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Abstract. Activefunctionalityis especiallyusefulfor enforcingbusinessrulesin
applications,suchasEnterpriseApplicationIntegration(EAI) ande-commerce.It
canbeusedasglueamongexistingapplications,andfor datatransformationsbe-
tweenheterogeneousapplications.However, traditionalactive mechanismshave
beendesignedfor centralizedsystemsandaremonolithic,thusmakingit difficult
to extend and adaptthem to the requirementsimposedby distributed,hetero-
geneousenvironments.To correctthis we presenta flexible, extensible,service-
basedarchitecturebuilt onontologies,servicesandevents/notifications.Themain
contributionsof thiswork are:i) thehomogeneoususeof ontologiesfor aseman-
tically meaningfulexchangeandcombinationof eventsin openheterogeneous
environments,andfor the infrastructureitself; ii) a flexible architecturefor the
compositionof autonomous,elementaryservicesto provide Event-Condition-
Action (ECA) functionalityin differentconfigurations;iii) theinteractionof these
servicesvia notificationsusing a publish/subscribemechanism(concept-based
addressing).

1 Intr oduction

Activedatabasesystems(aDBMS)enhancetraditionaldatabasefunctionalitywith pow-
erful rule processingcapabilities.Thedatabasesystemperformscertainoperationsau-
tomaticallyin responseto eventsoccurringandcertainconditionsbeingsatisfied.Ac-
tive functionalityis especiallyusefulfor enforcingbusinessrules.However, traditional
activemechanismshavebeendesignedfor centralizedsystemsandaremonolithic,thus
makingit difficult to extendor adaptthem.New large-scaleapplications,suchasEAI,
e-commerceor Intranetapplicationsimposenew requirements.In theseapplications,
integrationof differentsubsystemsandcollaborationwith partners’applicationsis of
particularinterest,sincebusinessrulesareout of thescopeof a singleapplication.For
example,considerthe following businessrule: ”when the volumeof corn falls below
1200tons,andthecorncomesfrom Euroland,andEuro/US$is under0.8 thenbid for
all at 2.30 US$ per ton, and also notify the manager”.Involved eventsand dataare
comingfrom diversesources,hereandalsothe executionof actionsis performedon
different (sub-) systems.Observe that eventsandactionsarenot necessarilydirectly
relatedwith databaseoperations.

In suchscenarios,the requiredactive functionality shouldbe moved outsideof
the active databasesystemby offering a flexible servicethat runsdecoupledfrom the
�
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database,and that canbe combinedin many differentwaysandusedin a variety of
environments.A service-basedarchitectureseemsto beappropriate,in whichanactive
functionality (ECA rule) servicecanbe seenasa compositionof otherservices,like
event detection,event composition,conditionevaluation,andactionexecution.Thus,
servicescan be combinedand configuredaccordingto the requiredfunctionality, as
proposedby theunbundlingapproachin thecontext of aDBMSs[11,12,18]. Whether
theunbundlingapproachis realisticfor databasesystemsor not,it is inadequatefor dis-
tributedenvironmentssinceDBMS componentsto be ”unbundled”aredesignedwith
homogeneous,centralizedenvironmentin mind.Combiningcomponentsdevelopedby
different,independentprovidersleadsinevitably to problemsif the meaningof terms
employedby differentcomponentsanddatato be exchangedis not shared.A similar
problemis encounteredwhenintegratingheterogeneousapplications.

In additionto thedifficultiesintroducedby heterogeneity, the inherentcharacteris-
tics imposedby large-scaledistributedenvironments,in particular, impactthefollowing
issuesof active functionality:eventexchangemechanism,eventsemantics(correctin-
terpretationanduseof events),eventfiltering, andcomplex eventdetection.

In this paperwe presenta service-basedarchitecturethatsupportstheuseof active
functionality in variousenvironments.In this context we focuson aspectsrelatedwith
theproblemsof interpretingeventcontentscomingfrom differentsystemsandsources.
Despitethe fact that event compositionis an importantissuewe do not presenthere
detailsaboutcomplex eventdetectionsincethey areoutof thescopeof this paper.

Therestof thispaperis organizedasfollows.Section2 providesadiscussionof the
mostimportantaspectsandproposalsfor moving from centralizedactive functionality
to distributedheterogeneousenvironments.In Section3 the conceptualfoundationof
our proposalfor a flexible andextensibleactive servicefor this kind of environmentis
presented.In Section4 ourreferencearchitectureis introduced.Finally, in Section5 we
presentconclusions,addressopenissues,anddiscussfuturework.Examplesthroughout
thepaperarerelatedto onlineauctions.

2 Moving to OpenDistrib uted HeterogeneousEnvir onments

Active databasefunctionality is developedfor a particularDBMS, becomingpartof a
largemonolithicpieceof software(theDBMS itself). Monolithic softwareis difficult to
extendandadapt.Moreover, active functionalitytightly coupledto a concretedatabase
systemhindersits adaptationto today’s Internetapplications,suchas, e-commerce,
whereheterogeneityanddistribution play a significantrole but are not directly sup-
portedby traditional(active)databases[18].

