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Abstract

The increasingneedto accessand elaboratedynamicand heterogeneoumformation
sourcedlistributedover Internetcallsfor new modelsandparadigmdor applicationdesign
anddevelopment. The mobile agentparadigmpromotesthe designof applicationswhere
agentgoamthroughinternetsitesto locally accesadelaboraténformationandresources,
possiblycooperatingwith eachother This paperfocuseson mobile agentcoordination,
anddiscusseshe TuCSoN coordinationmodelfor Internetapplicationsbhasedon mobile
information agents. The modelis basedon the notion of tuple centee, a tuple-basedn-
teractionspaceassociatedio eachsite andto be usedboth for inter-agentcooperatiorand
for accessingo local infromation sources. TUCSoN tuple centresenhanceduple spaces
becauseheir behaiour in responséo communicationeventscan be programmed.This
canbeusedto dealwith heterogeneitanddynamicityof the informationsourcesaswell
asto ensuresomedggreeof globaldataintegrity. Theeffectivenesof the TUCSoN model
is shavn by meansof anapplicationexamplein the areaof Internetinformationretrieval.

1 Introduction

The increasinglygrowing Internetinfrastructureas well asthe almostpenasie diffusion of
the WWW technologyare changingthe way Internetis conceved and exploited. Far from
consideringt asaraw communicatiormedia,the currentchallenges to exploit Internetasa
globally distributed information systemwherea wide rangeof distributeddataand resources
canbeaccessedndelaborated.

The above changeof perspectie outlinestheinadequag of traditionalprogrammingpara-
digmsto meetthis new scenario. Distributedapplicationscomposedf entitiesstatically as-
signedto givenexecutionervironmentsandcooperatingn a (mostly) network-unavarefashion
cannotdealwith the intrinsic dynamicity unreliability andheterogeneityf Internetandof its
informationsources.The mobile agentparadigmsuitsthe new applicationscenario:applica-
tionsarecomposedy network-avareentitiescapableof dynamicallychangingheir execution
ervironment. The above changeof perspectre leadsto several advantagesn termsof saved
bandwidth,dynamicity and reliability [WWWK97]. For instance,in the areaof distributed
informationretrieval, mobileagentsmay move locally to the dataof interestto accessandelab-
oratethem,needingneithercontinuousetworkconnectiomor thetransferof largeamountsof
data.
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While severalnen mobileagentsystemsandprogrammingervironmentskeeponappearing
[KZ97], mary issuesstill needgo beanalysedeforethemobileagentparadigmwill gainwide
acceptanc@CGPV97. A crucialpointin this frameworkis representetdy the modelfor agent
interaction. Understandinghow interactionscan be ruled and exploited is the basicgoal of
currentresearcton coodination languagesandmodels[MC94, GC92]. Theresearchnterest
in thisareanaturallyderivesfrom recognisinghe spaceof interactionasa sourceof compleity
andexpressve power for multi-componenapplicationgWeg97]. Froma softwareengineering
viewpoint, the choice of a coordinationmodel hasan obvious influenceover the designof
comple applicationsparticularlywhenmobile agentsareinvolved[CLZ984. Evenmore,we
arguethata coordinatiormodelshouldeffectively supportapplicationdesignanddevelopment,
so that the componeninteractionspacecan fruitfully be exploited as an independentesign
space.

Following theclassificationntroducedoy [PA98], coordinatiormodelscanbedistinguished
in two classes:contwol-driven and data-drivenones. The former classincludesthosemodels
(suchasConCoordHol96], MANIFOLD [AHS93], andRAPIDE [LKA *95]) which focuson
communicatioractions,mainly by ruling the topology of interactionbetweenthe applications
componentsModelsof the latter classfocusinsteadon communicatiorinformation,by mak-
ing coordinationrules dependon informationexchangedn the interaction. The mosttypical
examplesareblackboard-basechodels|EM88] andLinda[Gel85] with all of its descendents.

