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Abstract

The KRAFT project hasdefineda genericagent-basedarchitectureto support
knowledge fusion— theprocessof locatingandextractingknowledgefrom mul-
tiple, heterogeneouson-linesources,andtransformingit so that theunionof the
knowledgecanbeappliedin problem-solving.KRAFT focuseson knowledgein
theform of constraintsexpressedagainstanobjectdatamodeldefinedby ashared
ontology. KRAFT employs threekinds of agent: facilitators locateappropri-
ateon-linesourcesof knowledge;wrappers transformheterogeneousknowledge
to a homogeneousconstraintinterchangeformat; mediators fusethe constraints
togetherwith associateddatato form a dynamically-composedconstraintsatis-
factionproblem,which is thenpassedto an existing constraintsolver engineto
computesolutions.

The KRAFT architecturehasbeendesignedto be scalableto large numbers
of agents;thispaperdescribesthefeaturesof thearchitecturedesignedto support
scalability. In particular, weexaminestatictechniquesthatunderpinthegrowth of
large-scaleKRAFT networks,anddynamictechniquesthatallow reorganisation
of a KRAFT network asit increasesin scale.

1 Introduction

TheKRAFT project(KnowledgeReuseAnd Fusion/Transformation)aimsto definea
genericarchitecturefor knowledgefusion. Knowledgefusionrefersto theprocessof
locatingandextractingknowledgefrom multiple,heterogeneouson-linesources,and
transformingit sothattheunionof theknowledgecanbeappliedin problem-solving.

TheKRAFT architecturewasconceivedto supportconfigurationdesignapplica-
tions involving multiple componentvendorswith heterogeneousknowledgeanddata
models.This kind of applicationturnsout to be very general,coveringnot only the
obviousmanufacturing-typeapplications(for example,configurationof personalcom-
putersor telecommunicationsnetwork equipment)but alsoservice-typeapplications
suchastravel planning(for example,composingpackageholidaysor businesstrips
involving flights, groundtravel connections,andhotels)andknowledgemanagement
(for example,selectingand combiningbusinessrules from multiple heterogeneous
knowledgeanddatabaseson acorporateintranet).
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A key featureof theKRAFT projectis that theform of knowledgeis restrictedto
constraints expressedagainstan objectdatamodeldefinedby a sharedontology[7,
13]. This ontologyspecifiestheknowledgeavailablein resourcesexternalto thecur-
rentKRAFT network, andallows theexternalresourceconceptsto beexpressedin a
commoninternalrepresentation.This internalKRAFT resourceis usedby facilitator
andwrapperagentsandis managedby a specialmediatoragent.

KRAFT buildsuponwork donein theearly1990sonknowledgesharingandreuse,
most notably the resultsof the KnowledgeSharingEffort (KSE) project [11]. Al-
thoughit did result in a numberof practicalapplications(for example,[5, 9]), the
early work on knowledgesharingandreusehasnot hadthe expectedimpact in the
constructionof large-scale,open,distributedknowledgesystems.Oneareathatwas
not addressedin the earlywork wasthatof scalability: few systemsusedmorethan
10 agents.However, thereis now a rapidly-growing demandfor “Internetscale”sys-
temsthat supportthe exchangeandprocessingof rich information in areassuchas
electroniccommerceandknowledgemanagement.Any architecturetargetingthese
areasmustbe designedwith scalability in mind. An importantaspectof KRAFT is
the useof constraints(intensionaldata)to reducethe quantitiesof extensionaldata
beingtransportedandsoimprovescalability.

This papercanberegardedasa sequelto thepaperwe presentedon theKRAFT
architectureatES99[13]; here,our focusis ontheimplementationof thearchitecture,
andin particularon thedesignfeaturesthatsupportscalability. In particular, we will
examinestatic techniquesthatunderpinthegrowth of large-scaleKRAFT networks,
anddynamictechniquesthatallow reorganisationof aKRAFT network asit increases
in scale.Beforewe cando this,however, we needto review theKRAFT agent-based
architectureandits implementation.

The paperis organisedasfollows. Section2 presentsan overview of the archi-
tecture,including the conceptualoperationsof the main typesof agent,andthe im-
plementationdesign.Section3 examineshow scalabilityhasbeendesignedinto the
architectureasa whole,andtheindividualagents.Section4 concludes.

