an economymodel
of the environment,even thoughit is not clearhow costsshouldbe representedin
general.For instance,anagententeringanew environmentcouldinitially contractto
buy acheapand“weak” coordinationcontext (with only limited accessto resources),
andonly aftera preliminaryexplorationphasedeliberatewhetherto leave theplace
(having found it not interestingat all) or to staythere,possiblyextendingits local
interactioncapabilitiesby negotiating(andpayingfor) amorepowerful coordination
context.

12.7 CONCLUSIONS

Thestudyof theevolutionof humansocietiestellsusthatwecannotevenunderstand
the evolution of individualsandgroupsin any non-trivial settingwithout explicitly
takingtheenvironment intoaccount. Thenotionof context isalready extensivelyused
in severalresearchfieldsto modeltheeffectof theenvironmentuponindividualsand
organizations.Also, a notioncorrespondingto objectinterfaceis requiredin agent
systemstodisciplineandengineerthespaceof agentinteraction–bothagent-to-agent
andagent-to-environmentinteractions.Then,thenotionof agentcoordinationcontext
wasintroducedhereasbotharepresentationtool andarun-timeabstractionmeantto
handleagentenvironmentasa first-classentity in themodelingandengineeringof
complex agentsystems.

It is anyhow clearthatany feasibleandmanageablenotionof agentcoordination
context requiresontologies,abstractions,andlanguagesto representagentinteraction
within an environment,aswell asrun-timetechnologies,tools, andmethodologies
to handletheenvironmentasa first-classentity in themodelingandengineeringof
agentsystems.Most of theseissuesarelikely to beaddressedin theresearchwork
thatwill follow theseseminalnotes.
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