We arguethatdata-drvenmodelsbetterfit our applicationscenaridhancontroldrivenones.
On the one hand, control-driven modelsdo not copewell with highly autonomousgynamic,
andunpredictablecoordinatedentitieslike mobile agents. For instance Internetapplications
basedon mobile agentscan hardly guarantegrecisetemporaland spatialschedulesof com-
municationactions.On the otherhand,the intrinsic orientationof data-drvenmodelstowards
communicationnformationprovidesa morenaturalsupportto thecoordinationof information-
orientedapplications. In particular a coordinationmodelbasedon a shareddataspacdike a
Linda tuple spaceprovidesmary key-featuredor the designanddevelopmentof information-
basedsystemslike associatie accesgo information,aswell asfor mobileagentcoordination,
like temporalandspatialagentuncoupling.

Still, data-drven modelstypically lack control andflexibility requiredby today complex
distributed applications. In particular if interactionsaretied to the pre-definedmechanisms
of Linda, the burdenof managingboth information and componentheterogeneityhasto be
chaged over eithermobile agentsor local executionenvironments. This makesapplications
moredifficult to bedesigneandincrementallynodified,andincreasesheirdevelopmentosts.

The above consideration$have led to several extensionsof the raw Linda modeltowards
extensibility and programmability like ACL7T [ODN95 and Law-GovernedLinda [ML94].
The TUCSoN model (Tuple CentresSpreadover Networks),describedn Section2, applies
the sameguidelinesto the coordinationof mobile agents.In TuCSoN, eachlocal execution
ervironmentis built arounda local communicatiorabstractiongcalledtuple cente, which can
be accessetby mobile agentsghroughLinda-like communicatiorprimitives. However, unlike
Linda tuple spaces,TUCSoN tuple centresare programmable in that their behaiour in re-
sponsecommunicationevents can be definedby meansof an ad hoc specificationlanguage
allowing reactiongto beassociatetib communicatioroperationsReactionsanbeexploitedto
embodycoordinationlaws into the coordinatiormedium,andto makeit possibleto adaptvely
dealwith heterogeneitytransparentlyo both mobile agentsand component®f the local exe-
cution ernvironments.A sampledistributedinformationretrieval applicationis thendiscussed
in Section3 to shaw the effectivenes®of the TUCSoN approachn thecontext of Internet-based
informationsystems.



2 TheTuCSoN Coordination M odel

The TUCSoN coordinationmodelis aimedat supportingthe designand developmentof in-
formation-orientedapplicationsbasedon mobile agents. Its approachs then basicallydata-
oriented andexploits a peculiarnotion of shareddataspacea la Linda.

In orderto copewith mobility, a nodeof the networkthat wantsto acceptmobile agents
mustdefineits own local communicatiorspace usedby agentsto interactwith otheragents
aswell aswith thelocal executionframewnork. Eachlocal communicatiorspaceconsistsof a
multiplicity of global (w.r.t. thenode)communicatiorabstractionsgalledtuple centes

Roughly speaking a tuple centreis an enhanceduple space denotedoy a namewhich is
locally (i.e., w.r.t. a node)unique. Eachtuple centrecanbe accessedby mobile agentsvia a
Linda-like communicatiorinterface. The communicatiorprimitivesout , i n andr d, aswell
astheir non-blockingversions np andr dp, have basicallythe samesemanticof their Linda
counterparts Eachoperationhasto be performedwith respectto onespecifictuple space by
explicitly denotatingt by name.If t is atuple centreidentifier, for instanceanout (T) @
operationperformedby an agentexpressits intentionto inserttuple T into the tuple centre
denotedby t in thelocal communicatiorspaceof thenodewhereit is currentlyexecuting.

This allows a very expressve form of communicationby providing a multiplicity of com-
municationchannelsvhich canbe accesse@nd programmedndividually andindependently
However, this featureis not strictly relevantto our purposesere,sowe will leave it asidefor
the restof the paper thus not discussinghe advantagesf having mary tuple centresin one
node. In the following, ary communicatioroperationandreactionspecificationwill thenbe
implicitly referredto the defaulttuple cente.

2.1 TupleCentres

A typical problemof Linda-like coordinatedsystemselieson thetuplespacebuilt-in andfixed
behaiour: neithernew primitivescanbeaddednor cannew behaioursbedefinedin response
to communicatioroperations.As a result,eitherthe supportprovided by the communication
deviceis enoughfor theapplicationpurposesor theinteractingentitieshave to bechagedof the
burdenof the coordination.Thatis why the TUCSoN approaclgoesover Linda, by providing
for flexibility andcontrolvia a programmablecoordination abstraction[DNO97] calledtuple
centre.Unlike Linda tuple spacesthe behaiour of atuple centreasa communicatiorchannel
canbedefinedandtailoredto the applicationneeds.