2 The KRAFT Agent Architecture

An overview of thegenericKRAFT architectureis shown in Figure1. KRAFT agents
areshown asovals. Therearethreekindsof these:wrappers,mediators,andfacilita-
tors.All of theseareknowledge-processingentities,andaredescribedin sections2.1,
2.2, and2.3. Externalservicesareshown asboxes. Therearethreekinds of these:
useragents,resources(typically databasesor knowledgebases),andsolvers. All of
theseexternalservicesareproducersandconsumersof knowledge:userssupplytheir
requirementsto the network in the form of constraintsvia a useragentservice,and
receive resultsin thesameway. Resourcesstore,andcanbequeriedfor, knowledge
anddata.SolversacceptCSPsandreturntheresultsof thesolvingprocess.Within a
KRAFT network, theconstraintsanddataareexpressedusingtheconceptsdefinedin
thesharedontology.

KRAFT agentscommunicatevia messagesusinganestedprotocolsuite.KRAFT
messagesareimplementedascharacterstringstransportedby a suitablecarrierpro-
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Figure1: Overview of thegenericKRAFT architecture.

tocol. A simplemessageprotocolencapsulateseachmessagewith low-level header
information,includinga timestampandnetwork information. Thebody of the mes-
sageconsistsof two nestedprotocols:theouterprotocolis theConstraint Command
andQueryLanguage (CCQL) which is a specialisedsubsetof theKnowledgeQuery
andManipulationLanguage(KQML) [10]. Nestedwithin the CCQL messageis its
content,expressedin theConstraint InterchangeFormat (CIF).

In the currentimplementation,KRAFT messagesare syntacticallyProlog term
structures.An examplemessageis shown in Figure2. The outermostkraft msg
structurecontainsa context clause(headerinformation)anda ccql clause.The
messageis from anagentcalledstorage inc to anagentcalledpc configurator.
Theccql structurecontains,within its contentfield, a CIF expression(in theimple-
mentation,CIF expressionsareactually transmittedin a compiledinternal format).
CIF is describedfurtherin Section2.1.

The following sub-sectionsexaminethe operationsof eachof the threekinds of
KRAFT agentin moredetail.

2.1 Wrapper Agents

Wrappersare agentsthat act as proxiesfor external resources— commonly, these
will be“knowledgesuppliers”.Wrappersserve two purposes:they advertisetheca-
pabilitesof the resourceto a facilitator, whenthe resourcecomeson-line (seeSec-
tion 2.3), and they transformknowledgebetweenthe commoninterchangeformat
usedwithin aKRAFT network, andtheinternalformatusedprivatelyby theresource.
In boththesetasksthey utilise thesharedontology.

2.2 Mediator Agents

KRAFT followsWiederhold’sdefinitionof amediatorasacomponentthatperformsa
specificinformation-processingtask,oftenprogrammedby an individual domainex-
pert[17]; everymediator“addsvalue” in somewayto knowledgeobtainedfrom other



kraft_msg(
context(1,id(19), pc_configurator, storage_inc,

time_stamp(date(29,9,1999), time(14,45,34))),
ccql(tell, [

sender : storage_inc,
receiver : pc_configurator,
reply_with : id(18),
ontology : shared,
language : cif,
content : [
constrain

each d in disk_drive
such that name(vendor(d)) = "Storage Inc"
and type(d) = "Zip"

at least 1 p in ports(host_pc(d))
to have type(p) = "USB"

])
)

Figure2: An exampleKRAFT CCQLmessage.

agents.In KRAFT, themaintasksperformedby mediatorsareontologymanagement
andknowledgefusion. To performknowledgefusion,a mediatorgathersconstraints
from otheragents(typically wrappersasdescribedin Section2.1),andprocessesthem
to form a coherentCSPat run-timefor solving. This is shown in Figure3. As part
of this task,mediatorswill typically pre-processtheconstraintsin variousways;they
will alsoneedto planandperformselectivedatabasequeriesasexplainedin [6].

Therewill typically be several mediatorsin a KRAFT network: oneto perform
eachdistinct value-addingservice. For example,in a KRAFT network performing
configurationof PC products,theremay be a singleconfiguratormediator, or there
may be several configurators,perhapsonefor eachof several differentkinds of PC
(laptops,genericdesktops,special-purposeworkstations,etc)or onefor eachof sev-
eraldistinctsubsystems(CPU,peripheralsystems,applicationsoftwarebundles,etc).

