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ABSTRACT
This paperfocuseson coordinationmiddlewarefor distributedap-
plicationsbasedonactivedocumentsandXML technologies.It in-
troducesthemainconceptsunderlyingactive documentsandXML
Then,the papergoesinto detailsaboutthe problemof defininga
suitablemiddleware architectureto effectively supportcoordina-
tion activities in applicationsincluding active documentsandmo-
bile agents,by specificallyfocusingon the role playedby XML
technologiesin that context. According to a simple taxonomy,
thecharacteristicsof severalmiddlewaresystemsareanalyzedand
evaluated.This analysisenablesus to identify theadvantagesand
theshortcomingof thedifferentapproaches,andto identify theba-
sic requirementsof a middlewarefor XML-centric applications.

1. INTRODUCTION
Theconvergenceof InformationandCommunicationTechnologies
offersnew opportunitiesfor industry, research,andteaching,andit
is pushingthe developmentof novel appliances,applications,and
services.Peoplewhoareusingthesetechnologiesaremostlyinter-
estedin communicatingor accessingcontents, that is information
transmittedandstoredin form of electronicdocuments.Thereis
a wide, ever-increasingrangeof Internet-basedapplicationsand
servicesthat are document-centric,meaningthat they are made
of componentswhich agreeon somedocumentontology to ex-
changestructureddatain form of documentscomplyingwith such
anontology. Several Internetapplicationsdealwith documentex-
changes:for instance,CSCWsystemstypically dealwith accesses
to sharedworkplacesor documentspaces.

From a softwaredesignviewpoint, peopleareactively developing
novel methods,tools andinfrastructuresfor document-centricap-
plications,becauseit is still unclearhow they shouldbe designed
at a world-wide scale. Document-centriccomputingmodelsare
neededin order to study, compareanddesigntheseapplications.
In this context, we envision a trendtowardcomputingmodelscen-
teredaroundtheconceptof active andmobile documents.On the
onehand,documentsmaybenotonly thepassivepartof asoftware
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systembut, instead,canintegrateactive behaviors andcanbeable
to handlethemselvesandto coordinatewith otherapplicationcom-
ponents.On the otherhand,suchbehaviors canincludethe capa-
bility of moving themselvesover a network. Thesuccessof XML
technologiesconcurto acceleratethis trendby providing easydoc-
umentprocessingand dataportability, that is, by facilitating the
shift towardsactivedocument.However, for suchashift to become
viable it necessaryto clarify therole andthecharacteristicsof the
middlewarethatshouldsupportactive documentapplications.

Sinceseveralapplicationsaremulti-componentsandmulti-documents,
thereis theneedof suitablemiddlewareto supportthe relatedco-
ordination activities. Interestingly, the definition of a coordina-
tion middlewareoffersthepossibilityfor theexploitationof XML-
basedactive documentsin theframework at differentlevels.While
therole of XML for definingdocumentscanbeeitherpurely pas-
sive, namelystructuringdata,or behavioral, namelydefining its
rendering,it is alsopossibleto exploit XML in middlewareasan
integral part of the underlyingcoordinationframework and, say,
useit to definethe coordinationspaceaswell asthe coordination
laws in termsof active XML documents.

Our goal in this paperis analyzingthe role that XML canplay in
moderncoordinationmiddlewarefor documentagentapplications.
A very simpletaxonomyis introducedto identify the possibleex-
ploitationsof XML in that context. Several systemsareanalyzed
andevaluatedaccordingto this taxonomy. By this,we identify the
advantagesandthedrawbackof thedifferentapproachesandiden-
tify several questionsandproblemsthat arecurrentlyunanswered
by thesesystemsandremainasfutureresearchchallenges.

Theremainderof this paperis organizedasfollows. Section2 in-
troducesactivedocumentsasdocument-agents.Section3 describes
someXML-basedcoordinationmiddlewaresupportingtheontolo-
giesof document-agents.Section4 discussessomeopenresearch
issues.Section5 draws our conclusions.

2. DOCUMENTS AS AGENTS
What are active documents?From a software designerperspec-
tiveanelectronicdocument(e-documentfor short)is akind of data
structurethatapplicationscanexchangeandprocess.By definition
a documentsmusthave somekind of contents:Data,text, images,
music, money, etc. In addition, any documenthasa representa-
tion anda structure.Thesearedefinedby codeslike ASCII, tags,
formattingcommands,etc.Thus,we cansaythata (passive) docu-
ment= content+ representation.



E-documentscancontainmeta-level or structuralinformationused
by external,� document-processingentities(e.g.,humans,searchen-
gines,or printers)to index or even ”understand”its contents. A
glossaryin a book, or a a headerof a BMP file are examplesof
meta-level information. Instead,sometagsin HTML files or in
Tex documentsareusedto definestructuralinformation.It is quite
importantto distinguishthe declarative power of structuralinfor-
mationfrom theproceduralinterpretationthat is necessaryto ren-
der or genericallyprocessa documentaccordingto its structure.
For instance,the renderingrulesof HTML documentsarebuilt in
the browser: there is no specificbehavior associatedto a docu-
ment,thusdifferentbrowserscanhandledifferentlydifferenttags.
In contrast,XML tagsarenotassociatedto any predefinedbehavior
of externalapplications,thusthey arepurelydeclarative [24].