The behaiour of a (stateful)communicatiorabstractiorlike a shareddataspaceis easily
definedastheobsenablestatetransitionfollowing acommunicatiorevent. As aresult,defining
anew behaiour for atuplecentremeansessentiallyspecifyinganew statetransitionin response
to a standarccommunicatiorevent. Whichever modelis adoptedfor this enhancementt has
to accomplish,somefundamentatequirementsFirst, it shouldallow ary communicatiorevent
to beinterceptecandmakeall its relatedinformationavailable,thusraisingobsenability from
communicatiorstate(asin Linda tuple spaces}o communicatioroperations.Then,it should
makeit possibleto accessandmanipulatethe stateof the communicatiorabstractione.g. the
contentof atuplecentrein termsof tuples).

2.2 TuCSoN Reactions

In orderto accomplisitheabore requirementsary of the TuUCSoN basiccommunicatiorprim-
itives(out ,i n,rd,i np, rdp) canbeassociateavith a specificcomputationahctiity, called



reaction A reactionis definedas a setof non-suspenge operationswith a success/failure
transactionasemanticssuccessfuteactionsmay atomically produceeffectson the tuple cen-
tre state,failed reactionsyield no resultat all. Moreover, all the reactionsexecutedasa con-
sequencef a singlecommunicatioreventareall carriedoutin a singletransitionof the tuple
centrestate peforearny otheragent-triggeredommunicatioreventis sened. As aconsequence,
from theagentsviewpoint, theresultof theinvocationof acommunicatiorprimitiveis thesum
of theeffectsof the primitive itself andof all thereactionst triggered percevedaltogethemasa
single-stegransitionof the tuple centrestate.Sucha transitionis no longerboundedo be the
simpleone(suchasadding/deletingpnesingletuple)determinedncefor all by themodel,but
caninsteadbe madeascomple asdesiredby the systemdesigner

Programmingeactionsasksfor the definition of a suitablespecificationanguagemneeting
thefundamentatequirementsketchedn Subsectior®.1. Thelanguageshouldprovide access
to all theinformationrelatedto communicatiorevents(suchasthe performingagentthe oper
ationperformedthetuplerequired....), andmakeit possiblefor reactiongo freely accesand
modify tuple spaceinformation. In addition, we arguethatonly a Turing-powverful language
wouldin principleensureghatthe computationaload canbedistributedby the systendesigner
betweerthe coordinatedcentitiesandthe coordinationrmediaaccordingto abstractesigncrite-
ria only.

The TuCSoN abstracimodelfor the coordinationof mobile agentsprescindgrom thelan-
guageadoptedfor reactionspecification,and also from both the kind of tuple usedfor the
communicationand the tuple matchingcriterion. In this paperwe adoptfirst-orderlogic tu-
ples, along with unification as the correspondingnatchingmechanismand take ReSpecT
(introducedin [DNO98]) asthe specificationlanguageof choice. The former choicebrings
into the modelthe expressvenessof first-orderlogic (which arguably well copeswith infor-
mation systems)and makesit possiblethe twofold interpretationof the tuple spaceas both
a messageepositoryand a theory of the communication. The latter choice satisfiesall the
languagerequirementsntroducedabove, and allows the TUCSoN modelto be immediately
testedin practice,sinceReSpecT is alreadyexploited by the well-establisheddCL7T system
for distributedmulti-agentapplicationgODN95].

2.3 Programming Reactionswith ReSpecT

A ReSpecT tuplelike r eact i on( Op, Body) associatea communicatioroperationQp to
the Body reactionbody Wheneer anoperationOp is performed.all its correspondingeac-
tionsaretriggered,andtheir reactionbodiesareexecuted.Eachreactionbodyis syntactically
definedasa conjunctionof reactiongoals which canaccessheinformationrelatedto thetrig-
geringcommunicatiorevent (throughpredicatedike cur r ent _agent/ 1, current _op/ 1,
...), manipulateterms(throughterm predicatedike term equality/inequalityterm unifiabili-
ty/non-unifiability, ...), aswell asaccessandmodify the contentsof the tuple centrein terms
of tuples(throughpredicatedike out _r ,i n_r,rd_r, no_r,...). In particular out _r basi-
cally works asa corventionalout , while i n_r andr d_r have the sameeffectsasi np and
r dp, respectiely. Insteadno_r succeed# caseits aguments tuple doesnot unify with any
tuplein thetuple spacefails otherwise.

