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ABSTRACT
We proposean architecturefor large scale,multi-user, distributed
multimediabasedon cooperatingagentscommunicatingby means
of an observable communication channel. In addition to the tra-
ditional protocolsbasedon point-to-pointcommunication, coordi-
nationandcooperationshould be supportedvia social awareness
and overhearing. Overhearingalso allows the collection of con-
textual informationwithout interferingwith alreadydeployedsys-
tems.Ourdomainof applicationis interactivemuseums, whichare
typical examples of so-called“active environments” or “ambient
intelligence”.Purposeof this paperis to presentthecoreconcepts,
andoutlinethefuturelinesof research.

1. INTRODUCTION
Supportinga visit to an museummay consistof many different
things: for instance,driving a visitor throughtheexhibits; explain-
ing them; illustrating their history and the biography of their au-
thors;answeringto the visitor's questions; highlighting important
architecturalpoints in the building. In traditional settings,these
supportive actionsareperformedasa mixtureof active humanin-
tervention(e.g.,by aguide)anddisseminationof staticinformation
in the environment (e.g.,mapsof the building, explanatory notes
on thewalls). Their digital equivalentareinteractive systemsable
somehowto adaptto anindividual visitor'sneeds.

Although, many researchprojectsareexploring the new possibil-
ities offeredby PersonalDigital Assistantsasmultimediaguides
(amongothers,[28, 9, 21, 26]), therehasbeenvery view attempts
to investigatethe architecturalissuesemerging from the embed-
ding of themobileguideinto anoverall ”intelligent museum”.The
“intelligent museums”scenariobelongsto the areaof ubiquitous
computing dealingwith “ambientintelligence” [15] or “active en-
vironments” (AE) [27].

An intelligentmuseumclearlycalls for sophisticatedmulti-media,
multi-modalinterfacesandapplicationsthatarephysicallyandlog-
ically distributedandautonomousfrom eachother, but ableto co-
operatein order to provide a consistentuserexperience. Indeed,

a museummustcaterfor many simultaneousvisitors,but eachin-
dividual mustbe recognizedandconsistentlyfollowed during her
visit. To make a simpleexample, all presentations mustbe in the
visitor's language; more interestingly, eachpresentationof an art
exhibit must take into account what hasbeenalreadytold during
the visit; ideally, an electronicpersonalguideshouldbe allocated
andvirtually accompany anddrivethevisitorduringtheentirevisit,
interactingwith her by meansof a PDA – if shecarriesone– or
whatever device is closeto her.

Signi�cant challengeshave to be facedfor integratingthecompo-
nentsof suchacomplex scenario,andhaving themadaptingto con-
tinuouschanges in theenvironment. Thesemay vary from simple
faults(e.g.powerandnetwork failures),to thecontinuouslychang-
ing availability of different typesof devices (including the PDAs
usedasmultimediaguides),and possiblyhardware andsoftware
upgradesbeingrolled out while thesystemis running.

Thispaperproposesanovel architecturefor largescale,distributed,
multi-modalmulti-mediasystems,whoseobjectiveis to tacklesome
of thesechallenges.In short,a multi-agentarchitectureis adopted,
wherecoordinationamongdifferent typesof componentsis ob-
tainedvia role-based,observable communication. This style of
communicationallows, from theonehand, to caterfor continuous
changesin thenumber of components,for thecollectionof contex-
tual informationandfor unforeseeableinteractionsamongdifferent
typesof components; on theotherhand,it requirespropercoordi-
nationamongcomponentsableto play thesamerole. A multicast-
ing techniqueis used,whicheasestheproblemof �nding interfaces
and computingelementsbasedon their capabilitiesand physical
distribution. The architecturehasbeenadopted and is undertest
within thePEACH project1 [29], whosegoal is to experimentnew
technologiesfor culturalheritageappreciation.

The restof this paperis organizedasfollows. Next sectiongives
somebasicreferencesto multi-agentsystemsthat areat the basis
of our approach. Section3 highlights whatare,in our perception,
the main differencesbetweenactive environments and traditional
systems.Section4 outlinestheapproachwe have taken. Section5
presentsa practicalapplicationscenario.In Section6, we discuss
how wewantto gathercontextual information.Thecommunication
infrastructurewehave chosenis introducedin Section7. Section8
presentsthegeneralarchitecture,while Section9 discussesin more
detail the technique for component coordination. Finally, in Sec-
tion 10 we show how thearchitectureis appliedto theapplication
scenariointroducedearlier.

1http://pea ch.itc.it



2. AGENTS AS COOPERATIVE COMPO­
NENTS

A multi-agentarchitectureis composedof distributed,autonomous,
communicatingcomponentscalledagents[35].

Much researchon engineeringmulti-agentsystemshasfocusedon
the issuesof communication.Within this, two main areascanbe
identi�ed. The�rst revolvesaroundtheissuesof syntaxandseman-
tics of protocols, andhasled to thede�nition of someagentcom-
municationlanguages (ACLs) suchasFIPA [18] andKQML [17]
andtheir supportinginfrastructures.A typical ACL providesa set
of prede�ned, high-level messagetypescalledperformatives(usu-
ally inspiredby speech-acts[30]) with a clear– even if somewhat
simplistic – semanticsin termsof pre- andpost-conditions on the
stateof thesenderandof thereceiver, ageneric syntaxfor themes-
sage's payload, anda way to specifya communication ontology,
i.e. a domain-speci�c,semanticallyprecisecontentlanguage.

Thesecondmainresearchareain agentcommunicationfocuseson
coordination protocols,suchasthe well-known ContractNet [31]
for taskdistributionandits numerousvariantsandderivations.This
work hasleadto the identi�cation of sometypical patterns,which
have beenreducedto � ve main onesin [13]: “blackboard” (sub-
sumingall sort of pattern-based indirect interactionby meansof
a facilitator or a tuple-space),“meeting” (typically supported by
infrastructuresfor mobile softwareagents),“market maker” (sub-
sumingContractNet andits derivatives). “master-slave” (subsum-
ing all sortof RPC-likeinteractions),and“negotiatingagents”(typ-
ical of supply-chainsor othersituationswhereanagreement hasto
bereachedbeforeperformingsomething,e.g.on thequality of the
serviceto beprovided).