The above characteristic– togetherwith its intrinsic portability
– is one of the main driving forces in the increasingsuccessof
XML, intrinsicaly promotinga shift from passive to active doc-
ument. In fact, the computationalcodeassociatedto the render-
ing/manipulationof XML documents(or to XML documenttype)
canbe associatedto the XML documentusinga companionXSL
stylesheet[25]. TheXSL-T languagecomponentof XSL allows to
defineby rulesthetree-basedmanipulationof adocument,whereas
usingtheXSL-FO languagecomponentswe candefinetherender-
ing behaviors. It is alsopossibleto useafully fledgedprogramming
languageinsteadof XSL-FO:in thiswayadocumentcanbeassoci-
atedto any kind of behavior expressableusinga Turing-equivalent
language.For instance,a documentrepresentinga programcould
be associatedto someway of animatingits own symbolicexecu-
tion. We definesuche-documentscarryingtheir own behaviors as
”active”, in contrastwith passive documentswhich rely uponap-
plicationsto be manipulated.More precisely, an active document
is definedas(active) document= content+ structure+ behaviors.

2.1 Towards DocumentAgents
Whena documentencaspulatedocument-specificbehavior, deter-
mining how thedocumentitself hasto behandled(for instanceby
specifyingdocument-specificbehaviors relatedto renderingor to
its structuralmanipulation),it cannotbe longerconsiderdsimply
a document. Instead,suchan active documentcan ratherbe as-
similatedto a softwarecomponentor – in somecases– even to a
softwareagent[13]. Therearetwo differentclassesof documents
thatcanbeconsideredactive.

Whentheinternalbehavior of a documentis intendedasa service,
to be usedby external applicationsor componentsto handlethe
document,the documentcan be assimilatedto an object and, as
that, is natureis simply reactive. For this classof active docu-
ments,of which a largenumberof examplescanbefoundboth in
theliterature[12, 10] andin commerce,theinternalactivity of the
documentis triggeredby requestsof accessingthedocument;

When,instead,thedocumentintegrateautonomousthreadsof con-
trol, thedocumentcanexhibit proactivebehavior and,asthat,it can
besomehow assimilatedto a softwareagent.For this classof doc-
uments,we usethe term “documentagents”to characterizetheir
twofoldsnatureof documentsandof softwareagents.

Severalresearchworksrecentlysuggestinterestingapplicationsof
documentagents.For instance,a proactive agendacanbe ableof
alertingusersandre-organizingthe scheduleof a meetingby in-
teractingwith theproactive agendasof theotherusersinvolved in

themeeting[18]. A proactive Web-baseddocumentcanlook in the
Webfor furtherrelateddocumentsof potentialinterestto auser[7].

2.2 Mobility and Coordination
If active documentscanbe assimilatedto softwarecomponents–
whetherobjectsor software agents– then they can be usedas a
building blocksfor the developmentof complex distributedappli-
cations.However, this mayrequireproviding documentswith two
additionalfeatures:the capabilityof transferringthemselvesover
thenodesof a network andthecapabilityof coordinatingtheir ac-
tionswith otheractive document.

The first feature,mobility, is intrinsic in the very conceptof in-
formationand,so, of documents:a documentis createdto trans-
fer/move information. By adoptingopendataformats,like XML,
mobility of passive documentsis automaticallyachieved. How-
ever, whenthe document,otherthandata,may includebehaviors
andthreadsof execution,to enableit to movefrom oneplaceto an-
other– asamobileagent[4] – requiresalsocodeportabilityaswell
asthepresenceof a softwareinfrastructure– i.e., of a middleware
– enablingandsupportingactive documentmobility [18].

The secondfeature,coordination,is necessaryfor the bulding of
complex multi-component(or, better, multi-document)applications.
Whenonly reactive documentsareinvolved in an application,co-
ordinationbetweendocumentsoften assumethe form of simple
client-server interactions. However, assoonas the applicationis
built by makinguseof documentagents,interactionsandcoordina-
tion activitiesarelikely to expressmorecomplex anddynamicpat-
terns,asit canbethecaseof anactive agendatrying to re-schedule
a meeting.Again, a suitableinfrastructureis necessaryto support
coordinationactivities of documentagents.

3. COORDINATION MIDDLEW ARE & XML
Middleware is conceived as a software layer that abstractsfrom
the heterogenouscharacteristicsof differentarchitectures,operat-
ing systems,programminglanguagesandnetworks in distributed
systems.It integratestheseinto onesystemby providing services
that provide functionality basedon the given commonabstraction
andthatareimplementedon top of thenamedheterogeneouscom-
ponents.Amongthevariousservicestypically offeredby middle-
ware, we are most interestedin facilities for the coordinationof
document-centricactivities. Coordinationis usuallyconsideredto
be the managementof dependenciesamongstactivities [15]. As
such,coordinationmiddlewareis intendedto integratefunctionali-
tiesto enableandrule thecoordinationactivities of heterogeneous

Coordinationmiddleware is difficult to design. The provided ab-
stractionhasto deal with the central issuesof how datais com-
municated,how activities arestartedandsynchronized.The het-
erogeneityfound is very broad,rangingfrom RPCs,object invo-
cations,componentusageto agentinteractionwith differentchar-
acteristicssuchasone-to-oneor one-to-many communicationand
synchronization.In addition, modernmiddleware hasto support
mobility of applicationcomponents,users,anddevices.

