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Abstract

The increasingneedto accessandelaboratedynamicandheterogeneousinformation
sourcesdistributedoverInternetcallsfor new modelsandparadigmsfor applicationdesign
anddevelopment.The mobileagentparadigmpromotesthedesignof applicationswhere
agentsroamthroughInternetsitesto locally accessadelaborateinformationandresources,
possiblycooperatingwith eachother. This paperfocuseson mobile agentcoordination,
anddiscussestheTuCSoN coordinationmodelfor Internetapplicationsbasedon mobile
informationagents.The model is basedon the notion of tuple centre, a tuple-basedin-
teractionspaceassociatedto eachsiteandto beusedboth for inter-agentcooperationand
for accessingto local infromationsources.TuCSoN tuple centresenhancetuple spaces
becausetheir behaviour in responseto communicationeventscanbe programmed.This
canbeusedto dealwith heterogeneityanddynamicityof theinformationsources,aswell
asto ensuresomedegreeof globaldataintegrity. Theeffectivenessof theTuCSoN model
is shown by meansof anapplicationexamplein theareaof Internetinformationretrieval.

1 Introduction

The increasinglygrowing Internetinfrastructureaswell as the almostpervasive diffusion of
the WWW technologyare changingthe way Internetis conceived and exploited. Far from
consideringit asa raw communicationmedia,thecurrentchallengeis to exploit Internetasa
globally distributedinformationsystemwherea wide rangeof distributeddataandresources
canbeaccessedandelaborated.

Theabove changeof perspective outlinestheinadequacy of traditionalprogrammingpara-
digmsto meetthis new scenario.Distributedapplicationscomposedof entitiesstaticallyas-
signedto givenexecutionenvironmentsandcooperatingin a(mostly)network-unawarefashion
cannotdealwith the intrinsic dynamicity, unreliability andheterogeneityof Internetandof its
informationsources.The mobile agentparadigmsuitsthenew applicationscenario:applica-
tionsarecomposedby network-awareentitiescapableof dynamicallychangingtheir execution
environment. The above changeof perspective leadsto several advantagesin termsof saved
bandwidth,dynamicity, and reliability [WWWK97]. For instance,in the areaof distributed
informationretrieval,mobileagentsmaymove locally to thedataof interestto accessandelab-
oratethem,needingneithercontinuousnetworkconnectionnor thetransferof largeamountsof
data.
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While severalnew mobileagentsystemsandprogrammingenvironmentskeeponappearing
[KZ97], many issuesstill needsto beanalysedbeforethemobileagentparadigmwill gainwide
acceptance[CGPV97]. A crucialpoint in this framework is representedby themodelfor agent
interaction. Understandinghow interactionscanbe ruled andexploited is the basicgoal of
currentresearchon coordination languagesandmodels[MC94, GC92]. Theresearchinterest
in thisareanaturallyderivesfrom recognisingthespaceof interactionasasourceof complexity
andexpressive power for multi-componentapplications[Weg97]. Froma softwareengineering
viewpoint, the choiceof a coordinationmodel hasan obvious influenceover the designof
complex applications,particularlywhenmobileagentsareinvolved[CLZ98a]. Evenmore,we
arguethatacoordinationmodelshouldeffectively supportapplicationdesignanddevelopment,
so that the componentinteractionspacecan fruitfully be exploited asan independentdesign
space.

Following theclassificationintroducedby [PA98], coordinationmodelscanbedistinguished
in two classes:control-driven anddata-drivenones. The former classincludesthosemodels
(suchasConCoord[Hol96], MANIFOLD [AHS93], andRAPIDE [LKA � 95]) which focuson
communicationactions,mainly by ruling thetopologyof interactionbetweentheapplications
components.Modelsof the latterclassfocusinsteadon communicationinformation,by mak-
ing coordinationrulesdependon informationexchangedin the interaction. The mosttypical
examplesareblackboard-basedmodels[EM88] andLinda [Gel85] with all of its descendents.