An in-depthdiscussionof thesepatternsgoeswell beyond thescope
of this paper;however, someobservations arenecessary. The �rst
threepatterns(namely, blackboard,meetingandmarket maker) re-
quirethepresenceof amediatorof somesort.Participantsto multi-
party protocols thusneedto contactthis mediatorbeforehand, as
well asknow messageformats(or patternsor tuple spaces).This
leavesno mechanism for on-the-�y additionsor removal of agents
to a conversation dueto its content, or to theappearanceor disap-
pearance of mobile devices, or to the adaptationto – or learning
of – the protocolsusedin a speci�c environment. Also notably
missingfrom thepatternspresentedabove is thepublish / discov-
ery mechanism supportedby state-of-the-artpeer-to-peersystems,
suchasJXTA [1]; this againshows that researchon coordination
hasfocusedonmediators,ratherthansupportingawarenessof other
agentsandof theexecutionenvironment.

Variousresearchershave looked at groups(or societies) of agents
as�rst-order entitieswith goalsandotherattributesof their own,
ratherthanbeingjust anaggregationof theknowledgeandbehav-
ior of their members.In this approach, thecoordination protocols
mentionedabove areusedfor maintaininga group's attributessyn-
chronized with thoseof its individual members.Someresearchhas
focusedon teamwork, initiated by the classicwork on joint atti-
tudes(goals,intentions,andmutualbeliefs)[10]; a very recentre-
view of its potentialapplicationto ubiquitouscomputingis in [8].
A number of implementedsystemssupports teamprogramming;
for instance,STEAM [32] usesSOAR rules to de�ne teamsand
their behavior; SimpleAgent[23] extendsa commercialBDI prod-
uct,JACK IntelligentAgents,with programmingfacilitiesaimedat
describingroles,teamformation,andteamcoordination. More re-
cently, Tidhar[33] introducedtheconcept of organization-oriented

programming, whereorganizationsaremadeup of teamsthat co-
ordinateby meansof command, control, andcommunication(C3)
relationships.Otherapproaches,ratherthanusingsocialstructur-
ing for coordination, focuson groupplanning(e.g.,Partial Global
Planning[16], SharedPlans[22]).

3. ACTIVE ENVIRONMENTS: INTEGRA­
TION ISSUES

In this section,we contrastsomeimportantassumptionson appli-
cationrequirementsandrun-timeenvironmentstakenin traditional
computingand HCIs (including agent-basedapproaches) against
thosein ubiquitouscomputingfor “active environments” (AE). A
very recentandup-to-datediscussionof mostof the pointshigh-
lightedbelow canbefoundin [12].

In traditionalcomputingandHCIs,includingmulti-mediaandmulti-
modalsystems,theprogrammer(sometimesthesystemcon�gura-
tor) knows beforehand which hardwareandsoftwarecomponents
areavailable. The maximumrun-time�e xibility left to a compo-
nent that needsa serviceor a resourceis the on-the-�y selection
of one (or other well-de�ned number)service/resourceprovider
within a set of equivalent ones,e.g. by meansof an auctionor
a match-making mechanism or any otherof the coordinationpat-
ternsmentionedearlier. Sharedplanning is rarely performedin
real-time,real-world applications.

Compositionof componentsis typically hierarchical,andby level
of abstractions.In mostcases,communicationisdirected,component-
to-component – even multi-party protocolsarecommonlyimple-
mentedasa setof point-to-pointmessageexchanges. Moreover,
no unanticipatedmessages can “sneak” into the communication
logic. Redundanciesof components(e.g.,duplications) or on-the-
�y additionsarejust not partof this picture,otherthanto provide
somecarefully engineered fault-tolerancemechanism. A single
HCI concentratesboth input andoutput,often following a model-
view-controllerpatternwherethethreemainapplicationlayersare
tightly coupledandthecontrollerhasfull ownership of oneor two
input mechanisms(typically, keyboardandmouse).

In active environments, it is expectedthatmany differentHCI de-
vicesoperatesimultaneouslyin the sameplace. A singledevice
mayableto performmorethanoneoperation(e.g.,a touchscreen
is at thesametime an outputandan input device); morethanone
devicecanperformthesameoperations(e.g.,multiplescreensmay
be available in a room); one or more may come and go at any
time (e.g.,wearablecomputers);and,communication may easily
fail, in particularwhen using wirelesslinks, becauseof noiseor
many other reasons. Of course,“device” meanssomethingmore
than pure hardware: indeed,a typical device is expectedto em-
bed softwarewith moreor lesssophisticatedcapabilitiesof self-
con�guration and adaptationto speci�c situations. Consider, for
instance,a speechrecognitionsystemincluding microphonesand
software. Themostcomplex exampleis probably a mobiledevice
suchas a PDA, which can include multiple applicationsrunning
simultaneously.

Inputfrom usersin AE is oftenpartiallyimplicit, i.e. determinedby
context – for instance,wheretheuseris, whatobjectssheis closed
to, what shehasbeendoing recently. More than one usermay
be presentin a singleplaceat the sametime; normally, a device
operatesfor a singleuser, but theremaybe instanceswheregroup
HCI is required(e.g.,spoken or written informationto a groupof
visitors;or, awall-sizescreenshowing messagesfor many different



users);conversely, theremay be instanceswheremultiple devices
of thesametypework for asingleuser(e.g.,multiplescreens,each
showing a partof a picture).

Someapplicationcomponentsmay be permanently running for a
user, on hermobiledevice if shehasonebut possiblyon an invis-
ible host in a computer room, mayberemotelyon a grid. Other
applicationsmaybeinvokedon demand,againlocally or remotely.
Adaptationto local conditions, in termsof devicesandcontext, is
absolutelyrequired. Sinceno applicationcanforeseeall possible
contexts, it is necessaryto have a setof intermediarycomponents
actingascontext interpreters,informationaggregatorsandcontex-
tual adaptorson behalfof the applications;in turn, theseinterme-
diariesmaybepermanentor createdon demand.