3.1 Document-centricMiddlewar e
With the beginning of the90ies,several companiestried to estab-
lish standardsfor middlewarearchitecturessupportingactive doc-
umentsandtheir coordination([1]).

Thesemiddleware architectures– groundedin the works of dis-
tributedobjectapplicationsandmiddleware,like CORBA – estab-
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lishedanotionof documentsinto which“components”or “objects”
wereincluded.Thecomponentscontaineddataor softwareto ma-
nipulatethat data. They weredisplayedto the userandaccepted
input for direct manipulation.Somecontrol infrastructureoffered
servicesto coordinatevia client-server interactionsthe interwork-
ing of differentcomponents.As thecomponentscouldbeof differ-
entsource,thesecomponentsoftwareintegrateddifferentservices
into oneapplicationrepresentedasa document.

The two major playersin the middle of the 90ieswereOpenDoc
from ComponentIntegrationLaboratories,a consortiumsupported
by Apple,IBM, Taligent,Novell, andSunSoft,andOLE2from Mi-
crosoft.Bothofferedsimilar functionalitywith somedifferencesin
the objectmodelsused. In contrastto todaysXML orientedmid-
dleware, objectsand datawererepresentedin a binary format in
both andthe frameworks wereratherheavy. While OpenDocwas
not able to gain wider acceptance,OLE2 is a grandfatherof Mi-
crosoftsCOM and.NET frameworks.With CORBA, a component-
and object-standardwas establishedat the sametime that found
greatacceptancewhichhowever did not incorporatea strongdocu-
mentmetaphor.

With XML, document-centricabstractionsarerevitalized,andsev-
eralinterestingmiddlewaresystemsfor coordinationhave beenre-
centlyproposedin whichXML anddocumentagentsplaya central
role. We discussin thefollowing whatrole XML canplay in mid-
dlewarefor moderndocument-centricapplications,with a specific
focus on coordination. The systemsunderreview fall into three
main categories(Figure1). They canoffer servicesnot basedon
XML for theuseof XML-baseddocumentagents;at theotherex-
treme,they can offer coordinationservicesbasedon XML tech-
nologiesandXML active document;or they canadopta fully int-
gratedapproachfor XML-basedcoordinationservicesin a world
of XML documentagents.

As a casestudyfor the comparative analysisof thesemiddleware
systems,we usea small scenariofrom financialserviceswhich is
motivatedby [2]. Assumethat a personhastwo bankaccountsA
andB. If he or shewantsto withdraw an amountfrom accountA
which is larger thanthecurrentbalancethere,the bankingsystem
shallautomaticallytry to transferthemissingsumfrom B andpro-
ceedwith the transaction.If A andB togetherhold lessermoney
than requested,the transactionfails. Aside from thosedataand
servicesneededto representandhandleaccountsA andB, anad-
ditional coordinatorservicehasto offer thefunctionalinterfacefor
theuserand,morerelevant to our purposes,it hasto beableto co-
ordinate(or support)actionssuchas:evaluatingwhethera transfer
is necessaryfrom differentaccountandproviding for thesewith-
drawal operations.Centralissuesfor thecoordinationmiddleware
usedhereis to provide its servicein a rathertransparentmanner
andto integrateA andB which might belocatedat differentbanks
possiblyusingdifferentsystems.

3.2 Middlewar e for XML DocumentAgents
Thefirst category we look at concernsmiddlewarethat offers ser-
vicesfor agentsthatarespecifiedusingXML and“run” in anXML
environment.Theworld theagentslive in is completelyXML ori-
entedandthemiddlewareunderstudyoffersservicesto make doc-
umentsbecomeactive andto let themcoordinatewith the outside
world, althoughthemiddlewarein itself is implementedoutsidethe
XML world, i.e.,without exploiting XML technologies.

3.2.1 Displets
The basicidea of the Displet approach([8]) is to provide an ac-
tive documentenvironment, where XML documentscan be en-
richedwith application-specificbehavior in orderto, say, let them
beeffectively renderedor transferredover a network. Specifically,
Displetsaresoftwaremodulesthat areattachedto an XML docu-
mentandactivatedwhensomepre-declaredtagsareparsedduring
the manipulationof thedocument:in short,a displetsupportsthe
specificationof thetreatmentof eitherexisting or new tags.A dis-
plet may print text strings,display imagesor make useof graph-
ical primitives,or do any neededactionin the context of a multi-
documentapplication.

Thefirst releaseof Displetswasproposedmainlyfor creatingHTML
extensionsin a principled,generalway. Theideawasto beableto
supportnew tagsonaper-documentbasis,withoutany explicit sup-
port from commercialbrowsers,andto provide thedocumentwith
the proceduralrenderingsupportneededto createin a document
andvisualizeany kind of graphicalobjectwith styles,font, images,
andgraphicalprimitives.With XML, thedispletapproachhasbeen
adoptedasa tool for therenderingof XML documents.Now, Dis-
pletsaregoing to becomea general-purposeenvironmentfor the
definitionandtheexecutionof XML documentagents.