Wearguethatdata-drivenmodelsbetterfit ourapplicationscenariothancontroldrivenones.
On the onehand,control-drivenmodelsdo not copewell with highly autonomous,dynamic,
andunpredictablecoordinatedentitieslike mobile agents.For instance,Internetapplications
basedon mobile agentscanhardly guaranteeprecisetemporalandspatialschedulesof com-
municationactions.On theotherhand,the intrinsic orientationof data-drivenmodelstowards
communicationinformationprovidesamorenaturalsupportto thecoordinationof information-
orientedapplications.In particular, a coordinationmodelbasedon a shareddataspacelike a
Linda tuplespaceprovidesmany key-featuresfor thedesignanddevelopmentof information-
basedsystems,like associative accessto information,aswell asfor mobileagentcoordination,
like temporalandspatialagentuncoupling.

Still, data-driven modelstypically lack control andflexibility requiredby todaycomplex
distributedapplications. In particular, if interactionsare tied to the pre-definedmechanisms
of Linda, the burdenof managingboth information and componentheterogeneityhasto be
chargedover eithermobile agentsor local executionenvironments. This makesapplications
moredifficult tobedesignedandincrementallymodified,andincreasestheirdevelopmentcosts.

The above considerationshave led to several extensionsof the raw Linda model towards
extensibility andprogrammability, like � � � � [ODN95] andLaw-GovernedLinda [ML94].
The TuCSoN model (Tuple CentresSpreadover Networks),describedin Section2, applies
the sameguidelinesto the coordinationof mobile agents.In TuCSoN, eachlocal execution
environmentis built arounda local communicationabstraction,calledtuplecentre, which can
beaccessedby mobileagentsthroughLinda-like communicationprimitives. However, unlike
Linda tuple spaces,TuCSoN tuple centresare programmable, in that their behaviour in re-
sponsecommunicationeventscanbe definedby meansof an ad hoc specificationlanguage
allowing reactionsto beassociatedto communicationoperations.Reactionscanbeexploitedto
embodycoordinationlaws into thecoordinationmedium,andto makeit possibleto adaptively
dealwith heterogeneity, transparentlyto bothmobileagentsandcomponentsof the local exe-
cutionenvironments.A sampledistributedinformationretrieval applicationis thendiscussed
in Section3 to show theeffectivenessof theTuCSoN approachin thecontext of Internet-based
informationsystems.



2 The TuCSoN Coordination Model

The TuCSoN coordinationmodel is aimedat supportingthe designanddevelopmentof in-
formation-orientedapplicationsbasedon mobile agents. Its approachis thenbasicallydata-
oriented,andexploitsa peculiarnotionof shareddataspacèa la Linda.

In order to copewith mobility, a nodeof the networkthat wantsto acceptmobile agents
mustdefineits own local communicationspace,usedby agentsto interactwith otheragents
aswell aswith the local executionframework. Eachlocal communicationspaceconsistsof a
multiplicity of global (w.r.t. thenode)communicationabstractions,calledtuplecentres.

Roughlyspeaking,a tuplecentreis an enhancedtuple space,denotedby a namewhich is
locally (i.e., w.r.t. a node)unique. Eachtuple centrecanbe accessedby mobile agentsvia a
Linda-like communicationinterface.Thecommunicationprimitivesout, in andrd, aswell
astheir non-blockingversionsinp andrdp, have basicallythesamesemanticsof their Linda
counterparts.Eachoperationhasto beperformedwith respectto onespecifictuplespace,by
explicitly denotatingit by name. If t is a tuple centreidentifier, for instance,anout(T)@t
operationperformedby an agentexpressits intention to insert tuple T into the tuple centre
denotedby t in thelocal communicationspaceof thenodewhereit is currentlyexecuting.