In summary, thesearesomeof themajorcharacteristicsuniqueto
AE thatmake it differentfrom traditionalcomputing andHCIs:

� Multiple usersmaybein a singleplace,interactingwith dif-
ferent applicationssimultaneously. (The very meaningof
“application” is probably different from traditional). Con-
text is sharedamongmultipleapplicationsbeingactiveat the
sametimefor thesameuser(e.g.,onein foregroundinteract-
ing with the user, theothersin background overhearing and
interactingonly whenappropriatee.g. to provide additional
informationor wheninvokedeitherexplicitly or implicitly).

� Thesetof userschangesdynamically over time. For exam-
ple,peoplemayenteror exit asmartroomasthey please.

� Usersare unaware that the systemis formed by a number
of components and and they are also not interestedin the
internalmechanismsthatthesystemusesto provideservices.
Therefore,they interactwith thesystemasif it wereasingle
entity.

� However, servicesareprovided by a variablesetof compo-
nentsthat can join and leave the system(plug-and-play as
well as mobile computing, both physicaland logical), and
canberunninganywhere(from a local computer to any ma-
chinein theworld connectby Internet).

� Servicesprovidedby componentscan(partially)overlap;there-
fore thesecomponentsneedto coordinatein orderto decide,
for instance,who providesa speci�c service,andhow.

As aconsequence,coordinationpoliciesamongcomponentscannot
befully predetermined,but have to dependat leastpartially on the
context. For example,theway a serviceis provided to a usermay
vary accordingto who the useris, her preferences,andthe avail-
ability of devices(sensorsaswell asactuators,possiblymobileon
theuser's PDAs or wearable)in theplacewhereshecurrentlyis.

4. GENERAL ARCHITECTURAL APPROACH
Fromtheassumptionsdescribedabove,wederive asetof architec-
tural requirements.

The type of systemswe want to support are composedby many
physicallyandlogically distributedcomponents. Most of themare
able to operateeither autonomously (i.e., off-line), or in a lim-
ited environmentwhereonly a few othersystemcomponents are
present.Conversely, theadditionat run-timeof a new component
doesnot disrupttheoperations of thosealreadydeployed; in some

cases,theirbehavior maychangesoto take advantageof theadded
component.

Henceforth,thoseindividual components will be called agents.
However, we do not make any assumptionabout their sophistica-
tion or their inferentialcapabilities. The only requirementfor an
agentis to be ableto communicatewith othersfollowing a com-
mon,basicsyntax(our choiceis describedlater).

As discussedabove, agentsthen include systemsembedded into
hardware–sensors,orcontextualinterpretersof sensorsdata(“con-
text widgets”and“context aggregators”usingtheterminologyof [14]),
actuators,outputdevices– aswell asmiddlewarecomponentsclose
to sensorsandactuators,e.g. context interpretersandcontext ag-
gregatorsup to application-level components(presentationgenera-
tors,userpro�lers, andsoon).

Oneof our goalsis to investigategroupcommunicationtechniques
suitedto an active environment, extendingif necessarythe setof
known agent coordination patterns.As anarchitecturalchoice,un-
lessthereare seriouslimits in performance or messagesize, we
want communication to be “observable”, i.e. to be realizedby
meansof someform of broadcasting; to this end, we chosethe
communicationinfrastructuredescribedlater. Communicationob-
servability allows group communication(one-to-many), which is
key to addressingdynamicadditionsor removal of agents,aswell
asadditionalcapabilitiessuchas,for instance,monitoring, inten-
tion recognition,andconsequentlycollaborationtriggeredby over-
hearing[7].

Wewill referto a role to meananabstractagentinterface,i.e. a set
of protocolsusedto obtaina certaintype of services.Differently
from traditionalapproaches,our goal is to distribute functionality
on a group of agentswithout necessarilyknow which agentsare
or will bedelivering them,andwithout involving mediators,so to
achieve a higher �e xibility andadaptivity to continuously chang-
ing conditions. Our approachto this is by favoring role-to-role
ratherthanagent-to-agent interaction,asdescribedin a later sec-
tion. Of course,this hasa signi�cant impact on the way agents
behave in their interactions,alsobecausewe wantto allow all pos-
siblecombinations of rolesandagents.For instance,we canhave
rolesprovided in full by asingleagent;rolesonly partially ful�lled
by a groupof agents;andso on. In particular, we are interested
in threemainbroadclassesof relationshipamongrolesandagents
thatsupportthem:

redundancy: multiple agentssupporta certainrole in an equiva-
lent way. That is, a requestfor a servicefrom that role can
beservicedby anyone of theagents;

partitioning: the servicesin the role are partitionedamongthe
agents;that is, a servicerequestcanbe ful�lled by at most
oneof the agents. Note that partitioning is often basednot
on thetypeof servicebeingrequested, but on its parameters;
e.g., two agentsmay maintainuserpro�les with the same
schemabut for differentusers;

coalition: the servicesof the role can be provided by the group
but thereis no singleagentthat cando it by its own; thus,
collaborationis necessary.

Thegroupof agentsentirelyor partiallyful�lling arolemaychange
over time, with theconsequent impacton theability of thesystem



of deliveringaspeci�c service.Consequently, it is necessaryfor an
agentto be awareof who elseis ableto play its samerolesin the
currentcontext, andcoordinateaccordingly.

5. AN EXAMPLE SCENARIO
In thissection,we introduceascenarioof adistributedarchitecture
for deliveringmultimediapresentationson a PDA to supporta vis-
itor of a museum.Thearchitectureis inspiredby theresultof the
HIPSproject[28].

Figure1: Reactingto user movements(sequencediagram)

Thevisitor is carryinga PDA, connectedto a maincomputerwith
a wirelesslink. The PDA is a rich client yet all the systemcom-
ponents areon the main computer. In particular, the PDA is able
to display a multimediapresentationcomposedby synchronized
audioandvideo, andlets the useroperatethe standardcontrol of
an hypermediasystem(that is, pause,stop,reply andselectionof
links). Moreover, thePDA is ableto captureinfraredcodesemitted
by beamersscatteredin theenvironment.