Thecentralideaof Displetsis to attachbehaviors, in termsof Java
classes,to XML documents.An XML transformationstylesheet
canbedefinedto transforma “normal” XML documentinto anac-
tive one.TheDispletsparsertransformsthedocumentinto a DOM
tree, that the XML stylesheetcan transforminto a different tree,
alsoby attachingto the treespecificationof Java classesdevoted
to associatedspecificbehaviors to specificportionof thetree.The
new XML documentobtainedfrom this transformationcan thus
have becomean active document. There,Java classesdetermine
thebehavior of thedocumentwhenmanipulatedby externalappli-
cations(e.g.,browsersandprinters),andrunnablethreadscande-
terminetheautonomousbehavior of thedocumentwhenexecuted.

Displetsdocumentagentscanhaveassociatedaprivateinternalbe-
havior, devotedto determinethebehavior of thedocumentitself, as
a stand-aloneentity. However, it is alsopossibleto think attaching
to a documenta behavior relatedto the interactionof a document
with otherdocument,in thecontext of a multi-componentapplica-
tion. Figure2 illustratestheDispletsapproachto coordination:in
additionto thebehaviors relatedto the internalhandlingof a doc-
ument,a setof documentcanshareandhave attachedthe behav-
ior devotedto implementandcontroltheexecutionof coordination
patternsamongtheset.

In the casestudy, it is possibleto think at having a client docu-
mentagents,in charge of receiving inputsfrom the client, storing
it internallyin XML format,andof renderingbackto theclient the
XML datareportingtheresultsof theaccountoperationsto it. All
theseoperationsarebeinghandledvia properbehavior attachedto
thedocumentagent.In addition,it is possibleto attachto theclient
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documentagentthebehavior neededto coordinate– i.e., to negoti-
atewithdrawal – with thedocumentagentsdevotedto managebank
accounts.The documentagentshandlingbankaccount,then,can
integratethe coordinationpolicies neededto handlethe situation
in which a client requestsa sumwhich is not locally available,by
makingit startanegotiationwith thedocumentagentshandlingthe
otheraccountsof a user.

The main problemof the Displet approachis that documentbe-
haviors, which include the behaviors devoted to the implemen-
tation of coordinationpatterns,are hardwiredinto documentsat
compile time. This can make it hard to exploit Displetsin open
environmentsandin mobile setting,wherea documentcanmove
acrossdifferentsitesandneedsto interactwith differentdocuments
accordingto different coordinationpatterns. For the casestudy,
changesto thepoliciesadoptedby thebanksto handleaccountsand
withdrawal wouldrequireachangein thecoordinationbehavior at-
tachedto anapplet,andwould requirerebuilding thedocument.

3.2.2 OtherApproaches
Other proposalsaim at providing frameworks for making XML
documentsactive by enrichingit with behavior, e.g.,JXML [11].
However, most of this frameworks are quite limited with regard
to multi-documentcoordination.In mostof thecases,coordination
betweendocumentssimplyamountatenablingclient-serverobject-
orientedinteractions,andthereis nopossibilityof expressingmore
complex coordinationpatternsandcoordinationlaws.

An interestingapproachis adoptedin theAdletssystemfor infor-
mationretrieval [7]. There,the basicideais to enrichWeb-based
documents(XML, but not necessarily)with a proactive declarative
behavior. The goal is to make a documentable to autonomously
look in thenetwork for relateddocuments.To this end,theAdlets
middlewareenablea documentto proactively move acrossthe In-
ternet(as if it werea mobile agent)and to coordinateitself with
otherdocumentsto discoverrelationsbetweendocumentsand,even-
tually, to returnto usersclustersof relateddocuments.

3.3 XML Middlewar e for DocumentAgents
The coordinationmiddlewaredescribedin this subsectionexploit
XML at the middlewarelevel in itself. In particular, they assume
that thecoordinationactivities of applicationagentsoccurandare
ruledvia accessesto sharedXML informationspaces,in which the
laws ruling coordinationresideandareenacted.To someextent,
thesesystemsmaketheinformationspacein itself becomeanactive

documentagent,which is ableto determinethe laws accordingto
which its datacanbeaccessedandmodifiedby applicationagents.

3.3.1 XMLSpaces
In thecoordinationlanguageLinda, tuplesareprimitive datawith-
out higher order valuessuchas nestedtuples,or mechanismsto
expresstheintentionof typing fieldssuchasnamesetc. For Web-
basedsystems,a richer form of datais needed.It hasto be able
to captureapplicationspecifichigherdata-structureseasilywithout
the needto encodetheminto primitive fields. The format hasto
be openso that new typesof datacanbe specified.And it hasto
bestandardizedin someway, sothatdata-itemscanbeexchanged
betweenentitiesthathavedifferentdesign-origins.XML fulfills all
thosecriteria.

XMLSpaces([22]) is anextensionto theLindamodelwhichserves
asmiddlewarefor XML. In XMLSpaces,XML documentsarefields
within thecoordinationspace.Thus,ordinarytuplesaresupported,
while XML documentscanberepresentedasone-fieldedtuples.