This allows a very expressive form of communication,by providing a multiplicity of com-
municationchannelswhich canbeaccessedandprogrammedindividually andindependently.
However, this featureis not strictly relevantto our purposeshere,sowe will leave it asidefor
the restof the paper, thusnot discussingthe advantagesof having many tuple centresin one
node. In the following, any communicationoperationandreactionspecificationwill thenbe
implicitly referredto thedefaulttuplecentre.

2.1 Tuple Centres

A typicalproblemof Linda-likecoordinatedsystemsrelieson thetuplespacebuilt-in andfixed
behaviour: neithernew primitivescanbeadded,norcannew behavioursbedefinedin response
to communicationoperations.As a result,either thesupportprovided by the communication
deviceis enoughfor theapplicationpurposes,or theinteractingentitieshaveto bechargedof the
burdenof thecoordination.That is why theTuCSoN approachgoesover Linda, by providing
for flexibility andcontrol via a programmablecoordinationabstraction [DNO97] calledtuple
centre.Unlike Linda tuplespaces,thebehaviour of a tuplecentreasa communicationchannel
canbedefinedandtailoredto theapplicationneeds.

The behaviour of a (stateful)communicationabstractionlike a shareddataspaceis easily
definedastheobservablestatetransitionfollowingacommunicationevent.As aresult,defining
anew behaviour for atuplecentremeansessentiallyspecifyinganew statetransitionin response
to a standardcommunicationevent. Whichever modelis adoptedfor this enhancement,it has
to accomplishsomefundamentalrequirements.First, it shouldallow any communicationevent
to beinterceptedandmakeall its relatedinformationavailable,thusraisingobservability from
communicationstate(asin Linda tuplespaces)to communicationoperations.Then,it should
makeit possibleto accessandmanipulatethestateof thecommunicationabstraction(e.g. the
contentof a tuplecentrein termsof tuples).

2.2 TuCSoN Reactions

In orderto accomplishtheaboverequirements,any of theTuCSoN basiccommunicationprim-
itives(out, in, rd, inp, rdp) canbeassociatedwith aspecificcomputationalactivity, called



reaction. A reactionis definedas a setof non-suspensive operations,with a success/failure
transactionalsemantics:successfulreactionsmayatomicallyproduceeffectson thetuplecen-
tre state,failed reactionsyield no resultat all. Moreover, all the reactionsexecutedasa con-
sequenceof a singlecommunicationeventareall carriedout in a singletransitionof thetuple
centrestate,beforeany otheragent-triggeredcommunicationeventis served.Asaconsequence,
from theagents’viewpoint,theresultof theinvocationof acommunicationprimitiveis thesum
of theeffectsof theprimitive itself andof all thereactionsit triggered,perceivedaltogetherasa
single-steptransitionof thetuplecentrestate.Sucha transitionis no longerboundedto bethe
simpleone(suchasadding/deletingonesingletuple)determinedoncefor all by themodel,but
caninsteadbemadeascomplex asdesiredby thesystemdesigner.

Programmingreactionsasksfor thedefinitionof a suitablespecificationlanguagemeeting
thefundamentalrequirementssketchedin Subsection2.1. Thelanguageshouldprovide access
to all theinformationrelatedto communicationevents(suchastheperformingagent,theoper-
ationperformed,thetuplerequired,. . . ), andmakeit possiblefor reactionsto freely accessand
modify tuple spaceinformation. In addition,we arguethat only a Turing-powerful language
would in principleensurethatthecomputationalloadcanbedistributedby thesystemdesigner
betweenthecoordinatedentitiesandthecoordinationmediaaccordingto abstractdesigncrite-
ria only.

TheTuCSoN abstractmodelfor thecoordinationof mobileagentsprescindsfrom thelan-
guageadoptedfor reactionspecification,and also from both the kind of tuple usedfor the
communicationandthe tuple matchingcriterion. In this paperwe adoptfirst-orderlogic tu-
ples, along with unification as the correspondingmatchingmechanism,and takeReSpecT
(introducedin [DNO98]) as the specificationlanguageof choice. The former choicebrings
into the model the expressivenessof first-orderlogic (which arguablywell copeswith infor-
mationsystems),andmakesit possiblethe twofold interpretationof the tuple spaceasboth
a messagerepositoryanda theory of the communication.The latter choicesatisfiesall the
languagerequirementsintroducedabove, andallows the TuCSoN model to be immediately
testedin practice,sinceReSpecT is alreadyexploitedby thewell-established� � � � system
for distributedmulti-agentapplications[ODN95].