The communicationamongthe componentsof the systemtakes
placethroughmessagepassing. In the following, we will brie�y
presentthe �o ws of messagesthat arisefrom the receptionof an
infraredcodeby the PDA (seediagramin Fig. 1, wherethe PDA
is representedby the Visitor actor). This is meantto illustratethe
mainfunctionality of thedifferentcomponentsof thesystem.The
scenariowill berevisedin termsof implicit organizationslater.

WhenthePDA “senses”anew infraredcodefrom abeamer, aSen-
sorPositionmessageis sentto theVisitorAssistant(VA) component
(actually, in HIPSthemessagewassentevery2 secondsevenif the
codewasnotchangedin orderto distinguishbetweena motionless
useranda lost connection).

First of all, the VA noti�es the sensorscodesto the PhysicalOr-
ganizationKB Manager (POKB), and receives back the visitor's
positionin termsof theareain which thevisitor is located(eg. in

“Saladel Mappamondo” closeto the“Maest�a”) andthe list of ex-
hibits thatsheis possiblylooking at (both in termsof line of sight
anddistancewith respectto theexhibits' size).

Thevisitor'spositionis thencommunicatedto boththeUserMod-
eller (UM) andthe Input Analyzer(IA). The �rst just recordsthe
positionandmakeswhatever inferenceabouttheuser(for example,
following VeronandLevasseur'sclassi�cationof visitingstyles[34],
it canclassifythevisitor asan“ant” or a “�sh” etc.).TheUM does
not initiateany communication, it juststoresinfo, makesinferences
andrepliesto queriesaboutvisitors' characteristics.

The Input Analyzer is a rule-basedsystemthat for eachvisitor's
movement decideswhetherit is “communicative” or not, andcon-
sequently plansthe systembehavior. Basically, it candecidethat
thecurrentpresentationhasto bestopped(if thereis oneplaying),
thatanew exhibit hasto bepresented,or thatnothinghasto bedone
becausethe movement wasmeaninglesswith respectto the inter-
action with HIPS. In taking this decision,the IA usually queries
the UM. In the diagram,the IA/UM interactionhasbeensynthe-
sizedin a singleconversation in which a “bundle” of information
is exchanged. Actually, many different conversationson speci�c
visitor's characteristicstake placeswhile the IA is rumbling what
to do.

Then,the IA communicatesto the VA its decision. If the current
presentationhasto bestopped,theVA justnoti�es to thePDA; if a
new presentationhasto beprepared,thePresentationPlanner(PP)
is activated.

The PPcan in turn starta numberof conversations(not depicted
in thediagram)with theUM andthePOKB to adaptthepresenta-
tion to thevisitor's interests,visiting stylesandhercurrentphysical
position,aswell asto whats/hehasalreadyseen.

6. SUPPORTING CONTEXTUAL INFORMA­
TION

Oneof thegreatestissuesin ubiquitouscomputingis capturingthe
currentcontext of the user. An interestingdiscussionon the topic
of requirementanalysisanddesignof context-awaresystemsis [2];
the overall processis summarizedin [14] (page22). What this
work highlights,however, is that the de�nition of context is still
highly application-speci�c.Even generalcontext theoriessuchas
Giunchiglia's [20, 3], whichprovideusefullogical frameworksand
languages,do not helpin understanding whata context is. In prac-
tice,any informationcollectedvia any sensor, plusany background
knowledgeon theuserandtheenvironment, maybecomepartof a
context usefulfor somepurpose;consideralsothathistorycanplay
anessentialrole (e.g.,knowing thelastmovementsof theuserin a
roomfor predictingherdirection).

Somebodyenvisagesa setof context services(seeHohl [12, 24])
that collect and store information from sensors,and make them
availableto applications. This hasthedoubleadvantage of freeing
thelatterfrom theburdenof collectingtheinformationthemselves,
andof supporting whateverkind of sensorsareavailablein acertain
environment.

As mentioned earlier, we areinterestedin supportingcontext ser-
vices;indeed, this is oneof thereasonsthat led to therequirement
of observablecommunication.Weenvisagecollectionsof “context
gatherers”(including what Dey calls “context widgets” and“con-
text aggregators” [14]), distinguishedby their “focus of attention”



– for instance,aspeci�c location(e.g.,whathappensin aroom),or
a speci�c user(e.g.,a pro�ler that keepstrack of what a museum
visitor hasbeendoing recently). Someof thesecontext gatherers
mayfuseinformationcomingfrom differentsensorsor othergath-
erers,to obtaina higher-level interpretationof what is happening;
they mayevenbestartedsolelyto supportthecontext de�nition of
a speci�c application.In general,we expectto seethe emergence
of “pipelines” of context gatherers,eachprocessinginformationof
acertaintypeinto adifferentview thatin turnbecomestheinputof
othergatherers,andso on. Discovery andcommunicationamong
applicationsandgathererswill happenby meansof thegeneralfa-
cilities providedby our role-basedcommunication,asdiscussedin
thenext sections.

7. THE CENTRAL ROLE OF COMMUNI­
CATION

In orderto meettherequirementsof active environments,we have
chosento adopta multicastingtechnique called“channeled multi-
cast” [5]. Channeled multicastis basedon theconceptof channel,
de�ned asastreamof messages(typically corresponding to speech
acts,asin ACLs) thatmaybe listenedto by many agents simulta-
neously. A messageis addressedto a speci�c destination,which
maybeoneagentor agroupof them;agroupmayhave aname,or
be identi�ed by an expressionin an application-speci�c language
thatsayswhatareits characteristics.Many channelscanco-exists,
andnew onescanbecreatedon the�y . Channelsareidenti�ed by
a nameor, more interestingly, by a topic anda setof arguments.
An agentcandiscover which channelsexist, “tune” on asmany as
it likes,andlisten to all exchangeshappeningon them,no matter
whetherit is theintendeddestinationof messagesor not.