Relation Meaning
Exactequality Exacttextual equality
Restrictedequality Textual equalityignoringcomments,

processinginstructions,etc.
DTD Valid towardsa DTD
DOCTYPE UsesspecificDOCTYPEname
XPath Fulfills anXPathexpression
XQL Fulfills anXQL expression
AND Fulfills two matchingrelations
NOT Doesnot fulfill matchingrelation
OR Fulfills oneor two matchingrelations
XOR Fulfills onematchingrelation

Table 1: Matching relationsin XMLSpaces

A multitudeof relationsamongstXML documentscanbeusedfor
matching. While the onesshow in table 1 are supplied,the sys-
tem is openfor extensionwith further relations. XMLSpacesis
distributedsothatmultiple dataspaceserversat differentlocations
form onelogic dataspace.A clearly separateddistribution policy
caneasilybetailoredto differentnetwork restrictions.Distributed
eventsaresupportedsothatclientscanbenotifiedwhena tuple is
addedor removedsomewherein thedataspace.

Thecasestudyabove would facilitateXMLSpacesto representthe
stateof theaccountsin someXML representation.It wouldbevery
likely thatsomesecurerepresentationmechanism,ie. XML Signa-
ture,would be usedandthat a specificadditionalmatchingmech-
anismwould ensurethataccountinformationis protected.Theac-
tual coordinatorcomponentwould be implementedin somelan-
guagerunningon theJava Virtual Machine.It would explicitly en-
codethe rulesfor transferringmoney betweenthe accountsusing
therespective mechanismsof thechosenprogramminglanguage.

3.3.2 MARS-X
The MARS-X coordinationarchitecture([5]), implementedasan
extensionof theMARS architecture([3]), definesaLinda-likemid-
dlewaremodelto enableagent(specifically, mobileJava agents)to
coordinatetheir activities via Linda-like accessto sharedspacesof
XML documents.



UnlikeXMLSpaces,whichoperatesatthegranularityof XML doc-
uments,� MARS-X adoptsa morefine-grainedapproach,andcon-
sidersany XML documentin termsof unstructuredsetsof tuples.
For instance,therecordsof anXML documentdescribingbankac-
countswith datavaluestaggedasname, number, amount, canbein-
terpretedasabagof tuplesin theform account(name,number,amount).
Accordinglyto this perspective,a documentandits datacanbeac-
cessedandmodifiedby exploiting theassociative operationtypical
of theLinda model,andagentscancoordinatewith eachothervia
exchangeof documenttuples,andvia synchronizationover tuple
occurrences.Specifically, MARS-X providesagentsa JavaSpace
interfaceto accessto a set of XML documentsin termsof Java
objecttuples.This choiceforcesagentsto beJava agents.

To supportwide-areacomputation,MARS-X promotesanarchitec-
turebasedon a multiplicity of independentXML dataspaces,each
to beconsideredasalocal resourceof anInternetnodeor of a local
domainof nodes(seefigure3). By moving acrosstheInternet,mo-
bile agentscanaccessto differentXML dataspaces:whenanagent
arrivesin a node,it is automaticallyprovidedwith thereferenceto
a MARS-X tuplespaceinterfaceassociatedto theXML dataspace.

A peculiarcharacteristicof MARS-X dataspacesit thattheirbehav-
ior in responseto agentaccessescanbeprogrammedto implement
specificaccessmethodsandspecificsynchronizationandcoordina-
tion patterns.Bothadministratorsandmobileagents(thelatterin a
quiterestrictedway) caninstall in anXML dataspacereactionsas-
sociatedto specificaccessoperations,performedby specificagents,
with specificparameters.Thesereactionsoverridethe default be-
havior of the performedoperationsand,for instance,canmodify
the resultof the operationsthey areassociatedwith, canmanipu-
late the contentof the XML dataspace,and can accesswhatever
kind of externalentity they needto access.

Theprogrammabilityof MARS-X dataspacesmakestheXML data-
spacein itself becomeanactive document.In fact,althoughagent
canaccessthedataspacealwayswith thesamelimited setof oper-
ations,thedataspaceitself canreactto this accessesby behaving in
differentways. The reactionin thedataspacecandecidewho and
whencanreadand/ormodifieswhich XML documents.In addi-
tion, sincecoordinationbetweenagentsoccurvia dataexchanged
by meanof thedataspace,thebehavior of thedataspacecanbeused
to globally rule theactivities of multiagentapplications.

Comingbackto thecasestudywith theavailability of theMARS-X
middleware,onecanthink thateachbankmakesavailableto agents
anXML dataspacewith dataaccount.Whenin needof withdrawal,
the client cansendhis personalagentto accountA first, to query
thedataspacefor hisown data,to checktheneededavailability. On
availability, the client agentcaneventuallywithdraw the required
amountby putting a specifictuple in a specificXML document.
Theinsertionof thattuplecantriggertheactivity of theobjectde-
votedto manageaccountdata,that will take careof actuallyper-
forming the transactionand sendingback the result to the client
agent,againin termsof a tupleinsertedin thedataspace.