2.3 Programming Reactions with ReSpecT

A ReSpecT tuple like reaction(Op,Body) associatesa communicationoperationOp to
theBody reactionbody. Whenever anoperationOp is performed,all its correspondingreac-
tionsaretriggered,andtheir reactionbodiesareexecuted.Eachreactionbodyis syntactically
definedasaconjunctionof reactiongoals. whichcanaccesstheinformationrelatedto thetrig-
geringcommunicationevent(throughpredicateslike current agent/1, current op/1,
. . . ), manipulateterms(throughterm predicateslike term equality/inequality, term unifiabili-
ty/non-unifiability, . . . ), aswell asaccessandmodify thecontentsof the tuplecentrein terms
of tuples(throughpredicateslike out r, in r, rd r, no r, . . . ). In particular, out r basi-
cally works asa conventionalout, while in r andrd r have the sameeffectsasinp and
rdp, respectively. Instead,no r succeedsin caseits argument’s tupledoesnot unify with any
tuplein thetuplespace,fails otherwise.

Reactionscanbe definednot only for communicationprimitives,but also for operations
over tuplespacesperformedinsidereactions.As a result,in a tuplereaction(Op,Body),
Op maybenot only out(T), in(T), rd(T), inp(T), or rdp(T), but alsoout r(T),
in r(T), rd r(T), or no r(T), whereT is ameta-variablestandingfor a logic tuple.

Furtherreactionpredicatesare relatedto the peculiarsemanticsof somecommunication



primitives.First of all, unlike theout primitive,in andrd maybeseen(seealso[GZ97]) as
madeof two distinctcommunicationevents:thefirst queryphase(calledthepre phase),when
a tuple templateis provided,andthesubsequentanswerphase(calledthepostphase),whena
unifying tupleis eventuallyreturnedto thequeryingagent.Accordingto that,ReSpecT intro-
ducesthe two pre/0 andpost/0 predicates,which obviously succeedonly in the pre and
postphase,respectively. As a result,we maydefinereactionswhich will beactuallyexecuted
in thepre or postphaseonly of anin orrd operation.Analogousconsiderationsapplyto inp
andrdp, too. Since,however, theseprimitivesmayeithersucceedor fail, ReSpecT introduces
two furtherpredicates,success/0 andfailure/0, which,asintuitive,succeedonly in the
casethat the currentnon-blockingprimitive succeededor failed, respectively. This makesit
possibleto definedifferentreactionsfor thepostphaseof aninp or ardp, dependingon the
successor failure of theoperation.We forward the interestedreaderto [DNO98] for a wider
presentationof ReSpecT.

3 An Application Example

As our applicationexample,we consideran informationsystemconsistingof a collectionof
WWW serversspreadover a WAN, whosestructureis heterogeneousbothin termsof SW and
HW architecturesandof informationkind andorganisation.For instance,think of a groupof
serversspreadovera touristarea,containinginformationaboutmuseums,hotels,sportcentres,
tourist attractions,andso on. In this framework, we considera mobile agentapplicationin
chargeof gatheringinformationfrom HTML pagesandautomaticallyproducingasits outputa
pageof referenceson its homesite. Mobile agentsareusedas‘knowledgeretrievers’, spread
over the WAN with theaim of roamingacrosstheservers,gatheringall relevant information,
andcomingbackto their homesite.

3.1 Heterogeneity

The issueof the heterogeneityof informationsourcesmay be facedin principle by making
mobileagentsawareof all thedifferentwaysin which knowledgeis represented.This choice,
however, wouldmakeagentdesigna highly complex task,andproducea very inflexible struc-
ture,whereany new server to beaddedmayimply a re-designof theagents.