A �rst, multicastIP-basedimplementationcalledLoudVoiceis de-
scribedin [5]. LoudVoice supportsa simple ACL, with a pre-
de�ned set of performatives. Ratherthan having a genericsyn-
tax plus ontologies as in FIPA or KQML, the format of the pay-
loadis application-speci�c andencodedusingXML Schema;these
choicesseemto give a balancebetweenuniversalityandthe need
for high performanceand light-weightiness,especiallysincewe
have to support systemswith limited computationalpower. A sec-
ondversionof LoudVoice is under development, which addssome
structuringto thestreamof exchangeson a channel. Indeed,mes-
sagescanbesenteitherextemporarily – i.e.,unrelatedto aspeci�c,
short-termobjective; typically, eventnoti�cations – or within con-
versations. Conversationsstartwith a header, which is composed
by a topic anda setof arguments,andendwith a terminationmes-
sage.Typically, a conversationis createdwith theaim of perform-
ing someshort-termtaskinvolving two or moreagents,suchasob-
tainingaservice.An agentcanselectwhich conversations to listen
to, andcanignorethe others;also,message-level �ltering criteria
canbe given, in order to minimize the burdenon the application
dueto theprocessingof irrelevantmessages.

Being basedon multicastIP, LoudVoice is inherentlyunreliable.
Somecareis takenin orderto minimizethe lossesof servicemes-
sages(suchasconversationheaders).Notethatmessagelossis just
oneof themany reasonsfor adestinationnot to bereached;indeed,
in ourdomain,agentsmustdealin real-timewith all sortsof issues,
for instancedevice andpower failures.Thus,anagent would have
to handle timeoutsandapply recovery techniqueseven if message
transportwereguaranteed;we thenchoseto privilegeperformance
andlight-weightiness,asprovided by multicastIP, ratherthanro-
bustnessagainstmessageloss.

A fundamentalconsequenceof dealingwith unreliability is thatde-
signing and developing an agent's communicationlogic may be-
comea fairly complex business.This is not alwaysthe case;see,
for instance,theEnglishAuctionprotocoldescribedin [5], whichis
actuallysimplerthanusingreliable,point-to-pointtransport,thanks
to thepossibilityof overhearingconversations.Weplanto research
on computational modelsandlanguagesthatsimplify dealingwith
unreliability. Lots of relevant work hasbeendonein the areaof
formal modelingof conversations;for instance, [11] presentsa
techniquefor theanalysisof agentconversationprotocolsbasedon
ColouredPetriNets,andprovideslinks to relevantliterature.How-
ever, we arenot awareof works dealingwith multicastingandits
implications(suchaspartial reacheability, or recovery from a loss
by observing following messageexchanges).Moreover, we do not
restrictconversationsto prede�nedinteractionsonly, sincewe al-
low for overhearing to take placeand for unforeseeablemessage
exchangesto happenasa consequence;this addsa furtherdimen-
sionof complexity thatcanbeproperlydealtwith only at run-time.

Overhearingofferssomeopportunitiesthatarevery signi�cant for
our objectives. For instance,it is an additionalmechanism, and
oftenanalternative, to matchmaking,brokering, andothersortsof
middleagents(adiscussiononmiddleagentscanbefoundin [25]).
Moreover, overhearingallows for context collectionwithout inter-
ference,i.e. without requiring explicit support from sensorsand
otheragents(aslongastheinformationto becollectedis somehow
transmittedon a channel).Similarly, overhearingtrivially enables
unobtrusive monitoringof agentsandtheiractivities.

Of course,LoudVoice is not usablein wide-areanetwork environ-
ments,for anumber of reasonsincludingsecurityandperformance;
indeed,we envisageits usagewithin well-de�ned physicalenvi-
ronmentssuchasbuildings,while extensionsto the outsideworld
shouldhappenvia proxiesor agentsactingasgateways. In future,
we plan to explore the integrationof LoudVoice with peer-to-peer
technologies,bothto provideadditionaldiscoverymechanisms(us-
able,in particular, by portabledevicesenteringanew space),andto
exploretheideaof “virtual activeenvironments”,createdby aggre-
gatingindependentLoudVoice installationsin differentlocations.

8. ROLE­BASED INTERA CTION AND IM­
PLICIT ORGANIZATIONS

To move in the direction indicatedin “Generalarchitecturalap-
proach”, we exploit the featuresof LoudVoice for two different,
but correlated,objectives: moving from agent-basedto role-based
interaction;and,supporting whatwecall implicit organizations.

For this discussion,we call “role” a communication-basedAPI, or
abstractagent interface(AAI), i.e. oneor moreprotocolsaimedat
obtaininga cohesive setof functionsfrom anagent.A simpleex-
ampleis mentionedin [5], anauctionsystemwith two mainroles:
the auctioneer(which calls for bids,collectsthemanddeclarethe
winner)andthebidder(which answersto thecallsandcommitsto
performwhatever transactionis requestedwhenwinning an auc-
tion). An agentmayplay morethanonerole, simultaneouslyor at
differenttimesdepending on its capabilities andthecontext.

The cornerstoneof our approachis that messagessent through
LoudVoicehavetobeaddressedto theirdestinationrole,ratherthan
a speci�c agent(or groupof agents).It is left to thereceivers(that
is, everybody tunedon a LoudVoice channel) to decidewhethera
messageis intendedfor themat the time andin the context of re-
ception.



An appropriatede�nition of topicsandargumentsfor conversation
headersandcommunicationchannelssimpli�es theproblemof ad-
dressingthecorrectaudience;for instance,thecurrentchanneldis-
covery mechanismssupportmatcheswith respectto ataxonomy of
topics.

An initial proposal of a speci�cationmethodology for roles,con-
versations,channelstopicsandtheirarguments,is beingtested[4].
It adoptsa variantof the UML sequencediagramsfor describing
role-basedconversationprotocols,which catersfor theunique fea-
turesof our chosencommunicationstyle. For instance,a message
sentto a role is intendedfor all agentsplayingthatrole simultane-
ously, but it mayalsoberequiredthatotherrolesprocessit (e.g.,to
update their beliefs); in certainsituations,morethanonemessage
of thesametypemaybepromptedby acertainroleatacertaintime
(e.g., in the auctionexample,all interestedbiddersreply simulta-
neously to a singlecall for bid); conversely, it mayberequiredthat
only andexactlyonemessageis promptedby aroleevenwhenit is
expectedthatmorethanoneagentmayplay thatrole.