2.3 Facilitator Agents

Facilitatorsarethe“matchmaker” agentsthatallow agentsto discoveroneanother[9,
17]. As they comeonline,agentsregistertheir identities,network locations,andadver-
tisementsof their knowledge-processingcapabilitieswith a known facilitator. When
anagentneedsto requesta servicefrom anotheragent,it asksa facilitator to recom-
mendanagentthatappearsto providethatservice.

A resourcecapabilitymustbe representedintentionallyandgenericallyfor com-
pactness,but in a way that minimisesimprecision. The abstractcharacteristicsof a
resourcearecommunicatedby meansof advertisementmessages.Thetermsusedin
thebodyof advertisementsaredefinedin thesharedontology. Thefacilitatorencap-
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sulatesa databaseof receivedadvertisementswith theabove components;theCCQL
facilitationoperations(forwardingandbrokerage)areimplementedasquerieson this
advertisementdatabase.

EachKRAFT network requiresat leastonefacilitator. In a large network, there
maybemultiple facilitators,eitherfor reasonsof specialisationor efficiency.

2.4 Implementation of the KRAFT architecture

Inter-agentcommunicationin KRAFT is implementedby messagepassingusingthe
Lindatuple-spacecommunicationmodel[4]. A Lindaservermanagesthetuplespace;
clientsconnectto thespaceto write or readtuples(messages).KRAFT usesa Prolog
implementationof Linda, wheretuplesareProlog term structures:instancesof the
kraft msg termstructureshown earlier. To senda message,anagentwrites it to a
Linda server with thenameof therecipient;to receive a message,anagentreadsany
tupleswith its own nameasthevalueof thereceiver field. An advantageof using
this modelis that the individual agentsdo not needto bemultithreaded;they choose
whento receive any waiting messagessynchronously. KRAFT agentscanbewritten
in any languageprovidedthat they have a Linda client module. Currently, theseare
availablefor PrologandJava agents.

The Linda model is most effective for local-areacommunication,so to support
wide-areaKRAFT networks a federatedLinda spacehasbeenimplemented.Each
local-area(calleda hub) hasits own Linda server with which local agentsinteract.
Theagentnamespacehasa URL-likehubname/agentnamesyntax.EachLindaserver
is coupledto a gatewayagentthatrelaysmessagesbetweenhubsin a mannersimilar
to aninternetrouter: if a messageis postedon thelocalLinda serverwith a non-local
hubnamefor therecipient,thegatewayrelaysthemessageto thecorrecthubgateway
agent,which in turn writes it to the hub’s local Linda server. This architectureis
shown in Figure4. In thecurrentimplementation,theprotocolusedto carrymessages
betweenhubsis TCPvia thesocket interface;preliminarywork hasalsobeendoneon
inter-hubcommunicationusingCORBA IIOP [12].

To supportdebugging,a Monitor useragenthasbeenimplementedto traceand
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Figure4: Implementationof theKRAFT architecture.

displaythepassageof messagesacrossaKRAFT network,shown in Figure5. Monitor
agentsareableto registerwith thegateway agentsin orderto displayactivity at non-
localhubs,allowing auserto seeinteractionsacrosstheentireKRAFT network.

3 Designing for Scalability in KRAFT

During the designof the KRAFT architecture,scalability wasbornein mind. The
issueof scalabilityin a distributedenvironmentis concernedwith reducingthedegra-
dationin performanceasthe work load increases.This work load canbe measured
in a numberof ways,suchasthenumberof users,activities, resourceproviders,and
sites. Inevitably as the distributedenvironmentgrows thereis somedegradationin
performance.Broadly, therearetwo kindsof techniquethatcanbeusedto tacklethis
problem:staticanddynamictechniques.

� Statictechniquesaregenerallyconcernedwith architecturaldecisionsthathave
beentakento supportthegeneralscalabilityof thesystemandareindependent
of thedynamicsituation.

� Dynamictechniquesmonitorthecurrentstateof thedistributedsystem(for ex-
ample,thedemandon eachresource,or theperformanceprofile of eachagent),
andattemptto respondto fluctuatingperformancein differentpartsof thesys-
tem by amelioratingthe factorscausingperformancedegradation.Hence,dy-
namictechniquesrespondto feedbackfrom monitorswhich areevaluatingthe
currentperformanceto identify peaksand/orbottlenecks.