Anotherweaknessof tightly coupledaDBMSsis that active functionality cannot
be usedon its own, without the full datamanagementfunctionality. However, active
functionality is also neededin applicationsthat requireno databasefunctionality at
all, or only simplepersistencesupport.As a consequence,active functionality should
be offered not only as part of the DBMS, but also as a separateservicewhich can
be combinedwith other servicesto supportInternet-scaleapplications.Implications
of heterogeneity, distribution andactive functionality asan independentservice,and
a review of otherapproachesthat addresstheseissuesarediscussedin the following
subsections.
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2.1 Heterogeneity

The integration of eventscoming from heterogeneoussourcesis comparableto the
problemsfacedin federatedmulti-databasesystems.Similar to heterogeneityin data,
we also have heterogeneityin events(which canbe understoodascontainingevent-
descriptive data)coming from different sources.In C� offein [19], event sourcesare
encapsulatedby meansof wrappers.Thesewrappersmapapplication-specificevents
into a sharedeventdescriptioncomposingsyntaxandstructure.[18] proposeabstract
connectorsto hide a setof heterogeneouscomponents,making invisible the fact that
differenteventsourcesexist.

To integratedata/eventsfrom differentsources,the approachesmentionedabove
concentrateon structuralaspects,and assumeglobal knowledgeby the DBA or the
applicationdeveloperof the assumedsemanticsof all relevant dataandevents.This
assumptionis unrealisticin a large and very dynamicenvironmentlike the Internet.
Noticethatdata/eventsmustbecomparedor correlatedexternallyfrom thesourcegen-
eratingtheevent.Eventscontainingdateor priceattributes,requireexplicit knowledge
aboutmodelingassumptionsin regardto formator currency to correctlyinterpretthem.
Moreover, consumersandproducersof eventsmay be previously unknown, therefore
a commonstructuraland semanticrepresentationbasis(commonvocabulary) of the
involvedeventsis necessaryfor theircorrectinterpretationanduse[3]. Consideranon-
line auctionscenario,whereparticipantsmayhave never met before.Herea common
vocabulary is mandatory(normallyestablishedusingcategoriesof items)andbecause
of its global scope,representationsof all the descriptive information requirecontext
information,suchas,dateandtime format, metric system,currency, etc. to correctly
interpretdata.

2.2 Distrib ution: Detectionof global compositeevents

Thereareseveralapproachesthatdealwith distribution,in theareaof eventpropagation
[6, 14,8,15]. However, they do not considereventcomposition,whereorderbetween
eventsis requiredto applyeventoperators(e.g.sequence),or to consumeeventscoming
from different locations.Normally, eventsare timestampedto provide a time-based
order, but in opendistributedenvironmentsglobal time is not applicable.In [17,25]
a global time approximation,known as2g-precedence, is proposed.Schwiderski[24]
adoptedthe2g-precedencemodelto dealwith distributedeventorderingandcomposite
eventdetection.Sheproposeda distributedeventdetectorbasedon a globaleventtree
and introduced2g-precedencebasedsequenceand concurrency operators.However,
event consumptionis non-deterministicin the caseof concurrentor unrelatedevents.
Additionally, theviolationof thegranularitycondition(2g)mayleadto thedetectionof
spuriousevents.

Many projectson event compositionin distributed environments,suchas [2, 22,
13,27], eitherdo not considerthe possibilityof partialeventorderingor arebasedon
the 2g-precedencemodel.Therefore,they suffer from one or more of the following
drawbacks:they do not scaleto opensystems,they provide thepossibilityof spurious
events,andpresentambiguouseventconsumption.In [20] a new approachfor times-
tampingeventsin large-scale,looselycoupleddistributedsystemsis proposedthatuses
accuracy intervals with reliableerror boundsfor timestampingeventsthat reflect the
inherentinaccuracy in time measurements.
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2.3 Unbundling of activedatabasefunctionality into reusablecomponents

Unbundling is the activity of decomposingsystemsinto a setof reusablecomponents
andtheir relationships[12]. Unbundlingactive databasesconsistsin separatingtheac-
tivepartfrom activeDBMSsandbreakingit up into unitsproviding serviceslike,event
detection,rule definition, rule management,andexecutionof ECA ruleson onehand
andpersistence,transactionmanagementandqueryprocessingserviceson the other
[11]. A separationof active andconventionaldatabasefunctionality would allow the
useof activecapabilitiesdependingongivenapplicationneedswithout theoverheadof
componentsnot needed.Similarapproacheswereadoptedby [7, 10,19].