Thelastexampleiswheretheconcept of implicit organizationcomes
into play. We take from Tidhar [33] the ideaof organizationsas
teamsof agentsaugmentedwith command, control, and commu-
nicationpredicatesdescribingtheir socialrelationshipsconcerning
goals,intentions,andbeliefsrespectively. In our setting,a number
of factorscontribute to identify a groupof agentsto which coor-
dinatedbehavior is requiredasreactionto a message;thesefactors
includethechannel themessageis broadcastedon,theroleit is sent
to, theheaderof theconversationit is partof, but alsothecontents
of themessage, thestateof theagents,andothercontextual infor-
mationoutsideof thedirectcontrol of LoudVoice. We call sucha
groupan“implicit organization”,becausewe requirethatits mem-
bersagreeon a control relationships(i.e., on a way to decidehow
to achieve a goal commanded by meansof a messagesentto the
organization's role), but – differently from formal organizations,
thatcanbeunambiguouslynamedandhave anclearly identi�able
formation phase– membershipis a context-sensitive function M
depending on theparametershighlightedabove.

Observe that many different implicit organizationsmay be active
for the samerole on a single channel. For instance,in our mu-
seumsetting,a “presentationplanner”role on a channelconcern-
ing “presentations” is playedby many agents;theseagentsmay
have partially differentspecializations,but they will alsoberedun-
dantin orderto allow a promptreactionto simultaneousrequests.
Thus,whena requestfor preparinga presentationfor anexhibit E
is sentto the“presentationplanner”role, the implicit organization
beingaddressed is formedby thoseagentscurrentlylisteningonthe
channel thatknow about E andthatarenot alreadybusypreparing
somethingelse.

Implicit organizationsarethesolutionwe proposefor someof the
speci�cities of active environments. By the informal de�nition
given above, eachagent of an implicit organizationis ableto play
theorganization's role whenstandingalone.Thus,with respectto
the threetypesof relationshipamongroles and agentsidenti�ed
earlier, implicit organizationsaddressthecasesof redundancy and
partitioning; coalitionsmay be dealt with appropriate extensions
that we leave to future work. More speci�cally, for the current
stageof researchwe restrict the coordinated behavior of implicit
organizationsto thefollowing aspects:

� deciding which agentsof the organizationshould actually

committo achieving a goalcommandedthougha message;

� if morethanoneagentcommits,decidingwhenthe goal is
consideredachieved by the organization(e.g., when either
oneor all have achievedthegoal);

� in the samesituation,decidingon how to communicate the
resultof the goal, that is, what to sendback(the resultob-
tainedfrom a speci�c agentrather than a synthesisof all)
andwho sendsit.

A setof proceduresandprotocolsfor takingthedecisionmentioned
above is calledacontrol policy.

An implicit organizationrequiressocialawarenessto its members;
that is, they mustknow who elsecanplay their samerole in a cer-
tain context, and negotiate how to manage the organization. To
this end, our architecturededicatesa LoudVoice channel (called
“control”) to socialawareness,usedby asoftwarecomponent(also
called “control package”), still under development, that will be
usedby all ouragents.Theissuesdealtwith by thecontrolpackage
arediscussedin next section.

9. MAN AGING IMPLICIT ORGANIZA TIONS:
A PRELIMIN ARY PROPOSAL

To haveanimplicit organizationrunning, with therestrictionsspec-
i�ed above, themainissuesto besolvedare:

1. understanding whencoordinatedbehavior is requiredto an
implicit organization,that is, which messages carry com-
mandsthathave to besatis�edby coordinating themembers
of theunderlyingimplicit organization;

2. de�ning acontrolpolicy;

3. understanding who are the membersof the organizationat
thetimeof deliveryof acommanding message,andapplying
thecontrolpolicy;

4. �nally , performingtherequiredcoordinatedbehavior.

Thefollowing is a generaldiscussionof how we planto tacklethe
issuesmentionedabove. A preliminarysolutionis currentlyunder
experimentation; detailscanbefoundin [6].

Identifyingcoordinationrequirements
A general,but undulyrestrictiveapproachfor �nding out whenco-
ordinationis requiredis by messageperformative, i.e. by analysing
theexpectedpost-conditionsof a message.2 With referenceto the
setof performativesde�ned by FIPA [19], it seemsobvious that,
for instance,an“inform” doesnot commit thedestinationrole to a
goal, thusno coordinationis required.A “call-for-proposal”com-
mits its addresseesto reply if they are interestedto the objectof
anauction,but doesnot requireany coordinationsincebiddersare
effectively competingagainsteachother. A “query-if ” anda “re-
quest”commit their destination,too; if we now requirethat only
oneagentreactsandonly oneanswer(including“not-understood”)
is sentback,thenthe implicit organizationneedsto coordinatein
2Weassumewhatwecall a“deontologicalcommitment”to achiev-
ing any goal speci�ed within a messageby its intendedaudience;
this is to say, whenever a role is requiredto do something,it auto-
maticallycommitsto performit.



orderto delegateasingleagentto performtheactionsandsendthe
answer.

However, therearemany situationswherethe one-reaction / one-
answercriteriongivenabove is excessively limiting, or insuf�cient
to determinea controlpolicy. For instance,anagentmaybeinter-
estedin gettingall possibleanswersto aquery(e.g.,all known user
pro�le information);or, it may be appropriatethat morethanone
agentperformsthe actionsimultaneously(e.g.,all screensvisible
to auserin adangeroussituationmayshow thesamewarningmes-
sage).A potentialbut unsatisfactory solutionis augmentingtheset
of admittedperformatives with “multiple reactions/ answersex-
pected”cases(e.g. “query-all” vs “query”). Going this way, how-
ever, meansto enterthatmuddle of ratherarbitraryandopen-ended
extensions thathasbeenplaguingKQML; worse,it movespartof
theburdenof decidingacontrolpolicy to themessagesender, while
reducingtheability of animplicit organizationof exploiting theca-
pabilitiesof its members.

Thus,we preferto derive coordinationrequirements from a role's
speci�cation, rather than from messagestaken in isolation. As
mentionedearlier, we aredeveloping a methodology and a nota-
tion for conversationspeci�cation that is amenableto automated
reasoning. Froma simpleinspectionof a speci�cation,it is possi-
ble to spotthepointswherecoordination is requiredto animplicit
organization;at thevery least,theseareall thecaseswhereasingle
messageis promptedby a role,eitherasa reactionto a solicitation
(e.g., answersto queries)or unsolicited(e.g., event noti�cations
suchasstatechanges)3.