Reactionscan be definednot only for communicationprimitives, but also for operations
over tuple spacegperformednsidereactions.As aresult,in atupler eact i on( Op, Body) ,
Op maybenotonly out (T),in(T),rd(T),inp(T),orrdp(T), butalsoout r(T),
inr(T),rdrx(T),ornor(T),whereT isameta-\ariablestandingfor alogic tuple.

Furtherreactionpredicatesare relatedto the peculiarsemanticsof somecommunication



primitives. First of all, unliketheout primitive,i n andr d maybe seen(seealso[GZ97]) as
madeof two distinctcommunicatiorevents:thefirst queryphase(calledthe pre phase)when
atupletemplateis provided, andthe subsequerdnswerphase(calledthe postphase) whena
unifying tupleis eventuallyreturnedo the queryingagent.Accordingto that,ReSpecT intro-

ducesthetwo pr e/ 0 andpost / O predicateswhich obviously succeednly in the pre and
postphasefespectiely. As aresult,we may definereactionswhich will be actuallyexecuted
in thepre or postphaseonly of ani n orr d operation. Analogousconsiderationgpplytoi np

andr dp, too. Since however, theseprimitivesmayeithersucceedr fail, ReSpecT introduces
two furtherpredicatessuccess/ 0 andf ai | ur e/ 0, which, asintuitive, succeeanly in the
casethat the currentnon-blockingprimitive succeedear failed, respectrely. This makesit

possibleto definedifferentreactionsor the postphaseof ani np or ar dp, dependingpn the
succes®r failure of the operation. We forward the interestedreaderto [DNO98] for awider

presentatioof ReSpecT.

3 An Application Example

As our applicationexample,we consideran informationsystemconsistingof a collection of

WWW senersspreadover a WAN, whosestructureis heterogeneousothin termsof SW and
HW architecturesndof informationkind and organisation.For instance think of a group of

senersspreadover atouristarea,containinginformationaboutmuseumshotels,sportcentres,
tourist attractions,and so on. In this framework, we considera mobile agentapplicationin

chage of gatheringnformationfrom HTML pagesandautomaticallyproducingasits outputa

pageof reference®n its homesite. Mobile agentsare usedas‘knowledgeretrievers’, spread
over the WAN with the aim of roamingacrossthe seners, gatheringall relevantinformation,
andcomingbackto their homesite.

3.1 Heterogeneity

The issueof the heterogeneityof information sourcesmay be facedin principle by making
mobile agentsawareof all the differentwaysin which knowledgeis representedThis choice,
however, would makeagentdesigna highly comple task,andproducea very inflexible struc-
ture,whereary new senerto beaddedmayimply are-desigrof theagents.

In TUCSON, the capabilityof programminghe communicatiorabstractiorallows the bur-
denof heterogeneityo be chagedupontuple centres bridging the gap betweenagentinter-
action protocolsand the peculiarmodel for knowledge representatioradoptedby eachsite.
Mobile agentscanthenbe designedndependentlyof ary specificchoicefor information or-
ganisation,andaccordingto a simple and straightforwardinteractionprotocol. For instance,
in our applicationexample,eachagentis initially givena setof keywords,with the goalof re-
trieving the URL of every HTML pageconcerningeachkeyword. Then,agentssimply askfor
tuplesof theform kwURLs ( KW URLS) throughar d operationjndependentlyf the hosting
executionervironment.Keyword KWis providedasa constanby theagentwhich expectsasa
resulttheinstantiationof variableURLs to thelist of all URLs of theHTML pagescontaining
somereferenceso KW,

This simpleagentinteractionprotocolis intendedo work on every sener, independentlyf
the sener modelfor knowledgerepresentationTakefor instancetwo WWW sites, A and B,
recordingpage-contentelationsin two differentways. Sener A describeghe contentof each
pagein termof keywordsby meansof tuplesof the form keywor d( KW PageNane) , while
pageorganisations recordedoy meansof tuplesof theform page( PageNane, PageURL) .