In KRAFT, bothstaticanddynamicof scalabilitytechniqueshavebeenemployed.
To this end,six strategieswerebuilt-into thearchitecture:

1. An intelligentstrategy for resourcequeryingandconstraintsolvingaimsto min-
imise numberof messages,andvolumeof datatransferred,conservingband-
width.

2. Thefederatedmessagingarchitecture(internet-style)usingLinda hubsaimsto
minimisenetwork traffic, while alsobeingeasyto manageandfault-tolerant.



Figure5: Screenshotof theKRAFT Monitor useragent.

3. Mediatorscaneasilybe replicatedon their local hub,allowing for concurrent
processingandload-balancing.

4. Useof virtual machinesfor agentimplementations(e.g.JavaandProlog)areen-
couraged,to allow agentmobility in caseswhereprocessingneedsto bemoved
local to a resource,or whereit is necessaryto transfer/replicatean agenton a
differenthub.

5. Facilitator bottlenecksare avoided by allowing for facilitator replicationand
specialisation(for example,having a hierarchyof facilitators,similar to DNS),
andby usinggenericadvertisingto reducethenumberof advertisements.

6. Thesharedontologysupportsontologyclusterswhich in turn allow for evolv-
ability (different worlds) and bottom-upintegration of independently-created
networks.

All of thesestrategieshave a staticaspect,in that they allow a KRAFT network
designerto addresstheproblemof scalabilityat design-time.However, strategies(3–
5) haveasignificantdynamicaspect,asdescribedbelow.

We will now examineeachof thesestrategiesin moredetail.

3.1 Querying and Solving Strategy

As describedin Section2.2,mediatorsthatperformconstraintfusionundertakeacom-
binationof operationsin constructingaCSPatrun-time:gatheringandpre-processing



asetof constraintsfrom contributingagents,andqueryingdatabasewrappersin order
to populatethedomainsfor theCSP. Thetwo mostcostlyoperationshereareactually
externalto themediator:theseare:

1. thenetwork traffic generatedby theconstraintanddatagatheringprocess;and

2. the constraintsolving processcarriedout by the wrappedsolver to which the
mediatordispatchestheCSP.

The KRAFT architectureis designedto try to minimiseboth thesecosts,asfol-
lows:

1. In termsof network traffic, constraintsarea compactway of transmittingwhat
could otherwisebe substantialvolumesof data. In a conventional informa-
tion interchangeapproach,datainstanceswould be transmittedextensionally,
whereasin theconstraintapproach,eachconstraintis an intensionaldefinition
of a potentially-largeamountof data[15].

Moreover, whereit is necessaryto transfera numberof instancesextensionally
(for example,to populatea variabledomainfor a CSP),constraintscanbeused
by the mediatorasa filter to reducethe numberof instancesbasedon what is
known aboutthesolutionspacesofar. For example,if it is alreadyknown that
a PCcustomerneedsat leasta 17-inchmonitor, thereis no point in themonitor
vendorshippinginstancesof 15-inchmonitors.The“screensize ��
 17inches”
constraintwould besentby themediatorto themonitorvendor’swrapperfor it
to useaspartof theinternalqueryon themonitorsproductcatalogue.

2. In termsof constraintsolving, the mediatorcanperforman arbitraryamount
of pre-processingon theCSPbeforesendingit to thesolver. It canalsoselect
what it deemsto be the optimal kind of solver for the problem-at-hand.The
pre-processingcanincludesimplifying theproblem(for example,if redundant
constraintsaredetected)or even abortingthe solving process(for example,if
a conflict is detectedin theCSPthat rendersit insoluble).Also, theaforemen-
tionedprocessusedto build the CSPin termsof gatheringinstancesto popu-
late thevariabledomainswill itself tendto simplify the CSPby filtering out a
significantnumberof “useless”values(this is similar to the forward-checking
techniqueusedin constraintsolving[8], but appliedin thedistributedcontext).

Thesenormally leadto a reductionin databeingtransportedin thenetwork, and
soimprovescalability.