In TuCSoN, thecapabilityof programmingthecommunicationabstractionallows thebur-
denof heterogeneityto be chargedupontuple centres,bridging the gapbetweenagentinter-
action protocolsand the peculiarmodel for knowledgerepresentationadoptedby eachsite.
Mobile agentscanthenbe designedindependentlyof any specificchoicefor informationor-
ganisation,andaccordingto a simpleandstraightforwardinteractionprotocol. For instance,
in our applicationexample,eachagentis initially givena setof keywords,with thegoalof re-
trieving theURL of every HTML pageconcerningeachkeyword. Then,agentssimply askfor
tuplesof theform kwURLs(KW,URLs) throughard operation,independentlyof thehosting
executionenvironment.KeywordKW is providedasaconstantby theagent,whichexpectsasa
resulttheinstantiationof variableURLs to the list of all URLs of theHTML pagescontaining
somereferencesto KW .

Thissimpleagentinteractionprotocolis intendedto work oneveryserver, independentlyof
theserver modelfor knowledgerepresentation.Takefor instancetwo WWW sites, � and 	 ,
recordingpage-contentrelationsin two differentways.Server � describesthecontentof each
pagein termof keywordsby meansof tuplesof theform keyword(KW,PageName), while
pageorganisationis recordedby meansof tuplesof theform page(PageName,PageURL).



% server A
reaction(rd(kwURLs(KW,_)), ( pre, no_r(kwURLs(KW,_)), out_r(kwPages(KW,[])) )).
reaction(out_r(kwPages(KW,Pages)), in_r(kwPages(KW,Pages))).
reaction(out_r(kwPages(KW,Pages)), ( in_r(keyword(KW,Page)),

out_r(kwPages(KW,[Page|Pages])) )).
reaction(out_r(kwPages(KW,Pages)), ( no_r(keyword(KW,_)),

out_r(pageURLs(KW,Pages,[])) )).
reaction(out_r(pageURLs(KW,Pages,URLs)), in_r(pageURLs(KW,Pages,URLs))).
reaction(out_r(pageURLs(KW,[Page|Pages],URLs)), ( out_r(keyword(KW,Page)),

rd_r(page(Page,URL)), out_r(pageURLs(KW,Pages,[URL|URLs])) )).
reaction(out_r(pageURLs(KW,[],URLs)), out_r(kwURLs(KW,URLs))).
% server B
reaction(rd(kwURLs(KW,_)), ( pre, no_r(kwURLs(KW,_)), out_r(query(kwSearch,KW)) )).
reaction(out(answer(kwSearch(KW),URLs)), (

in_r(answer(kwSearch(KW),URLs)), out_r(kwURLs(KW,URLs)) )).

Figure 3.1

In orderto copewith agentprotocol,thetuplecentreof server � will beprogrammedto reactto
a rd(kwURLs(KW,URLs)) operation(i) by checkingwhethertherequiredtuple is present,
(ii) in caseit is not, by finding all thepagesreferringto keywordKW , (iii) by building the list
of their correspondingURLs, and(iv) by finally providing theagentwith therequiredanswer
tuple.

Instead,server 	 is built aroundaDBMS applicationrecordingthesitecontent.TheDBMS
interactswith thetuple centrethrougha wrapper, translatingtuplesinto queries,andbackan-
swersinto tuples. The wrapperwaits for tuplesof the form query(Query) andtranslates
theminto queriesfor theDBMS. Then,it waits for theDBMS answerandtranslatesit into a
tuple of the form answer(Query,TableList), whereTableList is the answertable
providedin form of list. In particular, a queryof theform query(kwSearch(KW)) makes
thewrapperasktheDBMS to returntheURLsof all thepagescontainingreferencesto keyword
KW . Theconsequentansweris thengivenasatupleanswer(kwSearch(KW),URLs). Cor-
respondingly, oncedetectedtheabsenceof thetuple required,thetuplecentreof theserver 	
reactsto ard(kwURLs(KW,URLs)) operationby producingaquery(kwSearch(KW))
tuple for the wrapper. Whenthecorrespondingtupleanswer(kwSearch(KW),URLs) is
insertedby thewrapper, thekwURLs(KW,URLs) tupleinitially requiredby theagentis finally
produced.TheReSpecT codefor servers � and 	 is shown in Figure3.1.Despitethedifferent
choicesfor therepresentationof page-contentrelations,mobileagentsinteractwith bothservers