De�ning a control policy
Therearevariouspartsto this problem,that have to be solved at
different times: designinga setof coordination protocols;decid-
ing which typesof coordinationareappropriate for a certainrole;
and, agreeingon which one to usein a speci�c context. Before
discussingpolicies,it shouldbenotedthatan agentdeveloper has
to isolateorganizationalcontrol issuesfrom thecodethatactually
performsactions;we have de�ned a setof guidelineson how to do
this anddelegatecontrolto our package.

Ratherthan imposinga control policy as part of a role's speci�-
cation,or equivalently usinga team-basedapproach that forcesa
top-down perspective,weleavedevelopersfreeof specifyingwhich
policiesaresupportedby theiragents,andlet anorganizationagree
on which oneto adopt at run-time.

Thus,having separatedcontrolfrom action,anagentdeveloperstill
hasto decidewhich policies are appropriate, and which are not,
whenachieving acertaingoal.For instance,computationallycheap
andsafeactionssuchasqueryingan agent's own beliefsareun-
harmfulno matterwhich policy is adopted; for expensive or state-
changing goals,adesignermaywantthatheragentis involvedonly
whenit is thebestavailableasdetermined,for instance,by running
anauction;long operationsthatcanbeeasilyabortedin themiddle
(e.g.,long searcheson databasesor theWeb)cantoleratepolicies
thatexploit parallelism;goalsthathaveto beattainedin theshortest
possibletime (e.g.,reactingto a danger)call for minimal decision
time,e.g.by having amasterdecidingfor theorganization.

In an idealworld wherecomputationalpower andcommunication
3However, asmentionedin theprevioussection,in the�rst version
implicit organizationwill coordinateonly whenreactingto solici-
tations.

speedwerein�nite, apolicy shouldbenegotiatedamongthemem-
bersof an implicit organizationat every commandreceived. This
is clearlyunfeasible,sowehavetakenafew architecturaldecisions
thatweareimplementingin ourcontrolpackage;thesechoicesmay
be relaxed or changedin future, after suf�cient experimentation.
First,we arede�ning a setof possiblepoliciesandrelatedcoordi-
nationprotocols.Policiesincludemaster-slave (wherethe master,
electedor imposedfrom theoutsidee.g.via con�guration,decides
whois in chargefor achieving agoal),selectionvia auctioning,par-
allel execution(concludedwhen all agentsterminateexecuting),
competition(like parallelexecution,but concludedwhenthe �rst
agentterminates),�x ed scheduling (e.g. round-robin), andso on.
Second,a developerspeci�eswhich policiesareadmitted,in order
of preference,andwhichonesarerefusedfor eachof therolessup-
portedby her agent. Third, a policy is negotiatedon the control
channel amongall the agentsthat play a certainrole on a speci�c
channel. Thisnegotiationis performedevery timeanagentdecides
to play a role (typically whenit startsexecuting),andboils down
to a constraintsatisfactionproblemfor determininga setof candi-
datepoliciessortedin orderof their globalpreference;if this setis
empty, the newly joining agentis forbiddenfrom playing the role
(ourpackagereportsanexceptionto theuser, andpreventsany fur-
thercontroloperationconcerning that role) while theothersrevert
to theprevious policy. Thespecialcaseof only oneagentplaying
a role on a channelis trivially solved by our control packageby
adoptinga “greenlight” policy.

It is important to note that agreeingon a policy for a role on a
channel is not enough for its application,sincesomedetailscan
be �lled up only when the implicit organizationis in place; for
instance,decidingwho is the masterin a master-slave policy, or
who runsanauction.

Fromthis discussion,it clearly follows that thechoiceof channels
is assensitiveasselectingcoordinationprotocols.Weareoutlining
a setof guidelineson channelscon�guration, which needexperi-
mentationto show their effectiveness.

Verifyingmembership
Assumethat an agentis playing a role R on a channelC and a
controlpolicy for R onC hasbeenalreadyestablished.At time T,
a messageM, addressedto R andcarryinga goal G (say, “request
do-something”), is sentonC. Thus,at time T, it is �nally possible
to determinewho arethemembersof theimplicit organizationthat
is committedto achieving G. As said above, this meansthat it
is possibleto completethedetailsnecessaryfor theapplicationof
the chosenpolicy, e.g. determiningwho actsasauctioneerfor an
auction-basedpolicy, or themasterin a master-slave policy. These
detailsandrelatedprotocolsdepend on thechosenpolicy, andare
known to our controlpackage.

Observe that,while somepoliciesimposesigni�cant burden(such
asselectingtheauctioneer, or decidingwho is thecurrentmaster),
othersarereasonably lightweight.Consider, for instance,acompe-
tition policy: all agentscanstartworking on achieving thegoal G
carriedby M assoonasM is received. The�rst terminatingagent
could immediatelyreply to the senderof M, causingat the same
time thecompetitorsto know thatG hasbeenachieved; however, a
raceconditionmayhappenif two agentsterminatesimultaneously.
This canbepreventedby applyinga simplecoordinationprotocol
suchas sendinga “goal achieved” messageon the control chan-
nel, followedby ashorttimeoutto make surethateitherthereis no
con�ict or, otherwise,applyinga deterministicselectiontechnique



(e.g.,theagent on thehostwith thelowestIP addresswins).

Applyingthecontrol policy, andgettingthejob done
Finally, wheneverythingis in place,thecoordinationprotocols re-
quiredby the policy canbe applied,by adoptingthe well known
patternsmentionedearlier or any new one that needsto be de-
vised. As said above, the coordinationprotocolsare run by our
controlpackage;coordinationmessagesareexchanged on thecon-
trol channel,not on thechannel wherethegoalwasposted.

10. FROM THEORY TO PRACTICE
This sectiondiscusseshow the architecturallines outlined in the
previous sectionscan be appliedto the scenarioproposedin our
example.