% server A

reaction(rd(kwURLs(KW _)), ( pre, no_r(kwURLsS(KW _)), out_r(kwPages(KWI[])) )).
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 (kwSear ch(KW, URLs)), (
i n_r (answer (kwSear ch(KW, URLs)), out _r(kwURLS(KW URLS)) )).

Figure3.1

In orderto copewith agentprotocol,thetuplecentreof sener A will beprogrammedo reactto
ard( kwURLs( KW URLs) ) operation(i) by checkingwhetherthe requiredtupleis present,
(i) in caseit is not, by finding all the pagesreferringto keyword KW, (iii) by building the list
of their correspondingJRLs, and(iv) by finally providing the agentwith the requiredanswer
tuple.

Instead sener B is built aroundaDBMS applicationrecordingthe sitecontent. TheDBMS
interactswith thetuple centrethroughawrapper translatingtuplesinto queries,andbackan-
swersinto tuples. The wrapperwaits for tuplesof the form quer y( Query) andtranslates
theminto queriesfor the DBMS. Then, it waits for the DBMS answerandtranslatest into a
tuple of theform answer ( Query, Tabl eLi st), whereTabl eLi st is theanswertable
providedin form of list. In particular a queryof theform quer y( kwSear ch( KWW ) makes
thewrapperasktheDBMS to returnthe URLs of all thepagescontainingreferenceso keyword
KW. Theconsequerdinsweiis thengivenasatupleanswer ( kwSear ch( KW , URLs) . Cor-
respondinglyoncedetectedhe absencef thetuple required,the tuple centreof the sener B
reactsto ar d( kwURLs ( KW URLs) ) operationby producinga quer y( kwSear ch( KW) )
tuple for the wrapper Whenthe correspondinguple answer ( kwSear ch( KW , URLS) is
insertedby thewrapperthekwURLs ( KW URLSs) tupleinitially requiredby theagents finally
produced.TheReSpecT codefor senersA and B is shavn in Figure3.1. Despitethe different
choicedor therepresentationf page-contentelations mobileagentsnteractwith bothseners
A andB in thesameway, by simply askingfor tupleskwURLs ( KW URLS) . In fact, bothtuple
centresactuallyprovide agentswith thesameuniformview of suchinformation:theirbehaiour
makethembe percevedby arny agentasthey would containa tuple kWURLs ( KW URLsS) for
ary possiblekeyword KW,

3.2 Integrity

Malicious or simply badly programmedagentsmay underminethe internal coherenceof the
hostingexecutionervironment.A knowledgesourceshouldthenbe protectedrom thoseinter-
actionspossiblyaffectingthe semanticonsistencef theinformationcontainedIn a coordina-
tion modellike TuCSoN wherecommunicatioris mediatedoy a shareddataspacethe global
consisteng of asystemw.r.t. interactioncanbe grantedby providing for the consisteng of the
communicatiorstate(the tuple centrestate,in TUCSON).

Take againthe sener A sketchedn Subsectior3.1, wherepageorganisationis recorded
by tuplesof the form page( PageNane, PageURL) . As an example,we may like to en-
surethat, at ary time, eachHTML pageof the sener hasits own unique URL recordedin
the tuple centre. This meansthat, given a PageNane page,it shouldnever happenthat no



% server A

reacti on(out (updat ePage( Nanme, NewURL) ), ( in_r(updat ePage(Nane, NewURL) ),
in_r(page(Nane, )), out_r(page(Nanme, NewURL)) )).

reaction(out (page(PageNane, URL)), in_r(page(PageNane, URL))).

reaction(in(page(_,_)), ( post, current_tupl e(page(PageNane, URL)),
out _r (page(PageNane, URL)) )).
reaction(inp(page(_,_)), ( post, success, current_tuple(page(PageNane, URL)),
out _r (page(PageNane, URL)) )).
Figure3.2

page( PageNane, PageURL) tuple occursin the tuple centre,and, dually, that morethan
onetupleof thatkind occuratthe sametime.

