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Abstract

Theformationandoperationof dynamicandopenvirtual organisationsis acentralconcern
in business-to-businesse-commerce.Virtual organisationsenablepartnercompaniesto develop
andmanufacturecustomisedproductswith low costsandrapiddelivery. Agent-basedarchitec-
turesareaneffectiveplatformfor suchvirtual organisationsbecausethey providemechanisms
to allow organisationsto advertisetheir capabilities,exchangerich information,andsynchro-
niseworkflows at a high-level of abstraction.In this paper, we examinetheKRAFT architec-
tureandits featuresfor supportingvirtual organisations.In particular, wefocusuponKRAFT’s
agent-basedarchitecture,andits useof constraintsasaknowledgeexchangemedium.Weshow
how constraintfusionsupportsthedesignof customisedproducts.

1 Introduction

Oneof the mostpromisingareasof electroniccommerce(e-commerce)is improved management
of the supply chain, to streamlinethe productionof goods,enablethe rapid productionof cus-
tomisedgoods,andcoordinatebusinessprocessesamongcooperatingorganisations[15]. In ef-
fect, suppliers,manufacturersandretailersareenabledto act asa singlevirtual organisation; the
membercompaniesintegratetheir complementaryresourcesto createa morecompetitive whole.
Providing technologyto supportvirtual organisationsis theprimarythemeof business-to-business
e-commerce[25]. Successfulintegrationrequiresthat the membersof the virtual organisationat
leastagreeonmechanismsto exchangeelectronicdocumentsandsynchronisetheirworkflows[19].

To minimiseproductiontimesandproductcosts,the virtual organisationshouldbe agile: re-
lationshipsbetweenmembersneedto bedynamicandflexible [21]. Re-negotiationsbetweensup-
pliers,manufacturersandretailerswill occurregularly. In this kind of agileorganisation,thereis
competitionbetweenmembers,andmembersjoin andleave theorganisationmoreregularly. The
supportof agile organisationsis technologicallychallengingbecausethe communicationmecha-
nismsmustcopewith boththecooperative andthecompetitive natureof theenterprise.

Thecommonly-acceptedlife-cycle for virtual organisationsis asfollows [8]:

1. needsidentification: definitionof theservicesor productsprovided by thevirtual organisa-
tion;

2. partnerselection:compositionof thegroupof partnersthat,together, canmeettheidentified
needs;

3. operation: conductof thetransactionsby which theservicesor productsareprovidedby the
partners;
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4. dissolution:disbandingof thegroupof partners,includingany final settlementof paymentor
otherclosingtransactions.

In currentpractice,the main technologiesoffered to supportvirtual and agile organisations
are ElectronicData Interchange(EDI) and Extranets. EDI supportsthe exchangeof structured
documentsalongthesupplychain(from requestsfor quotationsto invoices).Unfortunately, current
EDI systemsare largely proprietaryand limited in the form of information they can exchange;
they are limited to the exchangeof relatively simple relationaldata. The newer XML standard
promisestoaddresstheformerproblem(for representativeexamples,see[5] and[24]), but it will not
solve thelatter: to befully “self-describing”,businessdataneedsto have attachedmeta-knowledge
in the form of rulesor constraintson how the informationcanbe usedandcombinedwith other
information[13].

Extranetsprovide the low-level communicationprotocolsto exchangeEDI messagessecurely
betweenthe internalnetworks (Intranets)of the individual companies.CurrentExtranettechnol-
ogy is moreconcernedwith basicmessageexchangeandsecuritythanwith supportinghigher-level
businessoperations.Recentstandardsfor supportingopentransactionssuchasthe CORBA Ser-
vices andEnterpriseJavaBeans[20] provide a useful higher-level communicationinfrastructure,
but rely onconventionalrigid electronicdatatransactionsmodelsthatcannotcopewith therequired
flexibility demandedby agileorganisations[26].