Fromourpointof view, unbundlingactivefunctionalityfrom aconcretesystemand
then rebundling the correspondingcomponentsto apply them in an opendistributed
environmentis not feasible.Unbundling in this context meansto give up the ”closed
world” which traditionally underliesa DBMS. Inherentcharacteristicsof opendis-
tributedenvironmentsimposenew requirementsthatwerenotconsideredin centralized
environments,like the partial orderof events.The considerationof thesecharacteris-
tics hasdirect impact on the event detector, which is the essentialcomponentof an
aDBMS [5]. Consequently, it would not be feasibleto reusecomponentstaken from
centralizedDBMSssincethey ignorerelevantaspectsof thenew scenario.In addition,
the semanticsof operatorsandconsumptionmodesarehard-wiredin the codeof ex-
isting eventdetectors.Becausein the projectsmentionedabove a genericarchitecture
is defined,theremaybedifficultieswhenintegratingunbundledandnewly developed
(autonomous)components.Notice that the meaningof termsemployed by different
componentscanconductto misinterpretationsif a commonsemanticbasis,i.e., vocab-
ulary, is not shared.

2.4 ProcessingECA-Rules

Rule executionsemanticsprescribehow an active systembehavesoncea setof rules
hasbeendefined.Ruleexecutionbehavior canbequitecomplex [26,5], but werestrict
ourselvesto discussingessentialaspects.ThewholeECA-ruleprocessingprocessis a
sequenceof four steps:
1. Complex eventdetection:eventinstancesgeneratedat eventsourcesfeedthecom-

plex event detector, which selectsandconsumestheseeventsto detectspecified
situationsof interest.It bindsrelatedeventinstanceswith thesignaledevent.

2. Ruleselection:find fireablerules,andapplya conflict resolutionpolicy if needed.
Therearethreebasicstrategies:a) onerule is selectedfrom thefireablepool,after
rule executionthesetis determinedagain,b) sequentialexecutionof all rulesin an
evaluationcycle,andc) parallelexecutionof all rulesin anevaluationcycle.

3. Conditionevaluation:selectedrulesreceivethesignaledeventinstanceasaparam-
eterto allow the conditionevaluationcodeto accessevent information(binding).
For someapplicationsit maybeusefulto delaytheevaluationof a triggeredrule’s
condition or the executionof its action until the end of the transaction,or exe-
cutethemin aseparatetransaction.Thesepossibilitiesyield thenotionof coupling
modes [9].

4. Action execution:if the correspondingcondition is satisfiedcontext information
(signaledeventinstance)is passedasaparameterto allow theactioncodeto access
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eventinformation(binding).Transactiondependenciesbetweentheevaluationof a
rule’s conditionandtheexecutionof a rule’s actionarespecifiedusingCondition-
Action couplingmodes.

3 ECA architecture for distrib uted, heterogeneousenvir onments

Thegoalis to provideECA-ruleprocessingfunctionalitywith characteristicssimilar to
a centralizedaDBMSsin a distributedcomponentsystemto supportnew generationof
large scaleapplications.The active functionality serviceproposedhereis basedon a
flexible architecturefoundedon autonomous,combinableandpossiblydistributedser-
vices.Hereontologiesplay a fundamentalrole; we usethemhomogeneouslyto deal
with the integrationof eventsandthe interactionof autonomousservices.In addition,
becauseourarchitectureis basedoncomponents,ontologiesarefundamentalfor thein-
teractionamongcomponentsdevelopedindependently. Theunderlyingcommunication
betweentheseservicesis basedon a publish/subscribemechanism,which is suitable
for distributedenvironmentsandoffersotheradvantagesasshown later in this section.
In particular, this work putsemphasison:

– a flexible architecturethatcanbeadaptedfor differentapplicationscenarios,
– theuseof anontologyto allow theintegrationof eventscomingfromheterogeneous

sourcesandalsofor theinfrastructureitself,
– a platform for compositionof eventscomingfrom heterogeneoussourcesin dis-

tributed environmentsthat dealswith partial orderingsand the lack of a central
clock,and

– providing anactiveserviceascompositionof otherelementaryservices.
Threemainpillarsarethebasisof ourwork: anontology-basedinfrastructure,eventno-
tifications,anda service-basedarchitecture.In thenext subsectionsthesethreeaspects
arepresented;on this foundationwe presentour architecturein Section4.

3.1 Ontology-basedInfrastructur e

In ourcontext activefunctionalitymechanismsarefedwith eventscomingfrom hetero-
geneoussources.Theseeventsencapsulatedata,whichcanonly beproperlyinterpreted
whensufficient context informationaboutits intendedmeaningis known. In general
this information is left implicit andas a consequenceit is lost whendata/eventsare
exchangedacrossinstitutionalor systemboundaries.For this reason,to exchangeand
processeventsfrom independentparticipantsin asemanticallymeaningfulwayexplicit
informationaboutits semanticsin theform of additionalmetadatais required.