The behaiour of the tuple centreshouldthen be definedso asto avoid insertionsandre-
movals of page/ 2 tuples. In addition,whena pagelocationis to be updated,t shouldal-
low suchtuplesto be replacedwith new onesatomically so asto presere informationcon-
sisteng at ary time. Correspondinglythe ReSpecT codeshaown in Figure 3.2 makesary
i n, inp, orout of page/ 2 tuplesineffective. Moreover, it makesit possibleto atom-
ically updatethe URL of a pagePageNane to NewURL by meansof the emissionof an
updat ePage( PageName, NewURL) tuple.

3.3 Dynamicity

Todayinformationsystemsaretypically characterisetdy a high degreeof dynamicity For ary
singleinformationsource new informationcanbe gatheredrom the outside,nev knowledge
canbeinferredfrom the old one,new componentsanbe addedto provide new servicesand
capabilities.The burdenof managingdynamicitymaybe chagedover mobile agentshut this,
again,would makethem unnecessarilyomple. Instead,in this casetoo, a more effective
solutionis to programthe tuple centreso asto dealwith the dynamicity of the information
sources.

Let a sener C' have the samestructureand organisationof sener A describedn Subsec-
tions 3.1-3.2. Then, supposethat an intelligent agent£ is addedto (', to learnfrom user
interactionandinfer new informationfrom users exploration paths. In particular saythat £
is ableto infer that two knowledgeitems are strictly relatedfrom a semanticviewpoint. So,
wheneer sucha new relationis inferred,£ makesit availableto theworld by emittingatuple
of theformr el KW KW RKW) , statingthatwhicheverrefersto RKWtypically refersto KWtoo.
It would thenbe desirablgo beableto integratethe new knowledgeinferredby £ in thewhole
systemandmakeit usableby mobileagentsn atransparentvay, without affectingagents’in-
teractionprotocol. To thisend,a TUCSoN tuplecentremaybeexploitedsothat,whenanagent
movesto C' andasksfor keyword KW, it transparentlgetsall the pagesconcerningooth KW
andall its relatedkeywords,asinferredby £ sofar.

Even thoughquite sophisticategoliciescould be built in the system,we will give herea
verysimpleexample.Wheneeranew r el KW KW RKW) tupleisinsertedoy £, thetuplecen-
trereactsoy lookingfor all thepageseferringto RKW. For every suchaPageNane pagefound,
atuplekeywor d( KW PageNane) is addedwhich stategshatPageNamnme concernk\W, too.
Finally, any informationpreviously producedaboutkKWin form of akwURLs ( KW URLS) tuple
is removed, sothata subsequemequesby ary agentwill causehe productionof the updated
informationaccordingo thecodeshavn in Subsectior.1. ThecorrespondingReSpecT code
is shavn in Figure3.3.



% server C
reaction(out (rel KWKWRKW ), out_r(newPages(KWRKWI[]))).

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(rel Pages( KW RKW Pages)) )).
reaction(out_r(rel Pages(KW RKW Pages)), in_r(rel Pages(KW RKW Pages))).

reaction(out _r(rel Pages( KW RKW [ Page| Pages])), (
out _r (keywor d( KW Page) ), out_r(keyword(RKW Page)) )).
reaction(out _r(rel Pages(KWRKWI[])), in_r(kwURLs(KW _))).

Figure3.3

4 Related Works

In the lastfew years,several systemsand programmingervironmentshave beenproposedo
supportthe developmentof Internetapplicationsasedon mobileagentdRPZ97,VT97]. De-
spitethis fermentingactiity, only afew proposaldocuson coordinationissues.

Most of the proposedsystemsrely on messagegpassingfor inter-agentcoordinationand
on the client-sener model for the accesse$o the local information systems. Typical exam-
plesare Java-basednobile agentssystemsywherecommunicatioroccursvia the usualobject-
orientedinteractionmechanismsand low-level message-passincan be also exploited via
TCP/IP [KZ97]. However, as arguedin [CLZ98a], thesemodelshardly suit Internetappli-
cationsbasedon mobile agentsbecausehey do not promoteinteractionlocality, andenforce
a strict coupling betweenthe interactingentitiesin termsof requiredmutual knowledgeand
temporalsynchronisation.