Theprogrammabilityof thetuplespacecanbeeffectively exploited
in the casestudyto orchestrate,transparentlyto client agents,the
cross-checkingfor availability in differentaccounts,andthe pos-
sibleneedfor withdrawing portion of the total sumfrom different
accounts.For instance,whentheclientagentrequestatotalamount
to accountA, andthatamountis not locally available,thereactions
in the dataspacecantrigger the activities of anotheragent,which
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is in charge of going to accountB dataspaceto checkif enough
furthermoney is availablethere,andlet accountA dataspacereply
to client agentaccordinglyto thetotal distributedamountthatcan
bewithdrawn. In a similar way, whentheclient eventuallydecides
to withdraw, the XML dataspacescancoordinatethe activities of
theagentsthatwill actuallyperformthepartialwithdrawsfrom the
differentaccount. The possibility of controlling the executionof
complex coordinationpatternsvia specificbehavior of the XML
dataspaceand transparentlyto agentis, beyond the casestudy, a
generaladvantageof theMARS-X approach.

A drawback of the MARS-X approachis that it introducesa big
mismatchbetweenthe formatof the datain thedataspaceandthe
formatof thedataprivatelymanagedby theagent:the formerbe-
ing XML documents,the latter Java objects. Let us supposethat
theclient agentof thecasestudyhasto reportbackto theclient its
resultsvia a XML page.In MARS-X, this activity reportis fully in
charge of the client agent,while thereis no possibility of directly
reporting in terms of XML documentsthe information that the
agenthasretrieved from the accesseddataspaces.This would re-
quiretheclient agentto directlymanipulateandrepresentits world
in XML terms.This would requireagentto benot Java agentsbut,
instead,XML documentagents,e.g.,Displets.

3.3.3 XMIDDLE
The XMIDDLE middleware([16]) implementsa coordinationar-
chitecturesomewhatsimilar to theMARS-X one:coordinationbe-
tweenagentsoccursvia accessesto sharedXML documents,and
a limited form of programmabilityis madepossibleto rule these
accesses.However, XMIDDLE implementsaspecificarchitectural
solutionsto make it a suitablemiddleware for mobile computing
andad-hocnetwork.

Thebasicideaof XMIDDLE is to makecoordinationamongagents
(or, in general,amongtheprocessesof a distributedcomputation)
occurby accessinga sharedXML tree,via a specificlanguagefor
queryingandmanipulatingsemi-structureddata.However, in mo-
bile setting,whereprocesses/agentcandisconnectandre-connect
at any time, this introducespeculiarproblemsrelatedto the ac-
cessesto the tree. In fact, in XMIDDLE, an agentcanaccessand
modify thedataon anXML tree,aswell asits structure(seefigure
4). Whenthat processdisconnectsfrom the network or becomes
out of reachin thecaseof anad-hocnetwork, it is providedwith a
local replicaof thetree(or of oneof its sub-tree).Whentheagent
re-connects,or is in reachagain,the global treehasto be recon-
structed,asit couldhave beenpossiblyindependentlymodifiedby
differentagents.To handlethis situation,XMIDDLE enablesthe
programmability, in thetree,of specificeventhandlers,in chargeof
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implementingapplication-specificreconciliationpolicies,devoted
to coherentlyreconstructthestructureof a tree.

In thecasestudy, it is possibleto conceive thata bankmakesavail-
ableoneor moreXML treeswith thebankaccountdata,to beac-
cessed,as in MARS-X, by client agents. In addition, unlike in
MARS-X, theseclient agentscould also be PDA andmobile de-
vices,andXMIDDLE couldautomaticallyhandletheproblemsre-
latedto mobility. In addition,sinceagentscandirectly manipulate
the XML tree(while in MARS this manipulationoccurredin the
form of Java tupleobjects),XMIDDLE canfacilitateagentsin di-
rectly reportingbackXML data.However, XMIDDLE hasonly a
limited form of programmabilityof the XML tree,devotedto the
handlingof connectionevents.Thismakesit difficult to implement
in termsof transparentcoordinationpoliciesany complex coordi-
nationpattern,which includetheonerequiredto withdraw partial
amountsof money from differentaccount.In XMIDDLE, this co-
ordinationpatternhasto bedirectlyimplementedby theagentcode.

3.3.4 OtherApproaches
Therearesomeotherapproachesfor XML Middleware.Mostpromi-
nently, this is thecurrentXML Protocolactivity by theWorld Wide
Webconsortium([24]). XML Protocolis anapproachto follow up
on SOAP andXML-RPC in order to have distributedpeerscom-
municateby usingXML asthe communicationlanguage.For the
communicationamongstobjects,for example,this boils down to
representa methodinvocationwith nameandparametersin a sim-
ple XML document. The XML Protocolapproachoffers only a
low-level abstractionfor coordinationandcurrentlysupportsonly
client/server style interactions. It is unclearwhetherthis activity
will aim at providing sucha higher-level model,or putsthetechni-
cal integrationof severalexisting solutionsinto its center.

3.4 Self-containedXML Middlewar e
XML is a standardfor representingdatain networked documents.
However, asseenin theprevioussubsection,thespecificationof ac-
tivity canalsobeexpressedasa document.Thus,if scriptsetc.can
beXML documents,a completesystemcanbebasedonXML rep-
resentationandevenactivity andits coordinationcanbeexpressed
within that framework. Thus,the agentsarerepresentedassome
XML documentsaswell asthe datathey operateon andthe laws
ruling their coordinationactivities. The main effect of this self-
containmentis theuniformity of thelanguageused– for program-
mingonedoesnothave to switchto anexternallanguagelike Java.