TheKRAFT project(KnowledgeReuseandFusion/Transformation)hasanarchitecturethat is
well-suitedto supportvirtual organisationsin which membersexchangeinformationin theform of
constraintsexpressedagainstanobjectdatamodel[22]. Theconstraintsallow membercompanies
to designnew productsfrom componentsin their individual catalogues,andalsoto advertisethe
contentof their catalogues.Constraintsareexchangedvia messagesexpressedin anagentcommu-
nicationlanguage,supportingflexible transactions.TheKRAFT supportsthelife-cycle of a virtual
organisationasfollows:

1. needsidentification:customers’requirementscanbeexpressedreadilyandnaturallyasa set
of constraints;likewise, the capabilitiesof serviceandproductproviderscanbe expressed
usingconstraints;

2. partnerselection:by combiningandcheckingtheconstraintsfromcustomersandservice/product
providers,avirtual organisationcanbecomposedthathasthepotentialto meetthecustomers’
requirements;

3. operation: additionalconstraintswill appearduringtheprocessof working to satisfya spe-
cific customer’s requirements— thesemaycomefrom thecustomeritself, or from any of the
suppliers;theconstraint-solvingprocesscaneasilyaccommodatetheseconstraints,dynami-
cally;

4. dissolution:theconstraintsolvingprocesswill yield asetof resultsthatincludetheconditions
thatmustbemetwhenthevirtual organisationis disbanded.

Theremainderof thispaperis organisedasfollows: thenext sectiondescribestheway in which
theKRAFT architectureusesconstraintsto supporta network or customersandsuppliersin a vir-
tual organisation;Section3 describestheKRAFT architectureasa whole;Section4 examinesthe
constraint-solvingprocessat thecoreof a KRAFT system;Section5 presentsanexampleKRAFT
application,whereavirtual organisationis createdto provide network dataservicesin thetelecom-
municationsdomain;Sections6 and7 presentrelatedwork andfuturedirections,respectively.
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2 Constraints in Virtual Organisations

TheKRAFT architecturewasconceived to supportconfigurationdesignapplicationsamongmul-
tiple partnerorganisationswith heterogeneousknowledgeanddatamodels.This makesit suitable
for the supportof virtual organisationswherethe serviceor productto be suppliedneedsto be
composedfrom componentssuppliedby multiple componentvendors.This modelturnsout to be
very general,supportingnot only theobviousmanufacturing-typeapplications(for example,con-
figurationof personalcomputersor telecommunicationsnetwork equipment)but alsoservice-type
applicationssuchas travel planning(for example,composingpackageholidaysor businesstrips
involving flights,groundtravel connections,andhotels)andknowledgemanagement(for example,
selectingandcombiningbusinessrulesfrom multipleheterogeneousknowledgeanddatabasesona
corporateintranet).

Configurationdesignproblemswereoriginally tackledby rule-basedsystems(thebest-known
beingDEC’sXCON system,usedfor configuringVAX computers);now, they aremorecommonly
seenasconstraintsatisfactionproblems[9]. In theKRAFT architecture,the domainsof many of
thevariablesareentitiesstoredin local databasesheldby individual partnersin a virtual organisa-
tion [12]. Constraintson theseentity typesmaybesetby their makers,andstoredwith themin the
database.KRAFT providesmechanismsby which local databasecontentscanbeadvertisedon the
network, so that constraintscanbe selectedand fusedtogetherby specialisedmiddle agents,and
passedto a constraintsolver. Thesolver thenhasto find feasiblevaluesto satisfytheconstraints.
However, the problemis complicatedby constraintsthat refer to relatedinstancesof otherentity
types,whosevaluesmustbeextractedfrom somedatabaseandcheckedfor compatibility.

In manufacturing-typeapplications,KRAFT solves the problemof finding a numberof parts
thatfit togetherto make someproduct,or thatwork togetherin someway to deliver someservice.
Suppliersof thesepartsmake their catalogues,in the form of databasetables,available on the
network. Locally to eachsupplier, the tableswill be likely to have differentsemanticsandhidden
assumptions.In printedcatalogues,theseassumptionsoftenappearasasteriskedfootnotesor “small
print” in thecatalogue.For example,theproductcataloguefor (fictitious)diskdrivevendorStorage
Inc mayhave thefollowing smallprint associatedwith eachof its rangeof Zip diskdrives: thisZip
diskdrive requiresa PC with a USB-typeport. Thiskind of smallprint canreadilybeexpressedas
constraintsin adatabasecatalogue.For example:

forall z in zip_drives :
port_types(connected_pc(z)) must include "USB";

This constraintwould be storedin StorageInc’s cataloguedatabase,but note that it refersto a
propertyof the PC (port types) to which the drive would be connectedin a configuredPC
system(storedastheconnected pc attributeof theZip disk drivez). In configuringadesignto
meeta customer’s requirements,it is notenoughjust to make a distributeddatabasequeryto find a
list of possiblecomponents;it is alsonecessaryto ensurethatthecomponentssatisfyattachedsmall
print constraints.