Our architectureis basedon the conceptsdevelopedin [4] wheresharedconcepts
(ontologies)areexpressedthroughcommonvocabulariesasa basisfor interpretation
of dataandmetadata.We representevents,or eventcontentto beprecise,usinga self-
describingdatamodel,calledMIX [3]. In thefollowing we referto eventsrepresented
basedon MIX, i.e. basedon conceptsfrom thecommonontology, assemantic events.
MIX refersto conceptsfrom adomain-specificontologyto enablesemanticallycorrect
interpretationof events,andsupportsan explicit descriptionof the underlyinginter-
pretationcontext. Simpleattributesof an event arerepresentedas triples of the form����	�
��������� ���

, with
�

referringto a conceptfrom the commonontology,
�

representingthe actualdatavalue,and
�

providing additionalmetadata(represented
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also as MIX objects)to make implicit modelingassumptionsexplicit. For instance,����	�
��������! #"%$'&)(+*,�.-/-0�21!�3��&�4'4657(.8,9:�<;>=��@?A;B�DCE�
.

Complex objectsarerepresentedin the form
�E��	
F�G���IHJ�

, with
�

refer-
ring to a conceptof the ontology, and

H
providing the setof simpleor complex ob-

jectsrepresentingits sub-objects.For example,aPlaceBideventcanberepresentedas:

CSO = 
K

<L PlaceBid,    {<ParticipantId,412>,M
<L ItemId,5423
N

>,M
<L BidAmount, 99,
O

{<Currency,"USD"
K

>}>,...}>M
Semanticeventsfrom differentsourcescanbe integratedby converting themto a

commonsemanticcontext usingconversionfunctionsdefinedin theontology[3]. In our
work ontologiesareusedat threedifferentlevels:a) thebasiclevel, whereelementary
ontologyfunctionalityandphysicalrepresentationis defined;b) theinfrastructurelevel,
whereconceptsof the active functionality domainare specified;and c) the domain-
specificlevel, whereconceptsof thesubjectdomain(e.g.onlineauctions)aredefined.
Basicrepresentationontology: Hereelementaryontologyfunctionalityandphysical
representationconceptslike strings,booleans,numbers,lists,etc.aredefined.
Infrastructur e-specificontology: All elementsrelatedwith active functionality are
representedwith conceptsdefinedhere.Difficultiesassociatedwith differentrule lan-
guagedialects,ambiguitiesandimprecisetermsareresolvedusinganexplicit common
vocabulary. For instance,issuesrelatedwith thedefinitionof ruleslikeevent,condition,
action,andsoon,areexplicitly definedin our infrastructure-specificontology.
Domain-specificontology: With the purposeof their integrationin mind, eventsare
representedwith conceptsof a commonvocabulary andwith context information.Re-
quiredrealworld conceptsaredefinedin thedomain-specificontology. Basedon this,
conversionfunctionscanbeappliedto integratedata/eventsandfiltersandcomplex de-
tectorscanbedefinedbasedonthecommonontologywithoutconsideringpeculiarities
of eventrepresentationsandinterpretationcontextscomingfrom differentsources.

Thisapproachprovidesthefollowing benefits:

– Independenceof theruledefinitionlanguage:Becausethereis anexplicit definition
of termsrule compilerscan translatefrom ”any” rule specificationto the known
target vocabulary. Moreover, rules can be defineddirectly by applicationsusing
an API (accessingthe ontology) or by the user in a user-friendly rule language
definition.

– Extensibility: New aspectscan be incorporatedto the rule definition and to the
serviceitself dueto theextensibilityprovidedby theunderlyingontologysupport.

– Serviceinteraction”independence”:Serviceinterfacesaredefinedusingontology-
basedconceptscontributing to their clear understandingby service-clientsand
service-providers.

Furthermore,other aspectsrelatedwith the infrastructure,in particular, notification-
relatedterms(notification,operationaldata,detection-time,eventsource,priority, time-
to-live,etc.)arealsocapturedin theinfrastructure-specificontology.

3.2 Eventsand Notifications

An eventis understoodhereasa happeningof interest.Eventscanbeclassifiedas:
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– Databaseeventsthatarefurthersubdividedinto datamodificationanddataretrieval
events.

– Transactioneventsreferto thedifferentstagesof transactionexecution,e.g.begin
transaction,commit,rollback,etc.

– Temporaleventsare classifiedin absolute,periodic and relative. Absolute tem-
poral eventsaredefinedusinga particularday andtime, while periodictemporal
eventsaresignaledrepeatedlyusingtime or calendarfunctions,e.g.every Friday
at 11:59PM.Relative onesaredefinedusinga time periodwith respectto another
event,e.g.oneweekafterBeginOfAuction.

– Abstracteventsor application-definedeventsaredeclaredby an application,e.g.
user-login, auction-canceled.Eventsof this kind aresignaledexplicitly by theap-
plication.

Observationof happeningsincludetheuseof interceptionandpolling mechanisms.In
distributedplatforms,likeCORBA andJ2EE,servicerequestscanbeintercepted.Using
this feature,happeningsrelatedwith a methodexecutioncanbe interceptedtranspar-
ently (without modifying the application).On the otherhand,thereareevent sources
thatmayneedto bepolledin orderto detectevents.