3.4.1 WorkSpaces
WorkSpaces([20]) combinesworkflow conceptswith standardIn-
ternet technology. The documentsinvolved in the workflow are
assumedto useapplicationspecificmarkuplanguagesexpressed
in XML. A workflow is composedof stepswhich arerepresented
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Figure5: Accessto documentsin WorkSpaces

asXSL rulesthatareexecutedby anextendedXSL processor, the
WorkSpacesengine.It readssucha step,tries retrieve therespec-
tive inputdocumentandto applytransformationsonthematchthat
generatetheoutputdocument.Themediumusedto storeall XML
documentsis XMLSpacesdescribedin section3.3.1. Figure 5
shows theflow of XML documentsin thesystem.

Thereareseveral classesof steps. Automaticstepsarepuredoc-
umenttransformationsandrequireonly activity of sometransfor-
mationcomponentwithin the system. Externalstepsinvolve ap-
plicationsthattake a documentasinput, let theuserperformsome
activity on it, and generatean output document. User stepsare
performedby a userwithout any supportby a system.Coordina-
tion stepsonly coordinatetheflow of work. Workflow procedures
describetemporaland causaldependenciesamongactivities rep-
resentedas steps. The managementof thesedependenciesis the
centralissuefor any workflow system.

Stepsarenot specifiedindividually. The whole workflow is rep-
resentedas a graphof stepsusing the WorkSpacesCoordination
Language, WSCL. WSCL is, again,anXML languageanis based
on the Workflow ProcessDescriptionLanguageasdefinedby the
WfMC in theInterface1 of theReferenceModel ([23]).



In a metastep, a setof individual stepsis generatedfrom this pro-
cessdescription.' While theworkflow graphcanbeconsideredthe
“program” written in a higher level language,the executionof a
workflow is theexecutionof individual steps,which resemble“in-
structions”in microprocessors.The“compilation” is performedby
metastepsin WorkSpaces.XSL rule setsareby definition repre-
sentedasXML documentsfollowing a syntaxdefinedin the XSL
standard.Thus,thecompilationof thegraphinto stepsis thetrans-
formation of oneXML documentinto a setof XML documents,
eachcontaininganXSL rule for onestep.

Theuniquedistinctionof this approachfrom otherworkflow man-
agementsystemswith proprietaryworkflow enginesis universal
accessibilityandeaseof deploymentdueto Internetstandards,and
supportfor distribution anduncoupledoperationdueto coordina-
tion technology. It alsoshows the power of XML andXSL as a
fundamentfor a complex application,and enjoys characteristics
suchasuniversalaccessanddistributedexecution,thusbeingmuch
moreadvancedthantodaysserver-centricWeb-services.

The casestudyabove would be implementedin WorkSpacesasa
workflow. Thedocumentsconsideredwould representtherespec-
tive accountsin someXML-grammar, just aswith theXMLSpaces
casestudy. Thecoordinatorcomponent,however, wouldbe“imple-
mented”by a seriesof stepsthat accessthe accountsby matching
the accountdocumentsin a suitedmannerandby the selectionof
oneof threebranchesin a socalledSPLIT-step(which is a coordi-
nationstep)of theworkflow dependingon thecurrentbalances.

3.4.2 OtherApproaches
There are not many fully XML-integratedmiddlewaressuch as
WorkSpaces.With somelimitations, one could considerXML-
basedscripting languagesas middleware. Currently, two script-
ing languageswith boththescriptandthedatamanipulatedrepre-
sentedasXML areoffered:XSL by theWorld Wide WebConsor-
tium ([25]) andXML Script ([9]). While XSL is a transformation
languagefor XML treeswith strongdeclarative influences,XML
Script is a rathertraditional imperative scripting language.Both
take anXML documentasinput andgenerateanoutputdocument
asthe resultof the computation.However, both offer no support
for coordinatingmultipleactivities. Thus,theirmiddlewareservice
capabilitiesaremostlimited.

TheAgentDefinitionFormatADF ([14]) is slightly morepowerful.
It offers a way to specifyagentsin a XML representation.Agents
have their own stateandcoordinatewith othersusingcall encoded
into agentreferencesin URLs. The underlyingmodelof coordi-
nation is againclient/server. Also, the coordinationbehavior of
documentagentsis mixedwith their computationalbehavior, thus
providing no separationbetweencomputationandcoordination.

3.5 Discussion
The above analysishas identified the main featuresand limita-
tions – of several middleware systemsfor XML-centric applica-
tions.Theresultsof theanalysiscanbesummarizedasfollows:

( Displets is the most suitablesystemfor the definition and
implementationof documentagentapplications,in thatit en-
ableto embedbehavior in XML documentsandenablethis
behaviors to directly manipulatethe XML datathey repre-
sent.Unfortunately, thedispletapproachis toostaticto meet
theneedsof opencoordinatedapplications,in thatit doesnot

enabledynamic definition of coordinationpatterns,which
have to bestaticallyhardwiredinto documents.

( MARS-X is verysuitedfor complex coordinationpatternsto
bedefined,evendynamically, in theaccessandmanipulation
of sharedXML documentsby mobileagents.However, it re-
strictstheapplicationto useJava agents,andthereforelimits
the possibility of definingcoordinabledocumentagentsdi-
rectly manipulatingXML data.