A trivial rede�nition of the scenarioin termsof an agent archi-
tecturecanbe doneby simply consideringeachcomponent asan
agent.In this solution,theVisitorAssistantactsasa mediatorwith
respectto the PDA andthe restof the system;in otherwords,its
taskis to dispatchrequestscomingfrom thePDA to theappropri-
ate agents,and viceversa. By adoptingthis simplistic approach,
however, we facetwo major issues.First, theVisitorAssistantbe-
comesa bottleneckat thecommunication level, anda singlepoint
of failure for the system.Second,if new agentsjoin the systems,
theVisitorAssistanthasto benoti�ed andits controlpolicieshave
to beupdatedconsequently.

A different,betterapproachis to modelthescenarioin termsof im-
plicit organizations.Five mainrolescanbeimmediatelyidenti�ed
from its description:

� PDA: theroleof theuserinterfacesonmobiledevices.Agents
that belongto this role areableto: (i) senseinfraredcodes
and communicate them to the rest of the system;(ii) play
presentations(i.e.,play audio�les anddisplaysynchronized
images),(iii) communicate to therestof thesystemnotable
eventsconcerningthepresentationsbeingplayed,e.g. start,
end,stopor pauserequestedby theuser.

� POKB: the role of the PhysicalOrganizationKnowledge
Base.Agentsplaying this role areableto mapsensorcodes
to physicalpositions,andto provideanumberof relatedrea-
soningservices(e.g.retrievethesetof closestfrescoes,etc.).

� UM: theroleof UserModeling. It dealswith storing,retriev-
ing andreasoningon informationrelatedto theuser.

� IA : the role of the Input Analyzer, which takescaresof in-
terpretingusermovements in termsof inputsto the system.
An agentplaying this role is able to monitor eachvisitor's
movements or utterances,andto decidewhetherto stopthe
currentpresentation, starta new oneor just do nothing.

� PP: therole of thePresentationPlanner. Agentsplayingthis
role assurethe composition of a coherent presentationon a
givenartwork, tailoredfor agivenvisitor.

Of course,further re�nementsto the list givenabove arepossible,
for instanceby dividing thePDA role into sub-roleseachdedicated
to a speci�c aspects.

Looking at thecommunication,an initial analysisof theconversa-
tions easily identi�es threemain themes,that canpotentiallybe-
comethetopicsof threedifferentLoudVoicechannels:

� interactions with the PDAs, concerning all commandsand
informationrelevant to PDAs. They include:

– sensorcodes,from a speci�c PDA to thePOKBrole;

– requeststo compose presentationson artworks, from
IA to PP;

– commands to stopa currentpresentation,from the IA
role to a speci�c PDA;

– commands to load a presentationfrom an URL, from
PPto a speci�c PDA (the actualpresentationis better
streameddirectlyby thePDA ratherthanonamulticast
channel).

� interactions with knowledge bases, concerningall those
agentsthat maintainstaticor semi-staticinformationabout
theenvironment. In our simpli�ed example,theonly knowl-
edgesourceis thePOKBrole.

� user informations, concerning all interactionswith agents
that dynamically collect information aboutusersand their
currentcontext; in our case,theagentsplayingtheUM role.

In thescenarioproposed, mostif not all therolescanbeplayedby
exactly oneagent(i.e., eachagentis nothingelsethanoneof the
componentsdescribedin our example). However, it is easyto see
how thesystemwould bene�t in termsof ef�ciency androbustness
by usinga multi-agent,redundant approach to roles.

For example,thePresentationPlannerrole couldbeplayedby two
agents:a complex adaptive plannerthatcomposestailoredpresen-
tations,anda databasethat indexes “canned”presentationon the
artworks. The coordinationpolicy betweenthe two could be im-
plementedasa �x ed schedulingasthe following: if the complex
planneris not ableto build a presentation,thesimpleronereplaces
it. This coordinationprocedureis fairly simpleto implement.

A differentkind of coordinationmaybeemployedby theUM agents.
Supposethatthefollowing agentsarepartof thatrole:

� UM-1: aclique-basedrecommender ableto infer thevisitors'
interestson thebasisof asetof explicit or implicit ratingson
alreadyseenartworks;

� UM-2: a “visiting style” usermodelingableto classifyvisi-
torswith respecttheir way of moving in thespace[34];

� UM-3: a simple recency list that storesthe exhibit already
seenby eachvisitor;

� UM-4: a databasethatstoresuserpersonal data.

A typical interactionwith the UM role would encompassa logon
procedurecarriedoutby UM-4 (whichwill in turnnotify theothers
of the identi�er assignedto the visitor), aswell asother requests
andnoti�cations carriedon by the agentsindependently (suchus
the noti�cations of the ratingsby UM-1, for example). Yet, there
will alsobe somerequeststhat necessarilyhave to be handledby
morethanoneagent:for example,therequestof providing themost
interestingartwork for a visitor in a given position may require:
(i) a coordinationbetweenUM-1 andUM-2 to selecttheartworks
more appropriateto both the usermodels,and (ii) a veri�cation
with UM-3 to avoid suggestingalreadyanartwork alreadyseen4.
4Of course,thePOKBrolemaybeinvolvedin thisprocessandthis



11. CONCLUSIONS AND FUTURE WORK
This paperintroducesa novel approachto designing large scale,
multi-user, adaptable multi-mediasystems. The key elementof
thisapproachis its communicationstyle,thatmovesfrom thetradi-
tional direct agent-to-agentinteraction(possiblymediatedby fur-
ther agents,asin many existing multi-agentsystems)to a role-to-
role interaction.Thischangeentailssomespeci�c coordinationre-
quirements; to thisend,we have introducedtheconcept of implicit
organization,which aims at structuringdynamic,self-organizing
setsof agentsplayinga speci�c role in a speci�c context.

While the basiccommunicationinfrastructureis available, work
is still in progresson the support of implicit organizations.In the
shortterm,weplanto validatethenumerousassumptionsdescribed
in this paperandthe guidelineswritten so far concerningthe def-
inition of channels,thenegotiation of policies,andso on. To this
end,we aredevelopingexamplesof context-sensitive applications
andcontext intermediaries,testedin interactive simulationsof vis-
its to a digitally reconstructedmuseum.Somepreliminaryresults
arealreadyavailable[6].
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