Theeventclassificationpresentedaboveis explicitly specifiedin theinfrastructure-
specificontology. Noticethatontologiesin ourarchitectureareextensible.For instance,
the representationof a heartbeat1 is basedon the definition of the periodic temporal
event,addingin this casesomeextra information,suchasfrequency, processidentifi-
cation,etc.Likewise,real-world aspectsof a particulardomainarerepresentedat the
domain-specificlayer, e.g.BeginOfAuctionasa specializationof anabsolutetemporal
event;ParticipantLoginasapplication-defined,andsoon.

A notification is a messagereportingan event to interestedconsumers.A notifi-
cationcarriesnot only an event instancebut also importantoperationaldata,suchas
receptiontime,detectiontime,eventsource,time to live,priority, etc.As seenon sev-
eralactive systemprototypes,complex eventdetectionis mainly basedon operational
data(particularlycomparingtimestampsof eventinstances)while filtering is basedon
both(i.e. eventsourceand/orattributevalues).For this reason,we distinguishthecon-
tent of a notification into operationaldataand the event dataitself. Operationaldata
conceptsarealsodefinedaspartof theinfrastructurelevel.

Eventscomingfrom differentapplicationsare integratedby event adapters.They
convert source-specificeventsinto eventsrepresentedby ontology-basedconceptsen-
richedwith semanticcontexts,i.e. semanticevents(seeSection4.2).

3.3 Service-basedECA-rule Processing

We realizetheECA-ruleprocessingasacombinationof its basicservices,i.e.complex
event detection,condition evaluation,and action executionservice.Event, condition
and action servicesare then combinedusing a notification servicebasedon a pub-
lish/subscribemechanismwhichtransportseventinformationamongthem.Subscribers
(consumers)placea standingrequestfor eventsby subscribing.On the otherhand,a

1 Theheartbeatprotocolis basedonamessagesentbetweenmachinesata regularinterval with
thepurposeto monitortheavailability of a resource.
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publishermakes informationavailable for its subscribers.Thus,event producersand
consumersare decoupledin our architecture.Our ECA-rule serviceoffers the func-
tionality neededto define,remove, activate/deactivate,andsearch/browseECA-rules.
Figure1 depictsa configurationof our elementaryservicesusingboxesto denoteser-
vicesandlolipopsfor their interfaces.Circlesinsidetheseboxesrepresentinstancesof
objectsunderthecontrolof thecorrespondingservice.

Now considertheregistrationof a rule R1 with theECA-ruleservice,asshown in
step1 in Figure1. Following this is the registrationof its correspondingevent,condi-
tion andactionwith the properservices(step2). The complex event detectorconfig-
uresinternalobjectsin orderto detectR1’sevent;thentheconditionevaluationservice
instantiatesa conditionobjectandsubscribesit with R1’s eventobject(step3). After-
wards,theactionexecutionserviceinstantiatesanactionobjectandsubscribesit with
R1’sconditionobjectcompletingthesubscriptionphase.

Oncea triggeringevent is detected,thecomplex eventdetectorpublishesthis hap-
pening.That means,all rules that were definedusing this triggering event are auto-
matically”activated”,in particulartheir conditionobjectsarenotified(step4a).In this
situation,no conflict resolutionpolicy is neededbecauseall rules areexecutedcon-
currently (otherexecutionmodelsarepossible).Whenconditionobjectsarenotified,
they evaluatetheir predicateandif true,automaticallynotify thecorrespondingaction
objectsusingthesamenotificationservice(step4b).

subscribe

P
R1's event

Q

notifiyR notifiy

Event of rule R1

E-C C-A

subscribe

P
R1's condition

Q
register R1'sS

Event register R1'sS
Condition
T

register R1's
Action

complex eventU
detection service
V condition evaluationU

serviceW action executionX
serviceW

register rule R11

2

3
Y

4a 4b
Z

R1's
C
[

ondition\
object\

ECA-rule service

A

B

R1's
A
]

ctionU
object\

Fig.1. Interactionamongtheelementaryservices(E-C-A)

Servicescommunicateusinga notificationservice.Thenotificationssentcontaina
representationof thetriggeringevent,with informationaboutthehappeningof interest
and its context. The communicationamongtheseservicescould be doneusingother
mechanisms,e.g.RemoteProcedureCall. However, the publish/subscribemechanism
playsanimportantrole in ourarchitectureproviding thefollowing advantages:

– it allows asynchronouscommunicationand decouplesevent producersand con-
sumers(suitablefor opendistributedenvironments),

– it is particularlyusefulif variousrulesareassociatedwith thesameevent,
– it facilitatesconcurrentrule execution(without centralizedrule selectionmecha-

nism),
– thenotificationcontainsrequiredeventinformationandits context (context propa-

gation),
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– it providesasimpleandpowerful genericcommunicationmodel,
– it supportslocationtransparency dueto subjectorganization,and
– it helpsto explicitly representdependenciesof theflow of work.