A furthercomplicationarisesfrom the fact that the locally-storedconstraintswill typically be
expressedagainsta localdatamodelfor theproductcatalogue.In orderto fusetogetherconstraints
from multiple heterogeneousproductcatalogues,it is necessaryto translatethe constraintsto a
commonconstraint interchange format, expressedin thetermsof asharedontologyasis commonly
donein knowledge-sharingsystems[18]. Thefollowing constraintshows theabove smallprint Zip
disk constrainttranslatedfrom StorageInc’s local constraintlanguageto the KRAFT Constraint
InterchangeFormat (CIF) language,expressedin the termsof a sharedontology for PC system
configuration:

constrain
each d in disk_drive

such that name(vendor(d)) = "Storage Inc"
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and type(d) = "Zip"
at least 1 p in ports(host_pc(d))

to have type(p) = "USB";

KRAFT CIF is basedon theCoLanlanguageusedto expresssemanticsin theobjectdatabase
P/FDM [11]. Someof thetransformationsneededherewere:

� Additionof contextual information. In thelocal StorageInc database,all constraintsimplic-
itly refer to this vendor’s products;in the sharedontology, the nameof the vendorof the
componentmustbestatedexplicitly.

� Mapping classesto attribute values. In the local StorageInc database,the type Zip disk
is representedby the classzip drives; in the sharedontology, “Zip” is the valueof the
attributetypeof elementsin theclassdisk drive.

� Coping with different granularities of description. In the local StorageInc database,the
connectedPCis modelledin lessdetail,with the typesof portsbeingstoredin theattribute
port types of theconnected pc entity; in thesharedontology, theconnectedPCof the
disk drive (attribute renamedto host pc) is modelledin moredetail,with individual ports
asentitiesin theirown right, andtype asanattributeof theport entity.

Thesetransformationsmustbeimplementedby special-purposesoftwarefor theindividual vendor,
aspartof thepriceto bepaidfor joining thevirtual organisation.Thearchitecturalframework that
incorporatesthesetransformationalsoftwareis describedin Section3 below. Oncetransformed,the
smallprint constraintscanbefusedtogetherwith otherconstraintsfrom varioussources,asshown
in Figure1.

In thevirtual organisation,someconstraintswill beprovidedby thecustomer;otherswill come
from thevendorsasdiscussedabove; therewill alsobeconstraintscomingfrom thepartnerwhowill
act asthe configuratorof theproductor serviceprovided by theorganisation.Typically, the con-
figuratorpartnerwill bea value-addingresellerfrom thepoint-of-view of thecomponentvendors.
Notethattheremaybemultipleconfiguratorpartners,eachproviding adifferentproductor service;
also,thesupplychainmayhave additionalstages,whereoneresellersellsto anotherreseller, each
addingtheir own constraintsto the final productor service. Detailsof how the constraintfusion
processoperateswithin theKRAFT architecturearegivenin Section4.
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3 The KRAFT System Architecture

The KRAFT systemhasan agent-basedarchitecture,in which all knowledgeprocessingcompo-
nentsarerealisedassoftwareagents.An agent-basedarchitecturewaschosenfor KRAFT for the
following reasons:

� Agent architecturesare designedto allow software processesto communicateknowledge
acrossnetworks, in high-level communicationprotocols; as constraintsare a sub-typeof
knowledge,thiswasseenasanimportantfeaturefor KRAFT.

� Agent architecturesarehighly dynamicandopen,allowing agentsto locateotheragentsat
run-time,discover thecapabilitiesof otheragents,andform cooperativealliances;asKRAFT
is concernedwith thefusionof knowledgefrom availableon-linesources,thesefeatureswere
seenasbeingof greatvalue.

The designof KRAFT is consistentwith several emerging agentstandards,notably the de facto
KQML standard[17] andthede jure FIPA standard[4]. Agentsarepeers;any agentcancommu-
nicatewith any otheragentwith which it is acquainted.Agentsbecomeacquaintedby registering
their identity, network location,andan advertisementof their knowledge-processingcapabilities
with aspecifictypeof agentcalleda facilitator (essentiallyanintelligentyellow pagesservice).

Whenanagentneedsto requestaservicefrom anotheragent,it asksa facilitatorto recommend
anagentthatappearsto provide thatservice.Thefacilitatorattemptsto matchtherequestedservice
to theadvertisedknowledge-processing capabilitiesof agentswith whichit is acquainted.If amatch
is found,thefacilitatorcaninform theservice-requestingagentof theidentity, network location,and
advertisedknowledge-processingcapabilitiesof theserviceprovider. Theservice-requestingagent
andservice-providing agentcannow communicatedirectly.