In the meeting-orientednodel,implementedoy the Ara system[PS97, interactionoccurs
in thecontext of “meetingplaces”.An active entity mustassumeherole of meetinginitiator to
openanddefineameetingpoint. Agentsjoin knowvn meetingpointsandcantherecommunicate
andsynchronisewith the otheragentsparticipatingin it. As a benefitof this model, interac-
tion locality canbeenforcedby locally constrainingneetings:a meetingtakesplaceata given
executionervironmentandonly local agentsare allowedto participate. However, this model
of coordinationhassomedrawbacks. For instance,it requiresboth temporalsynchronization
betweenthe interactingentities,and mutual knwoledgeof meetingpoints. Furthermorejn-
teractionwith local resourcess still basicallytied to a client-sener model (always-opened
meetingsabstractherole of seners),sothataccesgo informationsourceds essentiallyruled
in a control-drvenmanner

The conceptof anorymousinteractionvia shareddataspaceassociatedo eachlocal exe-
cution ervironmentenforcedocality in interactionsaswell astemporaluncoupling. A black-
board-basedodelof interactionis exploited bothby the Ambit formal modelfor mobilecom-
putation[CG97] andby the ffMain system[DLD97] for mobile informationagents.Still, the
absenceof ary associatie mechanismn accessinghe dataspace makesthe modellack the
degreeof flexibility requiredfor both inter-agentcoordinationand heterogeneoumformation
sourceaccessln fact, associatie mechanismsallow the dataspac#o be accessedccordingo
information-drivenpolicies,thatis, basedn informationcontent ratherthanon datastructure
andrepresentationpr on somesort of labelling (suchas memoryaddressespr keys, andso
on). This needfor associatie mechanism# the context of mobileagentapplicationshasbeen
addressety the Jadasystem[CR97. Mobile agentscanaccesgo local tuplespaceo retrieve,
in anassociatie way (i.e., by classname)objectreferences.

The notionsof programmableoordinationmedium[DNO97], in generalandof program-
mabletuple spacejn particular have alreadybeenproposedcandappliedin differentcontexts.
For instance, ACL7 [ODN95] exploits extensibletuple space§DNOV964 for the coordina-



tion of distributedapplicationsbasedon intelligent heterogeneouagent§DNOV96h]. Law-

governedLinda [ML94] extendsthe tuple spacemodeltowardssecurityandefficiengy of the
communicationn multi-componentdistributed systems. However, in the context of mobile
agents MARS (Mobile Agent Reactve Spaces)CLZ98b] is the only researchproposalwe
have knowledgeof which exploits programmablauple spacedor mobile agentcoordination.
Actually developedin the context of anaffiliated reasearclproject, MARS significantlydiffers
from TuCSoN in termsof both its tuple spacemodel andits reactionmodel. In particulay

MARS is mostly orientedto networkmanagemendluties,ratherthanto help accesgo highly

dynamicandheterogeneousiformationsources.

5 Conclusions

Themobileagentparadigmcanbe exploitedto supportthe designandthe developmeniof effi-
cientapplicationdor theaccesgo heterogeneousnddynamicinformationsourceslistributed
over Internet.However, sincetheinteractionspacerepresentshe coreof thedesignprocesdor
information-orientednobile agentapplicationspnly the choiceof anappropriatecoordination
modelmayallow afull exploitationof the peculiaradvantage®f the paradigm.

This papempresentsTuCSoN, a coordinationmodelfor Internetapplicationdhasedon mo-
bile agentsandshowsits effectivenessn theareaof distributedinformationretrieval. TUCSON
exploits the notion of tuple centreasa programmableoordinationmediumwhosebehaiour
canbedefinedandusedo dealwith heterogeneitanddynamicityof theinformationsourcesas
well asto ensuresomedegreeof globaldataintegrity. Thissimplifiesthedesignof information-
orientedapplications sincemostof the global systempropertiescanbe chagedover a global
communicatiorabstractiorwithout affectingmobile agents'design.

Futurework will addresseveralissueseglectedby this paper:

¢ how andto whichextentcanTuCSoN reactionbe allowedto accesandmodify the state
of theassociateduple centreAWhatsecurityissuessuchcapabilitieswould involve?

¢ how andto which extentcanmobileagentse giventhe capabilityof programmingeac-
tionsto specificsites?And, again,whatsecurityissuessuchcapabilitiesvould involve?

Investigationsn differentapplicationareassuchaselectroniccommerceandcomputersupport
cooperatre work, would provide additionalimportantfeedback$o completeandimprove both
themodelandits implementation.
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