3.2 Federated Messaging Architecture

Unlikesomeagentcommunicationarchitectures(for example,JATlite
�
) KRAFT does

notrely onacentralisedmessageroutingmechanism.Routingin KRAFT, likerouting
in theInternet,is decentralised.TheLinda hubarchitectureshown in Figure4 allows
messageslocalto ahubto passunnoticedby otherhubs.Whenthehubis entirelylocal
�
http://java.stanford.edu/
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Figure6: Cloninga mediatoron a localhubin aKRAFT network.

to asinglehost,nonetwork traffic atall is generated(messagesarepassedthroughthe
TCP/IP“loopback” interface). The only wide-areanetwork traffic consistsof inter-
hubmessages,which passbetweenwidely-separatedgateways. Section3.4 explains
how eventhis traffic canbeminimised.

An importantexceptionhereis wheremonitor agentsareconfiguredto monitor
activity at more than one hub. In this case,the hub messageserver is notified to
“echo” messagesbetweenmonitoredhubs,and this can leadto substantialnetwork
traffic. Therefore,suchmonitoringis recommendedonly for testing,andneverfor use
in anoperationalKRAFT network.

3.3 Mediator Replication

It is conceivablethatmediatorswhoseservicesaremuchin demandwill becomebot-
tlenecks.Suchbottlenecksareeasilydetectedby thehubservers,which canseethat
messagetraffic to andfrom particularagentsis greaterthannormal,or arenot being
processedasrapidly aswould bedesirable.(This is like anoffice managerobserving
the “in” and“out” traysof workersin anoffice: in KRAFT these“trays” arecollec-
tionsof messageson theLinda tuplespacemanagedby thehubserver.) Locally, it is
relatively easyto cloneKRAFT mediators,becausetheseagentsdo not tendto have
persistentstorage(if they do, they will typically usea sharedprivatedatabasefor this
purpose).Therefore,a mediatorcanbeclonedin principleby simply askingthelocal
OSto spawn anotherinstanceof themediatorprocess.Themediatorwould bepassed
a uniqueagentnameby thehubserver. This is illustratedin Figure6 — the shaded
agent(amediator)is clonedon hub1.

In thisway, mediatorservicescaneasilybereplicatedlocally to provideconcurrent
processing. This techniqueis equally useful for replicatingontology-management
mediatorsaswell asthoseperformingknowledgefusion.
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3.4 Agent Mobility

Section3.3 coversthecasewherea mediatoris replicatedlocally. It is alsopossible
to replicatea mediatoron a differenthub. (Or indeed,to relocatethe mediator, by
replicatingit thenremoving the original.) This is possiblewhenthe mediatoris im-
plementedin alanguagethatusesavirtual machineenvironment.KRAFT encourages
the useof suchlanguages;currently, the trial systemshave beenimplementedusing
PrologandJava. In thesecases,thecodefor themediatorcanbeencapsulatedin an
inter-hubmessagedirectedto a hubmanager. Uponreceipt,thehubcanspawn anin-
stanceof theappropriatevirtual machineandpre-loadit with theencapsulatedagent.
This is illustratedin Figure7 — theshadedagent(a mediator)is replicatedon hub2,
afterbeingshippedover thenetwork from hub1.

Thiskindof mobility ismostadvantageouswhenonewantsto movetheprocessing
capabilitycloserto thedata.Localisedcommunicationis alwaysfar lesscostly than
wide-areacommunication,somoving a mediatorfrom a remotehubto thesamehub
asthedataresourcescanimproveperformancesignificantly.

3.5 Facilitator Federations

As thescaleof aKRAFT network grows,thereis adangerthatfacilitatorswill become
bottlenecks.A numberof strategiesareavailableto avoid thisproblem.

Normally, eachhub will have its own local facilitator, to which requestscanbe
directedwithout the costof wide-areatraffic. If eachof thesefacilitatorsis to have
knowledgeof the entire multi-hub KRAFT network, then they obviously must ex-
changeadvertisementsamongoneanother. However, recommendrequestsare typ-
ically muchmorecommonthanadvertiserequests,so mostof their work thenwill
involvelocal messagetraffic.