It is worth emphasisingthat,while this modelis superficiallysimilar to thatusedin distributed
objectarchitecturessuchasCORBA andDCOM [20], theimportantdifferenceis thesemanticlevel
at which interactionstake place: In distributed objectarchitectures,objectsadvertisetheir pres-
enceby registeringmethodsignatureswith registry services,andcommunicateby remotemethod
invocations.

In agent-basedsystems,advertisementsof capabilitiesaremuchricher, beingexpressedin a
declarative knowledge representationlanguage,and communicationusesa high-level conversa-
tional protocol build from primitive conversationalactionssuchas ask, tell, advertise, and rec-
ommend. Distributedobjectarchitecturesarein facthighly suitablefor implementingagent-based
architectures(for example,theADEPT systemusedCORBA [14]) but theconverseis not true.

3.1 Types of KRAFT Agent

An overview of thegenericKRAFT architectureis shown in Figure2. KRAFT agentsareshown as
ovals.Therearethreekindsof these:wrappers,mediators,andfacilitators.All of thesearein some
way knowledge-processingentities.Wedescribeeachonebelow.

Wrappers Theseareagentsthatactasproxiesfor externalknowledgesources,typically databases
and knowledge-basedsystems. Theseare often legacy systems,so one task of a wrapperis to
provideabridgebetweenthelegacy systeminterfaceandtheKRAFT agentinterface.For example,
thelegacy interfaceof a relationaldatabasewill typically beSQL/ODBC;theKRAFT wrapperwill
acceptincomingrequestmessagesfrom otheragentsin theKRAFT agentcommunicationlanguage,
transformtheseinto to SQLqueries,run themon thedatabase,andtransformthereturnedresultsto
anoutgoingmessagein theKRAFT agentcommunicationlanguage.

In a virtual organisation,wrappersareusedto provide accessto vendors’productdatabasesas
explainedin Section2. Thewrappersoftwareimplementstheconstrainttransformationsnecessary
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Figure2: Overview of thegenericKRAFT architecture.

to move smallprint constraintsfrom the local productdatabaseto theCIF interchangeformatand
sharedontology.

Wrappersalsoprovide entry-pointsinto theKRAFT systemfor useragents.Useragentsallow
end-usersaccessto a KRAFT knowledgeprocessingsystem. A useragentwill offer somekind
of userinterface,with which theuserwill presentqueriesto theKRAFT network. Theuseragent
will transformtheusers’queriesinto theinternalknowledgerepresentationlanguageof theKRAFT
system,andinteractwith otherKRAFT agentsto answerthe queries.A useragentwill typically
alsodo somelocalprocessingonknowledge,at leastto transformit for presentation.

In a virtual organisation,customersinput their requirementconstraintsvia useragents.Cus-
tomerswouldnotbeexpectedto write theconstraintsthemselves;rather, a friendly interfacewould
allow them to enter the elementsof the constraints,from which the useragentsoftware would
generatethecorrespondingCIF constraints.

Mediators Thesearetheinternalknowledge-processingagentsof theKRAFT system:everyme-
diator addsvaluein someway to knowledgeobtainedfrom otheragents.Typical mediatortasks
includefiltering, sorting,andfusingknowledgeobtainedfrom otheragents.

In a virtual organisation,the mediatorsaretypically agentsof theconfiguratorpartnersor re-
sellers.They performconstraintselectionandfusion,andinvoke theservicesof constraintsolvers.

Facilitators Thesehavealreadybeenmentionedabove: thesearethe“matchmaker” agentsthatal-
low agentstobecomeacquaintedandtherebycommunicate.Facilitatorsarefully-fledgedknowledge-
processingentities: establishingthata servicerequest“matches”a serviceadvertisementrequires
reasoningwith thedeclarative representationsof requestandadvertisement.

In a virtual organisation,the facilitatorsacceptadvertisementsfrom vendorsandresellers,and
broker connectionsbetweencustomersandresellers,andresellersandvendors.

3.2 KRAFT Communication Protocols

KRAFT agentscommunicatevia messagesusinga nestedprotocolhierarchy. KRAFT messages
are implementedascharacterstringstransportedby a suitableunderlyingprotocol (for example,
CORBA IIOP or TCP via sockets). A simplemessageprotocolencapsulateseachmessagewith
low-level headerinformationincludinga timestampandnetwork information.
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Thebodyof themessageconsistsof two nestedprotocols:theouterprotocolis theagentcom-
municationlanguageCCQL (Constraint CommandandQueryLanguage) which is a subsetof the
KnowledgeQueryandManipulationLanguage(KQML) [17]. Nestedwithin the CCQL message
is its content,expressedin theCIF protocol(Constraint Interchange Format) — a supersetof the
CoLanconstraintlanguageshown in Section2.