Elementaryservicesexposetwo kindsof genericandverysimpleinterfaces:

– Serviceinterface:definedasa singlemethodthatreceivesasa parameteranevent
notificationwhich is representedbasedon thecommonontology.

– Configurationinterface:for administrationpurposes,suchasregister, activate,de-
activate,delete,etc.

This simpleserviceinterfacedefinition providesflexibility , allowing to configurethe
flow of serviceexecutioneasily. For instance,considerthe omissionof the Condition
partin aruledefinition(EA-rules).Thischangestheflow of executionwheretheAction
connectsdirectly to theEventdetection.Similarly, eventfilters canbeplacedbetween
event sourceandthe complex event detectorwithout requiringto changethe codeof
thesecomponents.Thedestinationof theoutgoingnotificationsreliesonconcept-based
addressing, which is usedfor notificationdissemination(seeSection4.1).

In additionto the elementaryservicesmentionedabove the complex event detec-
tion servicecombinesotherserviceswhich arerequiredfor this event detection,like,
filtering service,timeservice,alarmservice,eventadapters.Furthermore,thefollowing
servicesareusedaspartof our architecture:ontologyservice,repositoryservice,and
notificationservice.All theseservicesaredescribedin moredetail in thenext section.

4 ReferenceAr chitecture

Our work is basedon a servicearchitecturefor extensibility and flexibility reasons.
Figure2 shows,a combinationof thebasiccomponentsto supporttypical active func-
tionality. Servicesareimplementedusingloosely-coupledcomponentsto fit distribution
requirements.Thecommunicationamongtheseservicesis basedon a notificationser-
viceusinga publish/subscribemechanism.Dashedarrows in Figure2 depicttheuseof
theunderlyingnotificationservice.

event
ŝources_ event^

compositor`event
âdaptera condition

èvaluation^ actiona
execution^filter

Fig.2. Basiccomponentsto supportactive functionality

Theservices’simpleinterfacesprovide flexibility in orderto configuretheservice
executionflow independentlyof thenext serviceinterfacein theprocesschain.In our
particularcase,servicesarecombinedin a chainbeginningwith the eventsourceand
endingwith the actionexecutionservice.In betweenoptionalservices,suchasevent
filters,andconditionevaluationcanbeinterconnected.

Informationaboutrule definitions,deploymentandconfigurationof their events,
conditionsand actions,and knowledgeaboutservices,is maintainedin a repository
to supportconfigurationandmaintenance.In addition,an ontologyserviceis usedto
manageconceptspecificationsdefinedat thethreelayersof our infrastructure.
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4.1 Notification (Event delivery) Service

A publish/subscribemechanismdecouplesproducersandconsumersof messages.In-
steadof addressingby location(i.e.by IP numberor socketaddress),publish-subscribe
interactionusesthegenericcommunicationparadigmof subject-based addressing. Pro-
ducersof messagespublishtheir individual messagesundercertainsubjects.They do
this without any knowledgeof who or whatapplicationsaresubscribingto thesesub-
jects.Subjectsareusedto directmessagesto theirdestinations,soapplicationscancom-
municatewithoutknowing thedetailsof network addressesor connectionsandtheloca-
tion of messageconsumersbecomesentirelyopaquewithout requiringa nameservice.
Moreover, new messageproducersandconsumerscanbeintroducedat any time.Mes-
sagesaredeliveredefficiently to many consumersin an asynchronousway. Message
OrientedMiddleware(MOM) productsandstandardspecificationslikeCORBA Notifi-
cationService[23] andJavaMessageService(JMS)[16] supportthepublish/subscribe
mechanism.

We useX � TS [21] to supportcoupling modesat the notification service.X � TS
integratesnotificationandtransactionservices,leveragingmulticastenabledMOM for
scalableandreliableeventdissemination.In addition,it providesthepossibilityto store
messagesin adatabasefor eventlogging.

In our work, we introducedconcept-based addressing. As its namesuggests,sub-
scriptionsaremadebasedon the conceptsdefinedin the underlyingontology. Using
concept-basedaddressingconsumerssubscribeto a conceptof interest.This approach
is basedon thesubject-basedaddressingprincipleswherethesubjectnamespaceis hi-
erarchicallyorganized.Hereconceptsaremappedto thesubjectnamespace,wherethe
conceptnameis part of the subject,suchasPlaceBid.It is alsopossiblethatattribute
valuesof a conceptconstitutepartof the namespacein orderto allow a morespecific
subscription,for instancePlaceBid.

�
ParticipantId

�
.
�

ItemId
�

. In particular, manda-
tory attributesof aconceptarecandidatesto form partof thenamespace.This way, the
destinationof notificationsis determinedby self-containedinformation.Namespaceor-
ganizationis maintainedin therepository.