( XMIDDLE is moresuitablefor documentagents,andits ar-
chitectureseemsvery suitablefor mobility, but thepossibil-
ity of definingsuitablecoordinationlaws is very limited.

( WorkSpacesprovidesmoreuniformity, by exploiting XML
both at the level of applicationagentsandat the coordina-
tion level: XML documentagentsexecutein the context of
a commonXMLSpaces,wherealsothedefinitionof theco-
ordinationpatterns(i.e., of the workflow rules) can be ex-
pressedin termsXML documents.Still, Workspacelacks
explicit supportfor mobility and– beingmainly orientedto
workflow applications– maynot begeneral-purposefor any
kind of application.

Theidealscenariowe envision is theonein which a suitablemid-
dleware is available integrating the best featuresof all the sys-
temsanalyzedin this paper. Theseincludethecapabilitiesof: di-
rectly handling,at the applicationlevel, the activities XML docu-
mentagents,asin Displets;makingcoordinationactivitiesoccurin
termsof manipulationof (portionsof) sharedXML documents,as
in MARS-X, XMIDDLE, andXMLSpaces;beingflexible to sup-
portuser-definedXML grammarsandrelationsamongstthemasin
XMLSpaces;effectively handlingmobility andassociatedissues,
as in XMIDDLE; enablingthe ruling the coordinationactivities
betweenapplication-level documentagentsin a dynamicway, as
in MARS-X; expressingnot only documentagentsbehavior but
also the laws ruling their coordinationactivities in term of XML
documentsandXML rules,asin WorkSpaces.

4. OPEN RESEARCH DIRECTIONS
In additionto theneedof defininga suitablecoordinationmiddle-
ware, as from subsection3.5, thereare several other issuesthat,
in our opinion, needto find suitablesolutionfor XML document
agentapplicationto beeffectively engineeredanddeveloped.

First of all, thereis theneedto definenew computationalmodels,
ableto take into accountandsomehow formally analyseproperties
of coordinatedapplicationsbasedon XML documentagents. A
promisingapproachin that direction is representedby the work
of Luca Cardelli on semi-structuredcomputation([6]). The basic
intuition is thatnot only manipulationsof XML documentscanbe
representedin termsof a few basictree transformation,but also
theexecutionof amobilecomputationcanbemodeledasthat,thus
leadingto auniformmodelof XML documentagentscomputations
in a mobilesetting.

The presenceof mobility, in general,requiresfacingotherimpor-
tantissuesto enableandengineeredapproachto applicationdesign
anddevelopment.Onetheonehand,thereis needof clarifying the
differencesand the similarities betweenlogical mobility of soft-
warecomponentsandphysicalmobility of devices([17]). On the
other hand, the conceptof “context”, intrinsic in mobility, must



be properlyexploredandits impactin modelingcoordinationac-
tivities) must be clarified, and possibly taken into accountin the
definitionof a suitablemiddleware([4]).

A furtherpromisingresearchissuerelatesto thefactthat,moreand
more, Web-basedapplications– and so documentagentapplica-
tions – tend to resemble,in their architecture,humanand social
organizations.This is mainly dueto the fact that (i) often, appli-
cationssupporttheactivitiesof somereal-world organizations,and
mimic themaccordingly;(ii) autonomyof applicationcomponents
invites consideringthem in termsof individuals playing specific
rolesin anensembleratherthemin termsof componentsproviding
functionalities. Therefore,thosesoftwareengineeringapproaches
exploiting theresearchresultsof organizationalmanagementmay
provide, in thenearfuture,effective methodologiesfor the design
anddevelopmentof Web-baseddocumentagentapplicationsand
of coordinationmiddleware([26]).

As a final note, we think that the dramatic increaseof embed-
ded computer-basedand software components,envisioning a fu-
ture whereuncountablemultitudesof interconnectedautonomous
andmobilecomponentswill bealwaysexecutingandinteractwith
eachother, will challengemostof today’s approachesto software
developmentaswell astoday’s modelof coordinationandassoci-
atedmiddleware([19, 21]).

5. CONCLUSIONS
XML asa suitabletechnologyfor representingnot only databut
alsocomputations,leadingto theconceptof XML documentagents.
However, for complex applicationsto be developedin terms of
XML documentagents,suitablemiddleware is neededto enable
andrule thecoordinationactivities of applicationcomponents.

This paperhasanalyzedseveral middleware systemsthat, to dif-
ferentextentsandwith differentarchitecturalsolutions,aim atpro-
viding a coordinationframework for a world of XML document
agents. The analysis,performedwith the help of a simple case
study, hasoutlinedthe main featuresandlimitations of thesesys-
tems,andhaspermittedusto sketchtherequirementsfor an“ideal”
coordinationmiddlewarefor XML documentagents.

Our currentresearchfocusdealswith understandinghow to make
the identifiedideal middlewarean implementedsystem,although
thesemayrequirefacingfurtherdesignandimplementationissues
suchastheonerelatedto thepropermodelingandhandlingof mo-
bility ([6, 17]) andopenness([26]) andto theeffective engineering
very-largescaleandembeddedapplications([19]).
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