Syntactically, KRAFT messagesareimplementedasPrologtermstructures.An examplemes-
sageis shown below. Theoutermostkraft msg structurecontainsacontext clause(low-level
headerinformation)anda ccql clause.The messageis from an agentcalledstorage inc to
an agentcalledpc configurator. The ccql structurecontains,within its contentfield, an
encodedCIF expression(here,weseea“pretty-printed”CIF constraint;in theimplementation,CIF
expressionsareactuallytransmittedin acompiledinternalformat).

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"

])
)

Use of Prolog term structuresis chiefly for convenience,as most of the currentknowledge-
processingcomponentsin theKRAFT implementationarewritten in Prolog. However, theProlog
term structuresareeasilyparsedby non-PrologKRAFT components;currently thereareseveral
componentsimplementedin Java, for example. (It is likely that the next versionof the KRAFT
implementationwill useXML insteadof Prologtermstructures,asXML retainstheeaseof parsing,
while beingamoreopeninterchangestandard.)

As explainedin Section2, thetermsusedin theCIF partof themessagearedefinedin theshared
ontology. To supportthe representation,storage,andtransmissionof datainstances,theontology
hasschema-level informationin additionto conceptual-level definitions.

4 Constraint Fusion Example

To demonstrateconstraintfusionfrom differentsourcesto supportthemanufacturingactivities of a
virtual organisation,considera configurationproblemwherea PCis built by a reseller, combining
componentsfrom vendors. As shown in Figure1, constraintscomefrom the userrequirements,
“small print” restrictionsattachedto componentsfrom differentvendors,andthereseller’s configu-
rationdesignknowledgegoverninga workableconfiguration.Thecustomersspecifytheir require-
mentsin theform of constraintsthroughauseragent.In thisexample,acustomerspecifiesthatthe
PCmustusea “Pentium3” processorbut not theOSnamed“Windows 2000”:

constrain each p in pc
to have cpu(p) = "Pentium 3"
and name(has_os(p)) <> "Windows 2000"
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For thecomponentsto fit together, they mustsatisfycertainconstraintsdefiningvalid configu-
rations.For example,thesizeof theOSmustbesmalleror equalto theharddiskspacefor aproper
installation:

constrain each p in pc
to have size(has_os(p)) <= size(has_disk(p))

Now the candidatecomponentsfrom differentvendorsmay have “small print” conditionsat-
tachedto themasconstraints.In thevendordatabaseof operatingsystems,theOSnamed“Linux”
requiresamemoryof at least32megabytes:

constrain each p in pc
such that name(has_os(p)) = "Linux"

to have memory(p) >= 32

In thevirtual organisation,theresellerpartneremploys a constraint-fusingmediatorwhich ex-
tractsandcombinesconstraintsfrom customerandvendorsfor problem-solvingpurposes.Thecon-
straintsareassembledby thefusionmediatorandpre-processedto composeaconstraintsatisfaction
problem(CSP),which is thenanalysedandsolvedby acombinationof distributeddatabasequeries
andconstraintlogic programs.With thehelpof a facilitator, this approachallows themediatorto
tailor its executionplan in a dynamicenvironment,dependingon thecapabilityandavailability of
onlineresources.

Thesampleconstraintsabovecanbepre-processedto givethefollowing fusedconstraint,which
describestheoverall requirementon thevariablesinvolved:

constrain each p in pc
to have cpu(p) = "Pentium 3"
and name(has_os(p)) <> "Windows 2000"
and size(has_os(p)) <= size(has_disk(p))
and if name(has_os(p)) = "Linux"

then memory(p)) >= 32
else true

Thereasonfor fusingtheconstraintfragmentsis to provide thebasisfor exploringhow theCSP
canbestbedivided into sub-problemsof distributeddatabasequeriesandsub-CSPs[11]. Whena
singlepieceof constraintis insufficient to solveaCSPeffectively, thefusionmediatorcancombine
informationfrom multiple constraintfragmentsto arrive at a moresolvablesolution. It is from the
fusionprocessthatusefulinformationcanbeinferredandcapturedfor problemsolvingpurposes.