� and 	 in thesameway, by simplyaskingfor tupleskwURLs(KW,URLs). In fact,bothtuple
centresactuallyprovideagentswith thesameuniformview of suchinformation:theirbehaviour
makethembeperceivedby any agentasthey would containa tuplekwURLs(KW,URLs) for
any possiblekeywordKW .

3.2 Integrity

Malicious or simply badly programmedagentsmay underminethe internalcoherenceof the
hostingexecutionenvironment.A knowledgesourceshouldthenbeprotectedfrom thoseinter-
actionspossiblyaffectingthesemanticconsistenceof theinformationcontained.In acoordina-
tion modellike TuCSoN wherecommunicationis mediatedby a shareddataspace,theglobal
consistency of asystemw.r.t. interactioncanbegrantedby providing for theconsistency of the
communicationstate(thetuplecentrestate,in TuCSoN).

Takeagainthe server � sketchedin Subsection3.1, wherepageorganisationis recorded
by tuplesof the form page(PageName,PageURL). As an example,we may like to en-
surethat, at any time, eachHTML pageof the server hasits own uniqueURL recordedin
the tuple centre. This meansthat, given a PageName page,it shouldnever happenthat no



% server A
reaction(out(updatePage(Name,NewURL)), ( in_r(updatePage(Name,NewURL)),

in_r(page(Name,_)), out_r(page(Name,NewURL)) )).
reaction(out(page(PageName,URL)), in_r(page(PageName,URL))).
reaction(in(page(_,_)), ( post, current_tuple(page(PageName,URL)),

out_r (page(PageName,URL)) )).
reaction(inp(page(_,_)), ( post, success, current_tuple(page(PageName,URL)),

out_r (page(PageName,URL)) )).

Figure 3.2

page(PageName,PageURL) tuple occursin the tuple centre,and,dually, that morethan
onetupleof thatkind occurat thesametime.

The behaviour of the tuple centreshouldthenbedefinedso asto avoid insertionsandre-
movals of page/2 tuples. In addition,whena pagelocation is to be updated,it shouldal-
low suchtuplesto be replacedwith new onesatomically, so as to preserve informationcon-
sistency at any time. Correspondingly, the ReSpecT codeshown in Figure 3.2 makesany
in, inp, or out of page/2 tuples ineffective. Moreover, it makesit possibleto atom-
ically updatethe URL of a pagePageName to NewURL by meansof the emissionof an
updatePage(PageName,NewURL) tuple.

3.3 Dynamicity

Todayinformationsystemsaretypically characterisedby a highdegreeof dynamicity. For any
singleinformationsource,new informationcanbegatheredfrom theoutside,new knowledge
canbe inferredfrom theold one,new componentscanbeaddedto provide new servicesand
capabilities.Theburdenof managingdynamicitymaybechargedover mobileagents,but this,
again,would makethem unnecessarilycomplex. Instead,in this casetoo, a more effective
solution is to programthe tuple centreso as to dealwith the dynamicityof the information
sources.