If the network becomestoo large to allow eachlocal facilitator to storecom-
plete advertisementinformation, then thereare a numberof possibilitiesto reduce
the amountof informationheld by eachfacilitator. Oneoption is to have specialist
facilitators,eachholding knowledgeabouta particularareaof the sharedontology
(for example,in a consumerelectronicsmarketplace,therecouldbea facilitator that
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knowsaboutthePCsector, anotherthatknowsaboutthemobilephonesector, andso
on). A “meta-facilitator” would beconsultedfirst to locatetheappropriatespecialist
facilitator for a givenrequest.Of course,any of thesefacilitatorscouldalsoberepli-
catedif necessary. Anotherpossibility is to partition the facilitationspaceaccording
to location,whereeachfacilitator would have knowledgeaboutits local hub (or lo-
cal hubs),andwould direct requeststhatcan’t beansweredlocally to a neighbouring
facilitator. This approachis essentiallysimilar to theInternetroutingscheme.

The useof genericadvertisementswill reducethe numberof advertisementsas
it eliminatesthe needto hold specificadvertisements.It alsoreducesthe numberto
beexaminedwhenlocatingappropriateexternalresources,albeitat theexpenseof a
possiblymorecomplex matchingalgorithm.

3.6 Ontology Clusters

The schemesoutlined in Section3.5 cover only the caseswherethe entireKRAFT
network usesa singlesharedontology, againstwhich all advertisementsandrequests
areexpressed.CCQLallows for mutlipleontologiesto coexist within thesame(using
theontology field in eachmessage)but, moreimportantly, allows for agentsusing
differentontologiesto interoperateby meansof ontology clusters andinter-ontology
mappings.An ontologyclusteris a communityof KRAFT agentsthatusethe same
sharedontology;aclusterthatusessharedontology ��� � caninteroperatewith aclus-
ter thatusessharedontology ����� if andonly if thereis anontological mappingfrom
��� � to ����� . Messageswith contentexpressedagainst��� � would besentto a des-
ignatedontological mediator(OM) that would transformthe contentto ��� � before
fowarding the messageto the intendedrecipient. Figure8 shows threeontological
clusterswithin thesameKRAFT network, bridgedby ontologicalmediators.

This part of the designfor the KRAFT architectureis elaboratedin [14]. The
ontologicalclustersallow for evolvability (differentworlds which mustbe madeto
inter-operate)andbottom-upintegrationof independently-createdKRAFT networks.



4 Conclusion

Addressingtheissueof scalabilityin adistributedenvironmentinvolvesmanagingthe
potentialdegradationin performanceaswork load increases.Typically, this is done
by employing acombinationof static(design-time)anddynamic(run-time)strategies.
In KRAFT architecture,the static techniquesavailable to supportscalability areas
follows:

� theuseof intensionaldatareducesthequantityof extensionaldatabeingtrans-
portedin thenetwork;

� the useof genericadvert representationreducesthe numberof advertsstored
andanalysed;

� the useof optimal solvers andfilters reducesthe amountof extensionaldata
accessedfrom externalsourcesin CSP;

� the ability to cloneat all KRAFT sitesthe facilitator, mediatorsandontology
meanthat it is possibleto designthe architectureso that thereis no network
traffic if aCSPcanbesolvedwith local facilitiesonly;

� the Linda hubdesignmeansthat local messagesareprocessedlocally — they
alsosupportan easyimplementationof monitorswhich trigger dynamictech-
niquesasthetuplesheldin a Linda hubshow thedynamicstateof many of the
KRAFT components;and

� theuseof ontologyclustersandabuild-upapproachto creatingthelocalshared
ontology for a clustermeansthey reflect their usercommunityneeds,which
againrestrictsthe numberof occasionswhen thereis a needto link to other
ontologiesin thecluster.

The dynamictechniquesthat supportrun-time scalability in the KRAFT archi-
tecturearefoundedon the useof a managed,hub-baseddesign:themessagesat the
Linda hubscanbe monitoredto determinewherethe bottlenecksareoccurringand
which agentsare involved. As a resultof this monitoring,agentscanbe clonedat
the sameor anothersite to reducenetwork traffic andoverall time whenan agentis
overloaded.Agentscanmigrateto new sitesif theplatformconfigurationat thatsite
and/orthecurrentsituationis bettersuitedto their processingneeds.

We contendthat thesestaticanddynamicfeaturesmeanthat the degradationof
performancein aKRAFT network asworkloadincreasesis graceful,andtheenviron-
mentis ableto reactto fluctuationin usagepatternsif this is needed.
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