Theconstraintfusionprocesscomposesa concretedescriptionof theoverall CSPin a declara-
tive form. To solve acomposedCSPefficiently, thefusionmediatorfeedsit into aproblemdecom-
poserwhichextractsselectioninformationfromtheCSPdescriptionto generatedistributeddatabase
queries,with theremainingconstraintsforming a smallersub-CSP. Themediatorthensendsthese
databasequeriesin multiple messagesto differentdatabasewrappersto retrieve candidatedataval-
ues.

Databasequerygenerationconstitutesanimportantphaseof pre-processing.It shiftspartof the
problemsolvingprocessto thedistributeddatabasesby composingdatafilters asdatabasequeries.
This preventsunnecessarytransportationof irrelevantdataacrosstheKRAFT domain,andthereby
reducesnetwork traffic in the distributedsystem.However, datafiltering by databasequerygen-
erationis not sufficient to resolve all constraints.Theamountof selectioninformationwhich can
berepresentedasdatabasequeriesdependson theexpressivenessof thedatabasequerylanguage.
Theremainingsub-CSPhasto beresolved by a morepowerful constraintsolver in thenext stage.
Thefinal stageof theproblemsolvingprocessis to feeddataandconstraintsinto aconstraintsolver
so that solutionsto the CSPcanbe obtained. In the currentdemonstrationsystem,describedin
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Section5, we usethefinite domainconstraintsolver in theECLiPSeconstraintlogic programming
(CLP)system.1

5 An Example KRAFT Application

To demonstrateproof-of-concept,the KRAFT architecturehasbeentestedon a realisticapplica-
tion in thedomainof telecommunicationsnetwork dataservicesdesign;this applicationhasbeen
provided by BT. Thenetwork dataservicesdesignproblemconsideredby KRAFT is in thephase
of network configurationfrom theviewpoint of a customerat a singlesite,allowing a BT network
designerto selectto meetthe customers’requirements:(1) a suitablePoint of Presence(POP)at
which to connectto the BT network and(2) suitableCustomerPremisesEquipment(CPE)with
which to servicetheconnection(typesof CPEincluderouters,bridges,andFRADs,thoughit was
decidedto focusinitially solelyon routerproducts).Thisscenarioteststheapplicabilityof KRAFT
to supportingvirtual organisations:CPEvendorscanjoin thenetwork andadvertisetheir products
to thevalue-addingresellerof network dataservices.Thereselleroffersits servicesto thecustomer
by meansof useragents.

A conceptualview of the applicationarchitectureis shown in Figure3(a). In the currentim-
plementation,all KRAFT agents(mediators,facilitators,andwrappers)areimplementedin Prolog.
Theuserinterfaces(useragentandmessagemonitor)areJavaapplications.Thedatabaseresources
aremanagedby independentinstancesof theP/FDMDBMS2, eachwith its own local schema.The
constraintsolver is ECLiPSe.Inter-agentcommunicationis implementedby asynchronousmessage
passingusingtheLindamodel[3].

Theprototypeapplicationemploys threesourcesof constraints:

� adatabaseof POPinformation;

� two databasesof CPEinformation:onefor eachof two competingroutervendors.

Theseinformation sourcesareconsideredto be pre-existing legacy databases.For the purposes
of the prototype,simplified versionsof thesedatabaseswerecreated;however, carewastaken to
ensurethat thedatabasesof CPEinformationwerecreatedindependently, soasto ensurerealistic
heterogeneity. Eachof thedatabaseswaspopulatedwith dataandconstraints;for example,avendor
databasewaspopulatedwith dataon thevendor’s CPEproducts,andconstraintsdefiningthevalid
usageof eachproduct. The main aim of creatingthe threeresourceswas to test the feasibility
of creatingwrapperagentsto transformbetweenthe internalknowledgerepresentation(dataand
constraints)andtheKRAFT CIF language.

In the prototype,the tasksof identifying potentialPOPsand CPEsare the responsibilityof
mediators.As thetwo tasksareindependentin practice(it is possibleto selecta CPEon thebasis
of a customer’s LAN andWAN requirements,without knowing which POPwill beused,andvice
versa),it wasdecidedto provide aseparatemediatorfor eachtask.