Let a server 
 have thesamestructureandorganisationof server � describedin Subsec-
tions 3.1–3.2. Then, supposethat an intelligent agent � is addedto 
 , to learn from user
interactionandinfer new informationfrom user’s explorationpaths. In particular, saythat �
is ableto infer that two knowledgeitemsarestrictly relatedfrom a semanticviewpoint. So,
whenever sucha new relationis inferred, � makesit availableto theworld by emittinga tuple
of theformrelKW(KW,RKW), statingthatwhicheverreferstoRKW typically referstoKW too.
It would thenbedesirableto beableto integratethenew knowledgeinferredby � in thewhole
systemandmakeit usableby mobileagentsin a transparentway, without affectingagents’in-
teractionprotocol.To thisend,aTuCSoN tuplecentremaybeexploitedsothat,whenanagent
movesto 
 andasksfor keyword KW , it transparentlygetsall the pagesconcerningbothKW
andall its relatedkeywords,asinferredby � sofar.

Even thoughquite sophisticatedpoliciescould bebuilt in thesystem,we will give herea
verysimpleexample.Wheneveranew relKW(KW,RKW) tupleis insertedby � , thetuplecen-
trereactsby lookingfor all thepagesreferringtoRKW . ForeverysuchaPageName pagefound,
a tuplekeyword(KW,PageName) is added,whichstatesthatPageName concernsKW , too.
Finally, any informationpreviouslyproducedaboutKW in form of akwURLs(KW,URLs) tuple
is removed,sothata subsequentrequestby any agentwill causetheproductionof theupdated
informationaccordingto thecodeshown in Subsection3.1.ThecorrespondingReSpecT code
is shown in Figure3.3.



% server C
reaction(out(relKW(KW,RKW)), out_r(newPages(KW,RKW,[]))).
reaction(out_r(newPages(KW,RKW,Pages)), in_r(newPages(KW,RKW,Pages))).
reaction(out_r(newPages(KW,RKW,Pages)), ( in_r(keyword(RKW,Page)),

out_r(newPages(KW,RKW,[Page|Pages])) )).
reaction(out_r(newPages(KW,RKW,Pages)), ( no_r(keyword(RKW,_)),

out_r(relPages(KW,RKW,Pages)) )).
reaction(out_r(relPages(KW,RKW,Pages)), in_r(relPages(KW,RKW,Pages))).
reaction(out_r(relPages(KW,RKW,[Page|Pages])), (

out_r(keyword(KW,Page)), out_r(keyword(RKW,Page)) )).
reaction(out_r(relPages(KW,RKW,[])), in_r(kwURLs(KW,_))).

Figure 3.3

4 Related Works

In the last few years,several systemsandprogrammingenvironmentshave beenproposedto
supportthedevelopmentof Internetapplicationsbasedon mobileagents[RPZ97,VT97]. De-
spitethis fermentingactivity, only a few proposalsfocusoncoordinationissues.

Most of the proposedsystemsrely on messagepassingfor inter-agentcoordinationand
on the client-server model for the accessesto the local informationsystems.Typical exam-
plesareJava-basedmobileagentssystems,wherecommunicationoccursvia theusualobject-
orientedinteractionmechanisms,and low-level message-passingcan be also exploited via
TCP/IP [KZ97]. However, as arguedin [CLZ98a], thesemodelshardly suit Internetappli-
cationsbasedon mobile agentsbecausethey do not promoteinteractionlocality, andenforce
a strict couplingbetweenthe interactingentitiesin termsof requiredmutualknowledgeand
temporalsynchronisation.

In themeeting-orientedmodel,implementedby theAra system[PS97], interactionoccurs
in thecontext of “meetingplaces”.An activeentitymustassumetheroleof meetinginitiator to
openanddefineameetingpoint. Agentsjoin known meetingpointsandcantherecommunicate
andsynchronisewith the otheragentsparticipatingin it. As a benefitof this model, interac-
tion locality canbeenforcedby locally constrainingmeetings:a meetingtakesplaceata given
executionenvironmentandonly local agentsareallowed to participate.However, this model
of coordinationhassomedrawbacks. For instance,it requiresboth temporalsynchronization
betweenthe interactingentities,andmutual knwoledgeof meetingpoints. Furthermore,in-
teractionwith local resourcesis still basicallytied to a client-server model (always-opened
meetingsabstracttherole of servers),sothataccessto informationsourcesis essentiallyruled
in a control-drivenmanner.