Becauseconceptsarerepresentedusingacommonontology, consumersdonotneed
to take careof proprietaryrepresentations.Moreover, if conceptsareextendednothing
mustbechangedat theconsumerside.

4.2 Event Sourcesand Adapters

An API to describeevent context and to signal semanticeventsis provided. Based
on this API event adaptersconvert sourceeventsinto conceptsbasedon the domain-
specificvocabulary addingpropercontext informationto supportits correctinterpreta-
tion. Examplesof eventadaptersare:

– XML adapters thattranslateXML-basedmessagesinto semanticevents.
– Database adapters thatareusedto signaldatabaseoperationsoutsidethedatabase.

With this purpose,trigger mechanismscanbe usedto detectthe event and then
storedproceduresareusedto generatethecorrespondingsemanticevent.

– Interceptors thatareusedto intercepta servicerequest(beforeor afterexecution).
Oncea requestis intercepteda correspondingeventis signaled.
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– Alarm adapters that play the role of a mediatorto scheduledtime-relatedevents
(usingthealarmservice)andwhenpropergeneratestime-relatedeventsbasedon
theontologyasa result.

– E-mail adapters thatintercepte-mailsaccordingto specifiede-mailproperties,like
senderaddress,subject,etc. Oncecaught,the necessaryinformation is extracted
from ane-mailandconvertedinto a semanticevent.

4.3 Alarm Service

This serviceis alsoconsideredasa sourceof temporalevents(absolute,relative and
periodic).Theseeventsrequirea clock schedulerin orderto signalscheduledtemporal
events.For instance,an absolutetemporalevent indicating BeginOfAuction, can be
definedas”February19, 2001at 9:00AM GMT-5” which meansthat at the specified
time it mustbe signaled.This servicecanalsobe useful for the infrastructureitself,
e.g. in a distributedenvironmentwherea heartbeatmechanismis neededto produce
(andconsume)heartbeatswithin a determinedperiodicity. It is importantto noticethat
in this kind of scenario,clocksusedby theseservicesmustbe synchronizedwith the
timestampserviceexplainedbelow.

4.4 Time (Timestamp)Service

Timestampsallow eventsto be ordered.This ordertakesa fundamentalrole in event
consumption(e.g.chronicle)andwhenusingtime-relatedeventoperators.Depending
on the given systemenvironment,e.g.distributedor centralized,different timestamp
modelscan be used.For example,for centralizedenvironmentsa simple timestamp
mechanismmay be sufficient sinceonly one clock is usedto timestampevents.For
distributedclosednetworksthe2g-precedencemodelmayfit. For opendistributeden-
vironmentsthe accuracy interval model [20] can be used.The implementationof a
timestampserviceshouldexplicitly declareall assumptionsmade.For this reason,a
timestampontologyis requiredto describesemanticassumptionsaboutthetimestamp
mechanismlike observation (detectiontime, occurrencetime, receptiontime), clock
source(local, remote,local synchronized),clockgranularity, etc.Thetimestampontol-
ogy is importantto determinethecompatibilityof timestampmechanisms.

4.5 Filter Service

Filters selectnotificationsby discardingeventsbasedon predicatesdefinedon event
attributes.For instance,eventscomingfrom a particularsource,or eventswhich con-
tain pricesover US$ 100 arenot of interestso they canbe filtered anddo not reach
the consumer. Becauseeventsand notificationsare representedusing conceptsfrom
thecommonontology, eventfilters canbespecifiedat a domain-specificlevel, andare
independentfrom source-specificrepresentations.

4.6 ComplexEvent Detection

This servicemust be configuredto recognizecomplex situationsbasedon primitive
andcompositeevents.Situationsof interestaredescribedusingeventoperators.There
areseveral aspectsthat areinvolvedwhenrecognizingcomplex event situationssuch
as thosesummarizedin [1, 28]. In particular, the inherentcharacteristicsimposedby
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large-scaledistributedenvironmentshave to beconsidered:thepartialorderof events,
transmissiondelays,andpossiblefailuresat thesourcesor in thecommunicationchan-
nel.Thebasicinfrastructureof thecomplex eventdetectorserviceis basedon theidea
of componentsandcontainers.Componentsaretheeventoperators(alsonamedcom-
positorshere)that arepluggedinto the container. The containeritself is the complex
eventdetectorkernelwhich controlstheeventdetectionprocess.This approachavoids
hard-wiredeventoperatorswithin thecomplex eventdetector, plugging-inonly theset
of operatorsrelatedwith the specifiedrules,and it providesa flexible framework to
defineothereventoperators.Compositorssubscribeto primitive eventsor othercom-
positorsaccordingto the complex event definition.Event instancesarepropagatedto
subscribersusingthenotificationservicedescribedin Section4.1.Compositorscanalso
beconfiguredin orderto applya consumptionpolicy of event instances(consumption
mode).Thisdependsontheimplementationof basicmethodsthatallow to orderevents
basedon theontology-basedtimestampmechanism.