A useragentservesasthefront-endto thetestsystem,with a graphicaluserinterfaceallowing
aBT network designerto enterthecustomer’s requirements,andlaunchtwo kindsof queryinto the
KRAFT system:

1. For a POPquery, the userspecifiesthe locationof the customers’site, andthe customers’
requiredwide-areanetwork (WAN) services(for example,FrameRelayandISDN). Theuser
agentformulatesthePOPqueryasa KRAFT message,andattemptsto locateanagentthat
cananswerthequery. It doesthis by contactinga facilitator, which in turn putsit in contact
with the POPMediator. Upon receiptof the useragent’s query, the POPmediatorobtains

1http://www.ecrc.de/eclipse/
2http://www.csd.abdn.ac.uk/ � pfdm
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(c) KRAFT Network DataServices application interaction 2: choose CPE

(b) KRAFT Network DataServices application interaction 1: locate a POP
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a list of POPsfrom the POPDB, andfilters theseaccordingto the user’s requirements.It
thensendsa reply to theuseragent.If oneor moresuitablePOPswerefound thesewill be
displayedto theuser, ranked in orderof proximity to thecustomers’site. Theseinteractions
areshown in Figure3(b).

2. For a CPEquery, theuserspecifiesadditionalconstraintson the typeof equipmentneeded,
including supportfor variousLAN protocolsusedwithin the customer’s site (TCP/IP, Ap-
pleTalk, 10 baseT Ethernet,etc)andsupportfor therequiredWAN servicesthatdetermined
thechoiceof POP(FrameRelay, ISDN,etc).Havingacquiredtheseconstraints,theuseragent
issuesa queryto theKRAFT network asabove. This time, theCPEMediatorinteractswith
vendorsto selectapparently-suitableproducts,togetherwith any “small print” constraintson
these.Fusingtheseconstraintswith thosefrom thecustomer’s requirements,theCPEMedi-
ator thencalls upona constraintsolver to identify actually-suitableCPEproducts.Theseit
relaysbackto theuseragent.Theseinteractionsareshown in Figure3(c).

The implementedapplicationwas testedto demonstratethe essentialfunctionality of all the
components(facilitation,constrainttransformation,andconstraintfusion),andalsoto testtheper-
formanceof awide-areaKRAFT network (with agentsrunningatall four of theprojectsitesacross
theUK). Thetestsshowedthata virtual organisationof vendors,configurator, andcustomercould
indeedform at run-time,andcoordinateits activities to put togethera workable,multi-vendorso-
lution to the customer’s problem,without any of the partieshaving any prior knowledgeof one
another. Thefacilitation/matchmaking mechanismallowsany partyto dynamicallyjoin or leave the
KRAFT network.

While thefunctionalityof aKRAFT network wasprovensatisfactorily, theperformanceproved
to berathersluggish,duelargely to thechoicesof platform(PrologandJava). Furtherdetailsof the
testbedapplicationareavailablein[7].

6 Related Work

Agent-basedarchitecturesareproving to be aneffective approachto developingdistributed infor-
mationsystems[2], asthey supportrich knowledgerepresentations,meta-level reasoningaboutthe
contentof on-line resources,andopenenvironmentsin which resourcesjoin or leave a network
dynamically[28]. KRAFT employs suchanagent-basedarchitectureto provide therequiredexten-
sibility andadaptabilityin adynamicdistributedenvironment.Unlike mostagent-baseddistributed
information systems,however, KRAFT focuseson the exchangeof dataand constraintsamong
agentsin thesystem.

Recentresearchin theareaof softwareagenttechnologyofferspromisingwaysof supporting
new kindsof distributedinformationsystemapplications,but theareais still far from mature.Early
projectssuchasPACT [6] andSHADE [16] showedthatagenttechnologycouldsupportexchange
of rich businessinformation— usingtheKnowledgeInterchangeFormat(KIF) — betweenorgan-
isationsusingheterogeneoustechnologies,with a limited amountof organisationalagility — basic
“matchmaking”brokerageconnectingsuppliersto consumers.While demonstratingthepromiseof
theagent-basedapproach,theseprojectsrevealedproblems:thecomplexity of theKIF representa-
tion haspreventedit from gainingwidespreaduse,while thelimited brokeragemodelshindersthe
implementationof flexible negotiationschemes.

The ADEPT project offers a flexible environment for agile organisations,with an emphasis
on thedynamicmanagementof workflow betweenpartnerorganisations[14]. Serviceagreements
are negotiated,formed, and re-formedover time, supportingboth competitive and collaborative
interactions,albeitwith ratherlimited formsof informationexchange.

The designof theKRAFT architecturebuilds uponrecentwork in agent-baseddistributed in-
formationsystems.In particular, therolesidentifiedfor KRAFT agentsaresimilar to thosein the
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InfoSleuthsystem[2]; however, while InfoSleuthis primarily concernedwith theretrieval of data
objects,the focusof KRAFT is on the combinationof dataandconstraints.KRAFT alsobuilds
uponthework of theKnowledgeSharingEffort [18], in thatsomeof thefacilitationandbrokerage
methodsareemployed,alongwith a subsetof the1997KQML specification[17]. Unlike theKSE
work, however, which attemptedto supportagentscommunicatingin a diverserangeof knowl-
edgerepresentationlanguages(with attendanttranslationalproblems),KRAFT takestheview that
constraintsareagoodcompromisebetweenexpressivity andtractability.