The conceptof anonymousinteractionvia shareddataspacesassociatedto eachlocal exe-
cutionenvironmentenforceslocality in interactionsaswell astemporaluncoupling.A black-
board-basedmodelof interactionis exploitedbothby theAmbit formalmodelfor mobilecom-
putation[CG97] andby the ffMain system[DLD97] for mobile informationagents.Still, the
absenceof any associative mechanismin accessingthedataspace,makesthe modellack the
degreeof flexibility requiredfor both inter-agentcoordinationandheterogeneousinformation
sourceaccess.In fact,associative mechanismsallow thedataspaceto beaccessedaccordingto
information-drivenpolicies,that is, basedon informationcontent,ratherthanon datastructure
andrepresentation,or on somesort of labelling (suchasmemoryaddresses,or keys, andso
on). Thisneedfor associative mechanismsin thecontext of mobileagentapplicationshasbeen
addressedby theJadasystem[CR97]. Mobile agentscanaccessto local tuplespaceto retrieve,
in anassociative way(i.e.,by classname)objectreferences.

Thenotionsof programmablecoordinationmedium[DNO97], in general,andof program-
mabletuplespace,in particular, have alreadybeenproposedandappliedin differentcontexts.
For instance,� � � � [ODN95] exploits extensibletuple spaces[DNOV96a] for thecoordina-



tion of distributedapplicationsbasedon intelligent heterogeneousagents[DNOV96b]. Law-
governedLinda [ML94] extendsthe tuple spacemodeltowardssecurityandefficiency of the
communicationin multi-componentdistributed systems.However, in the context of mobile
agents,MARS (Mobile Agent Reactive Spaces)[CLZ98b] is the only researchproposalwe
have knowledgeof which exploits programmabletuple spacesfor mobile agentcoordination.
Actually developedin thecontext of anaffiliatedreasearchproject,MARS significantlydiffers
from TuCSoN in termsof both its tuple spacemodel and its reactionmodel. In particular,
MARS is mostly orientedto networkmanagementduties,ratherthanto helpaccessto highly
dynamicandheterogeneousinformationsources.

5 Conclusions

Themobileagentparadigmcanbeexploitedto supportthedesignandthedevelopmentof effi-
cientapplicationsfor theaccessto heterogeneousanddynamicinformationsourcesdistributed
over Internet.However, sincetheinteractionspacerepresentsthecoreof thedesignprocessfor
information-orientedmobileagentapplications,only thechoiceof anappropriatecoordination
modelmayallow a full exploitationof thepeculiaradvantagesof theparadigm.

This paperpresentsTuCSoN, a coordinationmodelfor Internetapplicationsbasedon mo-
bile agents,andshowsits effectivenessin theareaof distributedinformationretrieval. TuCSoN
exploits thenotion of tuple centreasa programmablecoordinationmediumwhosebehaviour
canbedefinedandusedto dealwith heterogeneityanddynamicityof theinformationsources,as
well asto ensuresomedegreeof globaldataintegrity. Thissimplifiesthedesignof information-
orientedapplications,sincemostof theglobalsystempropertiescanbechargedover a global
communicationabstractionwithout affectingmobileagents’design.

Futurework will addressseveralissuesneglectedby thispaper:

� how andto whichextentcanTuCSoN reactionbeallowedto accessandmodify thestate
of theassociatedtuplecentre?Whatsecurityissuessuchcapabilitieswould involve?

� how andto whichextentcanmobileagentsbegiventhecapabilityof programmingreac-
tionsto specificsites?And, again,whatsecurityissuessuchcapabilitieswould involve?

Investigationsin differentapplicationareas,suchaselectroniccommerceandcomputersupport
cooperativework, wouldprovideadditionalimportantfeedbacksto completeandimproveboth
themodelandits implementation.
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