4.7 Condition and Action Service

Theconditionserviceprovidesaninterfaceto registerthecondition(predicate)of apar-
ticularrulethatmustbeevaluatedoncethecorrespondingeventis signaled.Thisservice
playstherole of a factory, instantiatinga conditionobject,settingits pertinentproper-
ties (predicateto evaluate,driversto allow predicateevaluation,etc.),andsubscribing
it to its correspondingtriggeringeventtakinginto accountthespecifiedcouplingmode
betweenevent andcondition.Notice that differentconflict resolutionpoliciescanbe
appliedherebut concurrentrule executionis assumedin order to improve scalability
andperformance.

Likewise, the actionserviceprovidesan interfaceto register the actionof a rule,
instantiatingan actionobject,settingits propertiesto receive the correspondingnoti-
fication.Dependingon the rule definition,conditionandactionobjectsareassociated
with objectsthatprovidethemeansto: accessdatabases,invokemethodsondistributed
objectsor wrappedlegacy applications,invoke transactioncontrol operations,access
messagingservices(e-mail,queues,SMS,fax),etc.

4.8 Repositoryand Ontology Service

We usean ontologyserver to storeandmanagethe commonvocabulary usedin our
framework.Thisvocabularyprovidestheextensibledomain-andinfrastructure-specific
descriptionbasisto which all otherservicesrefer. Theontologyserverprovidesacom-
monaccesspointto thevocabulary,andprovidesconceptdefinitionsandtextual,human-
readabledescriptionsof availableconceptsfor interactiveexplorationbydevelopersand
endusers.In ourrepositoryarestored:ruledefinitions,theirdeploymentandconfigura-
tion, eventconstellations,configurationof adapters,serviceconfigurations,andsubject
namespaceorganization.Thisrepositoryis usedfor configurationandmaintenancepur-
poses.

5 Conclusionsand Future Work
Wepresentedaservice-basedarchitectureto supportactivefunctionalitywhichis based
on a commonvocabulary (ontology),services,andeventnotifications.Ontologiesare
usedasa commoninterpretationbasisto enablesemanticallycorrectinterpretationof
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eventsandnotificationsin openheterogeneousenvironments.Our ontology-basedin-
frastructureapplieshomogeneouslytheontologyapproachnot only to integrateevents
from differentsourcesbut alsoto supportthe integrationamongelementaryservices.
Thisallowsfiltersandoperatorsoneventsto bedefinedatahigher-level without taking
careof source-specificrepresentationpeculiarities.ECA-ruleprocessingin our archi-
tectureis decomposedinto elementaryservices.Theseservicesprovide a very simple
andgenericinterface,whereparametersof methodsarerepresentedusingthecommon
ontology. Therefore,theflow of work throughservicescanbeeasilyconfigured– omis-
sionor inclusionof serviceslike conditionevaluation,eventfiltering or complex event
detectionis madeeasy. Notificationsareusedto carryeventsfrom their sourceto in-
terestedconsumers(services),i.e. notificationsarethe meansfor servicesto interact.
For this purpose,a notificationservice,basedon a publish/subscribemechanismus-
ing concept-basedaddressing,is used.In addition,this servicesupportseventstorage
anddifferentcouplingmodes.Becauseof this conceptualfoundation,our architecture
promotesflexibility , extensibilityandintegrationfor large-scaleInternet-basedapplica-
tions.

We usetheJava languageto specifyontologyconceptsandtheir relationships,thus
avoidingany impedancemismatchbetweenprogramminglanguageandontologyspec-
ification language,andallowing the shippingof ontologyconceptsbetweendifferent
platformswithout furthertransformations.In additionto dataportability, Java supports
codeportability which is an importantissueheresincerule enforcementmaybe nec-
essaryto run at differenttiersandat differentrun-timeconfigurations.For instance,to
controlbusinessrulesat theclient,at themiddletier or at theserver. Ontologysupport
is completelyimplementedandmany of theontologyconceptsarealreadydefined.Our
implementationalsoincludesa runningnotificationservicethat supportstransactions
andcouplingmodes,andsomeeventadapterslikeXML adapter, alarm,andapplication
adapter.

Currentresearchinvolvesissuesrelatedwith complex eventdetectionin opendis-
tributedenvironments.In particularthreeissuesarebeinginvestigated.First,consump-
tion modeswhichshouldtake into accountpartialorderof eventsandhow to copewith
uncertaintyof eventorder. Second,we arelooking for a minimalisticsetof (low-level)
eventoperators,andbasedon themdefinedomain-specificpowerful (high-level) event
operators.Finally, theextensionof thetimestampontologyis requiredin orderto cor-
rectly interpretandcomparetimestampscomingfrom distributedsources.Therefore,
differenttime synchronizationdimensionsandeventobservationmechanismsmustbe
studiedandproperlyorganizedandrepresented.Anotheraspectto be studied,is the
validationof differentserviceconfigurationsto avoid unimplementableor inconsistent
services.
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