In its emphasison constraints,KRAFT is similar to the Xerox ConstraintBasedKnowledge
Brokers project [1]; the differenceis that the Xerox work focussesupon the useof constraints
to supportqueryingof distributeddatasources,ratherthanthe extractionof constraintsfrom dis-
tributedsources,andthe useof theseconstraintsin configurationdesignproblem-solving.Also,
KRAFT recognisestheneedto transformconstraintswhenthey areextractedfrom local resources,
typically for reasonsof ontologicalor schemamismatch[12].

Constraintsarealsousedto advertisecustomers’requirementsandsuppliercapabilitiesin the
Matchmaker project, which is currently being applied to supportingvirtual organisations[10].
Again, like theXeroxwork, theMatchmakerprojectdoesnotdealwith theextractionof constraints
from distributedsources,andtheirusein problem-solving.

TheSmartClientsproject[27] is relatedto KRAFT in theway they conductproblem-solving
onaCSPdynamicallyspecifiedby thecustomer, usingdataextractedfrom remotedatabases.Their
approachdiffers from KRAFT in that only datais extractedfrom the remotedatabases,no small
print constraintscomeattachedto thedata;also,all theproblem-solvingis doneontheclient,rather
thanby mediatoragents.No constraintsarethereforetransmittedacrossthenetwork; conversely,
it is theconstraintsolver that is transmittedto the client’s computer, to work with theconstraints
specifiedlocally by thecustomer.

Finally, ongoingwork at IBM’ sT. J.WatsonResearchCenteris similar in conceptto KRAFT’s
useof “small print” constraints[23]. Thedifferenceis that this work usesa rule-basedformalism
to specifycontractual“fine print” in theform of businessrules.Logic programmingtechniquesare
thenusedto reasonwith therules.

7 Conclusion

The KRAFT network architecturewasoriginally conceived to tackle the problemof gatheringa
specificationfor a configurationproblem,includingpotentialpartsandtheir constraints.Its agent
architecturethereforemakes it very suitableto supportvirtual organisations,wherethe various
partners(suppliers,resellerandcustomers)ally themselvestogetherbecausethey wish to interact
by exchangingconstraints.In order to do this, they arepreparedto mapdataandconstraintsto
an ontology that is sharedbut monotonicallyextensible[12]. Therefore,KRAFT is essentially
restrictedto cooperative interactionsbetweenagents.

Clearly, thereis a costassociatedwith joining a KRAFT network, in thatmembersmustwrap
their knowledgesourcesto conformto the sharedprotocolsandknowledgeexchangelanguages.
However, KRAFT aimsto demonstratethattheuseof constraintsoffersaneffective “middle way”
betweentheoff-putting complexity of KIF at oneextreme,andthe limited expressivity of theEDI
approachesat the otherextreme. To becomesuccessful,the KRAFT architecturewould needto
becomea standardfor establishingvirtual organisationsin which constraintfusionwould bea pri-
marymechanismfor doingbusiness.An organisationcouldthencommitonceto providing KRAFT
wrappersfor its own enterprisesystems,in theknowledgethat this would allow it to participatein
KRAFT virtual organisations.In thiscontext, KRAFT wouldbecomea layerthatcouldexist above
lower-level businessinformationinterchangeformatsbasedon XML describedin Section1.

The prototypenetwork dataservicesapplicationhasproven the conceptof supportingvirtual
organisationsby constraintfusion. In doing so, it hasraiseda numberof issuesthat will be the
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subjectof futurework:

� thesmallscaleof theprototypedoesnotprovideconvincing evidenceof thescalabilityof the
KRAFT approachneededto copewith Internet-scalevirtual organisations— further testing
for scabilityon largervirtual organisationsis needed;

� interactionswithin aKRAFT domainarecurrentlyfundamentallycooperative, exceptfor the
competitionbetweenvendorsbuilt-into theadvertisingandfacilitationmodel— richerforms
of competitive interactionneedto beincorporatedandtested;

� control is decentralisedwithin the KRAFT network, and transactionsare overly looseat
present:morerobustnessandcontrolis neededto supportreal-world ecommercesituations.
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